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Introduction 

Nowadays, energy need is growing and fossil fuels are running out giving rise to origin of the global 

warming. Thus, the production of greener and more sustainable energy is the main issue for the future. 

Compared to the potential less polluting energy production, such as solar and wind energy, 

thermonuclear fusion could be expected as a stable and permanent source.  

 

Figure 1: Annual consumption of the energy of the past until the estimated value in the future [1] 

The assembly of the TOKAMAK of the International Thermonuclear Experimental Reactor (ITER) 

started on 28 July 2020. However, to realize the dream of energy production by thermonuclear fusion, 

more technological development and material investigations are needed. The mastery of thermonuclear 

fusion must be demonstrated before the first industrial power prototype, a transition to DEMOstration 

power plant (DEMO) can be considered. To achieve this goal, a large number of technological obstacles 

will have to be overcome, including problems related to the behavior and resistance of materials in the 

fusion reactor harsh environment. 

In this context, tungsten, the most promising material for dealing with plasma, has been selected to 

cover the ITER divertor and possibly the first inner wall of the TOKAMAK of the DEMO. The divertor 

is a critical component of the future fusion reactor, it allows the evacuation of plasma dust and energetic 

particles generated during fusion. Tungsten will be subjected to high heat flux, intense neutron 

irradiation and plasma exposure. These will lead to the creation of defects that will cause the 

microstructural evolution of the material and, degrading its macroscopic properties, affecting even the 

normal operation of the reactor. It is therefore important to be able to predict the behavior of this material 

in the reactor and thus to determine its lifetime under operational conditions. Numerous studies aim to 

determine irradiation-induced defects and their properties in order to develop models for calculating the 

microstructural evolution of tungsten in the reactor. Apart from these major extreme conditions, low 

atomic mass impurities - such as carbon and oxygen - cannot be ignored. Such impurities are present in 

the material itself and also in the plasma during normal reactor operation, energetic particle 

bombardment and high-flux thermal loading can promote their penetration into the tungsten. Theoretical 
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studies indicate that these atoms can interact with irradiation-induced defects, which can impact the 

microstructural evolution of tungsten. The aim of this thesis is to carry out several experimental studies 

to better understand these potential interactions and their consequences on the microstructure of 

irradiated tungsten. Tungsten samples of different purities (99.95 to 99.9999 wt.%) were irradiated under 

different conditions: (1) electron irradiations to introduce countable point defects, (2) self-irradiations 

to create similar defects to those induced by neutrons. The nature and distribution of radiation-induced 

defects (RIDs) were characterized by positron annihilation spectroscopy (PAS) and transmission 

electron microscopy (TEM). In addition, quantitative chemical analysis techniques (secondary ion mass 

spectrometry –SIMS-, nuclear reaction analysis –NRA-) were used to access the distribution of the light-

elements atoms (C and O), and correlate them with the defect results obtained by PAS and TEM. The 

present work is separated into four parts. 

The first chapter describes the concept and material issues of thermonuclear fusion reactors, 

especially, those of tungsten. A variety of discovered macroscopic degradations are presented. The 

consequences of plasma exposure and irradiation are detailed. In particular, the formation of defects is 

summarized and their fundamental properties as well as the theoretical data on the properties of light 

elements are also reported. Finally, known data on positron annihilation spectroscopy in tungsten are 

listed. 

The second chapter presents the experimental techniques used in this study. The sample 

preparation procedure and irradiation conditions are listed. The principles of positron annihilation 

spectroscopy which allows to probe small vacancy defects are described. The implementation of both 

techniques (Doppler Broadening –DB- and Lifetime –PALS-) allowing to measure both annihilation 

characteristics: the electron positron momentum distribution and the positron lifetime and the way to 

identify and quantify defects are explained. Meanwhile, the conditions for observation and 

quantification of cavities (or cluster of vacancies) by transmission electron microscopy (TEM) are 

summarized. In addition, quantitative chemical analysis techniques used to determine the concentration 

profiles of light elements (carbon and oxygen) i.e. Secondary Ion Mass Spectroscopy (SIMS) and 

Nuclear Reaction Analysis (NRA) are also explained.  

The third chapter is focused on the verification of the quality of the pristine samples prepared from 

various batches of different purities. On the one hand, the prepared samples contain a low defect density, 

as confirmed by the two types of PAS measurements (DB and PALS). On the other hand, the purity of 

the materials is analyzed by SIMS and depends on the batches. We mention also the difficulties that 

were encountered during this work on the preparation of some samples. The presence of a carbon-

enriched layer has been demonstrated and its origin is discussed. 

In the fourth chapter, the distribution of defects in samples irradiated with electrons and self-ions 

was characterized and correlated to chemical analysis to highlight the effect of irradiation conditions 
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and sample purity on induced defects. This chapter is subdivided in three sections. First, DB and positron 

lifetime measurements were used to show that individual vacancies were induced by electron 

irradiations. The positron annihilation characteristics obtained were compared to carbon and oxygen 

concentration versus depth profiles measured using SIMS. The combination of these results suggests 

that a large fraction of vacancies is decorated with atoms of oxygen. Second, the saturation of the defect 

distribution has been demonstrated in self-ion irradiated tungsten with different energies at room 

temperature (RT) using PAS. Third, the effect of irradiation temperature and sample purity was also 

investigated in self-ion irradiated samples by combining PAS (DB), TEM and SIMS analyses. DB shows 

the formation of vacancy clusters when the irradiation is carried out at a temperature above or equal to 

500 °C. Their size distribution depends on the purity as indicated by PAS and TEM. The origin of this 

difference is discussed in correlation with SIMS results. 

 At the end, a general conclusion allows to sum up the results of the study and is followed by a 

perspective. 
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Chapter I: Bibliography 

In this chapter, the concept, significance and the challenges of the thermonuclear fusion reactors is 

introduced. The behavior of the material under extreme conditions is one of the most important issue, 

in particular, the investigations were carried out on tungsten. And then, according to the recent decades 

researches, the collected experimental and theoretical results point out the shortage of experimental 

results on the interaction between the radiation induced defects and light-element impurity atoms and 

its effect on the microstructure.  
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I.1 Nuclear fusion and the TOKAMAK  

I.1.1 Fusion energy 

The nuclear fusion consists of approaching sufficiently two light nuclei. When the total kinetic 

energy of the two light nuclei goes beyond the Coulomb repulsive force, they fuse to form firstly a larger 

nucleus at an instable energy state before splitting to at less two particles with stable configuration. As 

shown in Figure 2.a, the fusion reactions occur between the elements with a mass inferior to the one of 

the 56 (Fe). The cross section of various fusion reaction are shown in Figure 2.b. Among of them, the 

reaction between the Deuterium (D) and the Tritium (T) is the most probable. Therefore, D and T (eq. 

1) are the most important fuel for future fusion reactors. Their fusion releases an amount of energy of 

about 17.6 MeV distributed to the products, i.e. the alpha particle with 3.5 MeV and neutron of 14.1 

MeV. 

   

Figure 2: a) Binding energy as a function of atomic mass  and b) Cross section of various fusion reactions [2]. 

 𝐻1
2 + 𝐻1

3 = 𝐻𝑒2
4  (3.6 𝑀𝑒𝑉) + 𝑛0

1 (14 𝑀𝑒𝑉)  eq. 1 

In general, to trigger the fusion reaction between D and T, the energy state of the reactants (D and 

T) must be higher than the Coulomb repulsion between them. It requires to heat the reactants to a 

temperature of a few hundred times hotter than the core of the sun, at about 25 keV or 300 000 000 °C 

[2], that is why the fusion occurs often in stellar bodies and becomes their energy source. Such conditions, 

can be created with D and T particles plasma. According to the Lawson criterion, for the D-T fusion 

reaction, the product of plasma density and confinement time should be minimized to about 1020 m-3.s 

[3] to maintain the fusion reactions.  

Furthermore, since the tritium is a very valuable element with a natural abundance of only 3.5 kg 

in the world, its current price is over 30,000 $ US per gram, and a relatively short radioactive half-life 

(~12.3 years). The source of tritium could be from the detritiation of the heavy water (D2O) in the Canada 

Deuterium Uranium (CANDU) reactor. However, the quantity of the tritium produced from the CANDU 

is insufficient to offset the ITER consumption. Consequently, an idea to produce in situ the tritium with 
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the nuclear reaction (eq. 2) between the fusion-products was conceived i.e. neutron and lithium (Li). 

Lithium is one of the most used element in daily applications. The natural abundance of two isotopes is 

92.41 % and 7.59 % for 7-Li and 6-Li, respectively [4]. So that, it is reasonable to envisage the 

application of self-sufficient tritium in the fusion reactors. It has to be noticed that this self-production 

is challenging due to safety requirements [5]. 

{
𝐿𝑖3
6 + 𝑛_𝑠𝑙𝑜𝑤0

1 = 𝐻𝑒2
4  + 𝐻1

3 + 4.78 𝑀𝑒𝑉

𝐿𝑖3
7 + 𝑛_𝑓𝑎𝑠𝑡0

1 = 𝐻𝑒2
4  + 𝐻1

3 + 𝑛_𝑠𝑙𝑜𝑤0
1 − 2.47 𝑀𝑒𝑉

  eq. 2 

 

Figure 3: Sketch of D-T fusion reaction with an in situ production of the tritium   
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I.1.2 The TOKAMAK 

I.1.2.1 Magnetic confinement  

The magnetic confinement is the most popular method to control the fuel particle in plasma. For 

instance, the TOKAMAK (acronym of toroidal magnetic coil chamber from Russian) is the most 

developed configuration for in-building experimental fusion reactors. Figure 4 shows a design of 

different components in a tokamak. The several magnetic field coils confine fuel particles (D and T) 

plasma to continue the fusion reactions. A series of coils (in bleu) generates ‘toroidal’ magnetic field, 

along the toroidal direction. A central solenoid (a magnet that carries electric current) creates a second 

magnetic field directed along the poloidal direction, the short way around the torus. These two field 

components induce a helical magnetic field which confines the plasma as a donut-shape (in pink) with 

a top view. A third set of field coils (in grey) allow to better control the shape and position of the plasmas 

by the generated outer poloidal field (in green). 

 

Figure 4: Magnetic coils of the TOKAMAK 

I.1.2.2 Experimental fusion reactor ITER 

The project of the International Thermonuclear Experimental Reactor, i.e. ITER, which means ‘The 

Way’ in Latin, is one of the most established equipment for testing the energy production via the fusion 

reaction. It has been launched in 1985 with the support of 35 nations. The objective of the project is to 

produce energy with nuclear fusion to obtain an energetic gain - i.e. the ratio of power production over 

the consumption or Q factor - superior to ten: for instance, a power of 500 MW generated from the 

fusion with 50 MW power for heating the plasma. Up to now, the optimal value of about Q = 0.67 was 

recorded in the Joint European Torus (JET) based at the Culham Centre for Fusion Energy (CCFE) in 

1997, with a power of 16 MW produced from a heating power of 24 MW. However, to withstand the 

extreme conditions in the fusion reactor –tokamak-, the performance of the material is one of several 

key issues, in particular, the material of the ‘vacuum vessel’ in which the fusion reactions occur:  The 

inner wall of the tokamak, namely ‘blanket’ aims to protect other components placed behind such as the 

superconducting toroidal field magnets. It is made of a first wall that is directly in contact with the fusion 
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fuel i.e. plasmas hydrogen isotopes and the high energy particles originated from the fusion. One of the 

critical components is the divertor. Located at the bottom of the reactor in ITER facility (Figure 5), it 

allows the evacuation of heat and particles produced during the fusion. It enables not only to purify the 

plasma, but also to reduce the bombardment of the particles on other plasmas-facing components (PFC).  

 

Figure 5: Schema of the main components of the ITER facility [5] 

Figure 6.a shows a sectional drawing of the ITER with highlighted configuration of the divertor. It 

is composed of 54 cassettes assemblies (CAs) with a weight of ten tons. Each CA compounds (Figure 

6.b) contains an inner, outer vertical target (IVT and OVT), and a dome. This system is developed to 

transform the energetic energy of the fusion products guided to the divertor by a special configuration 

of the magnetic field which create open field lines crossing at the X-point (red area in Figure 6.c) in heat 

flux that have to be evacuated. The surface of these components is composed of a large number of 

tungsten monoblocks, cooled by water circulation in an internal CuCrZr tube. From 2013-2018, for 

testing the feasibility of the full-tungsten coated divertor, the project WEST (W Environment Steady-

state Tokamak) was launched (where W is the chemical symbol of the tungsten). The idea is to transform 

the TOKAMAK facility, Tore Supra established in the same period as JET (~1960) in Cadarache (south 

of France) into a full tungsten-coated TOKAMAK. 
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Figure 6: a) Aspect of the ITER divertor b) the components of a cassette and c) the cross-configuration of the inner-chamber 

of the ITER TOKAMAK [6–8] 
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I.2 Plasma-facing material: tungsten 

Tungsten, a metallic element with body-centered cubic (BCC) crystalline structure (lattice 

parameter, a =0.317 nm), is localized in the sixth column with an atomic number of 74 in the periodic 

table. It was first discovered in 1783 in the mineral wolframite, from where its element symbol was 

chosen, W. Its name comes from the Swedish words ‘tung-sten’, which means ‘heavy stone’. As its 

name suggests, its modulus of elasticity (Young’s module) is about 400 GPa, one of the hardest pure 

metals, and its density is 19.3 g.cm-3. In addition, tungsten is characterized by high melting (Tmelt = 

3422 °C), boiling (Tmelt = 5700 °C) point, low coefficient of thermal expansion (4.4 × 10-6 m. mK-1), 

high electrical (18.2 × 106 S. m−1), and thermal conductivity (160 W. m−1. K−1) [9]. 

a) 

 

b) 

 

Figure 7: a) Experimental value of fracture toughness of pure tungsten versus various temperatures [10] b)DBTT of pure 

tungsten annealed at different temperatures [11] 

Given its suitable mechanical and thermal properties, tungsten was considered as the most reliable 

PFM (Plasma Facing Materials) for fusion reactor construction due to its low sputtering rate, high 

melting point and, thermal conductivity which ensures efficient heat removal in contrast to other PFMs 

candidates like beryllium-based materials and carbon fiber composites (CFCs), which have a major 

drawback due to their relatively low melting point (T melt = 1287 °C [12]). However, the inherent high 

ductile-to-brittle transition temperature (DBTT), and a low fracture toughness temperature are still 

potential drawbacks for tungsten. Figure 7.a shows the experimental value of the fracture toughness as 

a function of temperature, with the most common rupture occurring between 500-700 °C [12].  Figure 

7.b shows the DBTT measured in pure tungsten as a function of the annealing temperature in the range 

from 200 to 300 °C [13]. Recently, the DBTT of tungsten is demonstrated [11] depending on the grain 

direction, a DBTT variation could attain around 50 % for samples from the same batch. In addition, the 

incorporation of particles (potassium, TiC, and ZrC) could also change the DBTT, thus, the 

manufacturing optimization might decrease the DBTT. 

Overall, under the extreme conditions in the TOKAMAK, the PFCs made of tungsten or tungsten-

based materials must be able to withstand high temperature thermal loads, intense plasmas exposure (2H, 
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3H, 4He) and energetic particle irradiation (3.5 MeV-4He and 14.1 MeV-1n), these major issues impacting 

on the performance and even the lifetime of the fusion reactors. 

I.2.1 Thermal loads 

For optimal operation of the TOKAMAK, the PFCs must withstand a heat flux of 5000 cycles at 

10 MW.m-2 and 300 cycles at 20 MW.m-2 [14,15] which is equivalent to an energy density of about 1 

MJ.m−2, which is well-known as the Edge-Localized mode (ELM) transition heat load. First of all, to 

resist the heat from the plasmas exposure, the PFCs must have a melting point well above the 

temperature ~2000 °C [8,9]. The high flux of the heat could lead to drastic degradation of the material. 

For instance, Nogami et al. [15] irradiated the monoblocks with electrons (70 kV, 3 A and 1 KHz) to 

simulate the conditions in TOKAMAK  (5000 cycles at 10 MW.m-2 and 300 cycles at 20 MW.m-2) with 

a heating and cooling time of 10 s and 20 s for one cycle, which is also close to the ITER facility (10 s 

/10 s) [15]. As shown in Figure 8, after heat loading, scanning electron microscope (SEM) observation 

showed a clear degradation of the monoblock. Especially, in the center of the exposed surface, the cracks 

were clearly observed, in contrast to the microscopic cracks in other parts. 

 

Figure 8: Observed cracks of one monoblock after the heat loading condition referred to the ones of the TOKAMAK [16] 

I.2.2 Plasma exposure 

In the TOKAMAK, along with thermal loading, PFCs mainly also undergo bombardment of the 

neutralized fuel particles, i.e. hydrogen isotopes (D and T) and helium (He), with an intense flux. 

Numerous experiments [17–19] have systematically investigated this issue. It was reported that for pure 

tungsten exposed to a high fluence D-flux (1020 m-2. s-1, >1023 H.m-2 [20]) and helium (>1021 He .m-2 [20]) 

with a low-energy (< 100 eV) at below ~950 K [21–23], the blistering surface was observed using SEM. 

Ye et al.[18] and Luo et al.[23] determined that the size and density of the H-blisters increase not only 
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with increasing of the flux (as show in Figure 9. a-c), but also with the plasma incident energy. In 

addition, Ueda et al. [24] demonstrated that the density of the blistering increase with the concentration 

of carbon in the sample and also incident energy of the hydrogen ions. 

 

Figure 9: SEM image of pure tungsten after hydrogen plasma irradiation at 920 K for an  fluence of a) 1.4 × 1025 m-2, b) 2.8 × 

1025 m-2 and c) 4.7 × 1025 m-2 [18]  

When the temperature is above 1000 K during plasma exposure, and the incident plasma energy is 

above a critical value (~20-30 eV) [25], special nanotendril-like structure, namely ‘fuzz’ has been 

observed [26–28] on tungsten surface. Figure 10.a-e show cross-sectional SEM images of the pure 

tungsten after exposure to low-energy (~60 eV) He plasma with a flux of about 5 × 1022 m-2.s-1 at 1120 

K. It is evident that the thickness of the ‘fuzz’ increases with increasing exposure time. Moreover, when 

the energy of He ion reached 12 keV (with a fluence > 4 × 1024 m-2 at ~1300 K), Wang et al. [29] 

observed using SEM the growth of nanotendrils (~180 nm) with a factor of ~nine compared to those 

induced by low-energy ions (~50 eV). In addition, Ni et al.[30] indicated a nearly linear mass loss of 

the tungsten and tungsten-based alloys (Re-W, La2O3-W, and Y2O3-W) with increasing the thickness of 

the nanotendril, leading to a reduction of the thermal and electrical conductivity of tungsten [25].  

 

Figure 10: Growth of the fuzzy surface with increasing exposition time of plasmas He with a density of 4 × 1018 m-3 from a) 

300 s , b)2000 s , C) 4300 s,  d)9300 s, and e)22000 s at a fixed temperature of 1120 K [27] 

Furthermore, when the sample surface was exposed to He plasmas at temperatures above 1200 K, 

the formation of holes and bubbles was revealed. As shown in Figure 11, after exposure to a low energy 

(≤30 eV) plasma with a high flux (1023 He. m-2.s-1) in the hot steady state (> 2000 K), the holes formed 

when the plasma energy is greater or equal to 5 eV [31], which is close to the calculated energy barrier 

(5.5-5.9 eV [32]) for a He atom to occupy an interstitial site in tungsten. Furthermore, the growth of 

holes, and bubbles with increasing of plasma temperature was observed using SEM and transmission 
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electron microscope TEM [31]. At the same magnification, the observed bubble size increased from 5 

nm at 1300 K to 500 nm at 1950 K.  

 

Figure 11: SEM and TEM images of the energy, temperature dependence of the hole and bubble formation in the pure 

tungsten after He-exposition with various conditions [31]. 

The condition of the formation of blisters and/or bubbles was proposed as follows: first, the thermal 

vacancies are considered as traps for H and He atoms, and second the high mobility at high temperature 

leads to rapid agglomeration for both atoms. At low temperature, the diffusion of He atom is relatively 

hindered, in contrast to the case of H atoms, which could be the reason for which the H-blistering formed 

only below 950 K, and the formation of He bubbles occurs above 1000 K, when mobility of He atoms 

becomes high enough. This assumption is consistent with the simulation work reported by Sun et al.[33], 

at 300 K, 6.5 atoms of hydrogen can be trapped at a single vacancy of the tungsten, while at 900 K the 

number of trapped H-atom decreases to 5. In addition, Figure 12 illustrates a simulation result of H-

trapping in the void, the trapped H-atoms tend to form a screen layer at the periphery of the void instead 

of staying at its center. Once the screen layer formed, the further trapped atoms were prevented from 

interacting with the matrix atoms and they enter into the void. Then, H2 molecules could be formed at 

the void center, which is considered as the origin of the H-blistering [33]. Regarding the He-bubble, 

Iwakiri et al. [34] used in situ TEM to study the microstructure of the tungsten after He irradiation (with 

0.25, and 8 keV) at different temperatures (293, 873, and 1073K). They found that at low energy, no 

PKA (primary knocked-on atom) atoms are formed and the impurities act as the trap for He atoms giving 

rise to the nucleation and formation of the bubbles. At high energy, He atoms can bind to the radiation-

induced vacancies, forming the HenV1 vacancy-complexes. In addition, according to simulation work 

by Wilson et al. [35], when the number of helium atoms is high enough (> 5), they could also create a 

lattice Frenkel pairs. Once the HenV1 vacancy-complexes are formed, they could grow up by absorbing 

other He atoms. In P.E. Lhuillier’ thesis, the behavior of the helium in tungsten was discussed [36]. 
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Figure 12: Simulation work on the H-trapping in a BCC metal [33]. 

Therefore, the blisters and/or bubbles formation has been demonstrated to affect the movement of 

dislocations resulting in embrittlement [37,38] of tungsten. Moreover, the swelling caused by He-bubble 

in ferrite steel [39] and nickel-chromium-iron-based alloy [40] should not be ignored for tungsten, nor 

hardening due to He-bubble which has been observed in tungsten [41]. 

I.2.3 Neutron bombardements 

Apart from the plasmas and heat load, the surface of the PFCs is expected to withstand the neutron 

yield produced by D-T fusion reactions. For ITER facility, the 14 MeV neutrons induced a damage level 

in the PFMs of about 2 to 3 dpa (displacement per atom)  for its full operation time [5] which means the 

number of times one atom can be displaced from its origin crystallographic site. After fast-neutron 

irradiation with fluence  of 1022 cm-2 at 550 °C, Sikka and Moteff [42] observed void lattice with a lattice 

parameter of about 19.5 nm and the void size ranging from 1 to 6 nm ( Figure 13). Similar results were 

also obtained by Tanno et al. [43] in pure tungsten irradiated by fast neutrons (>0.1 MeV) with fluence 

of 1021 n.cm-2 corresponding to ~1.54 dpa at 750 °C. Hasegawa et al.[44] studied the microstructural 

evolutions after neutron irradiations (Figure 14). 

 

Figure 13: TEM image of ‘void- lattice’ in 

neutron-irradiated pure to 1.54 dpa (~1021 

cm-2) at 750 °C,  the lattice spacing is 

about 20 nm and the averaged void 

diameter is around 5 nm. [43] 

 

Figure 14: Neutron-induced microstructural defects in tungsten [44] 
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Figure 14 summarizes their results for irradiations performed in different experimental reactors 

(HFIR, JOYO and JMTR). Various defects (voids, dislocation loops, and precipitates) were induced by 

neutron irradiations in pure tungsten. The microstructural behaviors of these radiation-induced defects 

(RIDs) play an important role on the degradation of tungsten properties. For instance, based on the 

scattering mechanism of heat transport, the simulation of Wang et al. [45] showed a decrease in thermal 

conductivity in tungsten if the temperature is less than 400 K and the density of the dislocation exceeds 

1014 m-2. The measurement of the thermal diffusivity and electrical resistivity was performed by 

Akiyoshi et al. [46] and Hasegawa et al. [44], respectively, who indicated a degradation of about 20 % 

on thermal diffusivity, and 10 % on electrical conductivity in pure tungsten after neutron irradiation 

(1025 n.m-2.s-1, E > 0.1 MeV, ~0.4 dpa). Moreover, Matolich et al. [47] estimated the swelling (Figure 

15.b) of pure tungsten after fast neutron irradiation, as observed at the macroscopic scale in the case of 

316-steel [48] (Figure 15.a). 

 

Figure 15: Swelling of a) 316 L cladding tube at 1.5 × 1023 n.cm-2 (E > 0.1 MeV) or 75 dpa at 510 °C in EBR-II experimental 

reactor) [48] and b) in tungsten the after fast neutron irradiation (> 1 MeV, of about 1 × 1022 n cm -2) [47] 

The neutron being a special particle, it can be captured by the atoms of irradiated materials. After 

its capture, several new elements will be generated by transmutation, such as Rhenium (Re), Osmium 

(Os), and Tantalum (Ta), which are the main transmuted elements [48]. Figure 16. a-b show the 

simulation predicted concentration of transmutation products of tungsten after 5 and 14 years of 

operation. These transmutation products also have an impact on the properties of PFCs. Dürrschnabel 

et al. [49] observed the precipitation of the Re and Os (Figure 17) atoms using STEM in the neutron-

irradiated tungsten (1.25 dpa, 800 °C, and ~1016 cm-2),  in which a large density of the dislocation or 

voids (~5nm, 4.0 × 1023 m−3) was also revealed. The presence of these (Re, Os) precipitates has an 

impact on the mechanical properties of tungsten. Tanno et al. [43] discovered a drastic hardening in the 

binary alloy W-Os with only 3 mass% Os compared to pure tungsten, while obvious hardening was 

observed in the case of the binary alloy W-Re when the mass of Re reaches 25 %. The hardening is then 

close to half of the one observed in the W-Os alloy. These results indicate that the amount of Os plays 

an important role on the hardening of tungsten. 
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Figure 16: Concentration of the neutron-induced transmutation elements in the ITER facility after a) 5 years and b) 14 years 

operation [50] 

In addition, Hasegawa and Fukuda et al. [44,51–55] have extensively studied pure tungsten and 

tungsten alloys after neutron irradiation under various conditions. Hu et al. summarized the results in 

[51]. Figure 18 shows an estimate of the contribution of various defects (dislocations, voids, precipitates) 

on hardening calculated using result obtained for various irradiation experiments in different 

experimental reactors (HEIR and JOYO), of which the precipitates (Re, Os…) are considered as the 

main factor for radiation-induced hardening at high-dose (> 1.54 dpa). 

  

 

 

Figure 17: STEM image of the distribution of the a) 
defects b) tungsten c) Osmium d) Rhenium [49] 

 
Figure 18: Calculated contribution on the hardening based on of 

various irradiation experiments in different experimental reactors 

(HEIR and JOYO) [51] 
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I.3 Generation of the microstructural defects induced by irradiation 

Because of the effect of irradiation on the macroscopic properties of material that we have 

highlighted in Chap I.2, it is important to better understand the mechanisms that are at the origin of the 

evolution of the microstructure. 

I.3.1 Cascade collisions created under neutron irradiations 

First, when a neutron or an energetic particle (atom, ion...) enters a solid, it interacts with the 

electrons and nuclei of the target and thus loses its incident energy along its path. Some of these 

interactions are elastic collisions with nuclei in which the impinging particle can transfer kinetic energy 

to the target atom called the Primary Knock-on Atom (PKA).  

 The fate of the PKA will depend on the transmitted energy T and on a target property, namely the 

displacement energy threshold, noted Ed.  

  
Figure 19: Number of displaced atoms by using Kinchin-

Pease (K-P) model [56,57] 

𝑣(𝑇)

{
 
 

 
 
0                      𝑇 < 𝐸𝑑
1        𝐸𝑑 < 𝑇 < 2𝐸𝑑
𝑇

2𝐸𝑑
     2𝐸𝑑 < 𝑇 < 𝐸𝑐

𝐸𝑐

2𝐸𝑑
                 𝑇 ≥ 2𝐸𝑐

                   eq. 3 

According to the Kinchin-Pease (K-P) formalism [57], as shown in Figure 19, if the transferred 

energy T is lower than Ed, no atom will be displaced; When Ed < T < 2Ed, the PKA will be displaced, 

and exist as an ‘interstitial’ atom in the lattice. Meanwhile, its initial site will be vacant, and becomes a 

‘vacancy’, thus a ‘Frenkel pair’ (FPs) has been generated. When the transferred energy is high enough, 

for instance, in the energy range of 2Ed < T < Ec, where Ec is the cut-off energy1, more or less large 

number of atoms will be displaced. In this case, the PKA has a sufficient energy to displace another 

lattice atom, giving up an energy T’ that could be still sufficient to move a third atom, and further 

interatomic collisions may be generated until 
𝑇

2𝐸𝑑
 atoms are displaced, thus generating a ‘cascade’ of 

collisions.  

 

 

                                                           
1 Cut-off: the threshold energy above which the energy will not be taken into account in the simulation     
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Based on the K-P formalism, a simplified model [58] was proposed by M.I. Norgett, M.T. Robinson, 

and I.M, Torrens, namely NRT model expressed in Figure 20, in which the threshold energy Ed is the 

unique parameter to quantify the number of displaced atoms and TD is the available energy to generate 

the defects. From the NRT model, the displacement per atom (dpa) can be estimated as the ratio of the 

number of the generated FPs over the number of total atom number of the same volume. This model is 

also the theoretical base of the ‘quick-calculation option’ of the Stopping and Range of Ion in Matter 

(SRIM) software. This method is the most used to estimate the defect distribution for irradiation 

experiments. 

 
Figure 20: Number of displaced atoms by using NRT model 

[58,59] 

𝑣(𝑇)

{
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0.8 𝑇𝑑

2𝐸𝑑
     

2𝐸𝑑

0.8
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              eq. 4 

Concerning the value of the threshold displacement energy Ed also called TDE, the commonly used 

value is 90 eV for tungsten as recommended by the American Society for Testing and Materials (ASTM). 

However, Mason et al.[60] calculated the average TDE using the experimental values found for different 

crystalline directions reported by Maury et al.[61]. A mean value of 55.3 eV was obtained close to the 

results (between 45 and 61 eV) calculated using Molecular Dynamics (MD) [62]. This value is the new 

recommended TDE for tungsten by International Atomic Energy Agency (IAEA) [63] and used in 

present work. Besides, Banisalman et al. [64] have found a value of 85 (4) eV using also MD calculations. 

It seems that the discrepancy on the estimated TDE value in tungsten is not resolved so far and depends 

particularly on the empirical potentials that are used for these calculations [65,66]. It is necessary to 

keep it in mind, because the TDE value is essential for predicting the radiation damage.  

A schematic illustration of the various defects (Vacancy, Interstitial, Transmuted atom…) induced 

by neutron irradiation in tungsten was represented in Figure 21. [67]. After a collision cascade [68], a 

large number of interstitial atoms were induced in the vicinity of the scattering path of the PKA, resulting 

in a ‘void’ (vacancy cluster) which localized in the core of the cascade. 
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Figure 21: Outline of collision cascade [67,68] 

The damage induced in collision cascade triggered by an energetic atom (PKA for example) can be 

calculated using molecular dynamics [69]. It has been shown that damage production becomes a linear 

function of recoil energy after the onset of subcascade2 break-up [70]. More recently, De Baker et al.[66] 

simulated the displacement cascades induced by 50 keV tungsten recoiled atom using various empirical 

potentials. This energy is expected to be lower than the critical energy to create subcascade in tungsten 

(i.e. approximately 75 keV [71]). The distributions plotted in Figure 24 show the typical power law 

which vanishes at the maximum cluster size [72] with a bump which is due to the distribution of the 

largest defects in each cascade.  

 

Figure 22: Representative outline of subcascades determined using MD simulation in iron [73]   

  

                                                           
2 subcascade: multiple damage region separated in crystal lattice Figure 22 
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a) 

 

b) 

 

Figure 23 : a) Final damage configuration from a 150 keV PKA in W. (see [69] for details. b) size distribution of vacancy 
clusters for cascades simulated in random directions, with the A–T (Ackland-Thetford), D–D (Derlet-Dudarev) and A–H –

Ahlgren-Heinola) potentials 

a) 

 

b) 

 

Figure 24 : Point defect cluster size distributions in 50 keV displacement cascades created in W. a) vacancy cluster, b) SIA 
cluster calculated using various empirical potentials from [66] 

Among the radiation-induced defects (RIDs) found in tungsten at the end of the cascade, the point 

defects (single vacancy, V1 and self-interstitial atom, SIA) represent the majority about 80 to 90 % for 

V1 and between 60 to 80 % for SIA depending on the empirical potential. In addition, some clusters are 

also created directly in the cascade. Their fraction decreases with their size. The fraction of clusters 

made of 10 or more vacancies or SIA is less than approximately 0.2 % and 1 % respectively depending 

on the empirical potential. 

In addition, the point defects (PD), i.e. FPs (a single vacancy, V1 + a self-interstitial atom, SIA), 

are the predominant defects after light particle irradiations (electron [61], 3He [74], and 1H [75]). PD are 

the elementary species to form more complex defects, and their fate during irradiation and post-

irradiation treatments will rely on their own properties as well as those that control their interactions 

with each other and with the extrinsic species. 
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I.3.2 Point defects (PDs) properties in tungsten 

The formation and migration energy of V1 and SIA were determined by both experiments and 

theoretical calculations. Some reported energies have been summarized in Table 1. For the single 

vacancy, the mean experimental formation Ef and migration Em energy is about 3.6 eV, and 1.80 (10) 

eV, respectively. These values are close to theoretical ones Ef = 3.43 eV and Em = 1.76 eV. At the same 

time, the migration energy of SIA in tungsten is very low. The highest reported value is about 0.085 eV 

from [64,76], which is lower than the lowest one (1.44 eV) [77] for the single vacancy by a factor of 17, 

suggesting a much greater mobility of the SIA in contrast to the single vacancy in tungsten, even at very 

low temperature [78]. 

Single vacancy, V1  Self -interstitial atom, SIA 

𝑬𝒇 (eV) 𝑬𝒎 (eV) Methods Ref  𝑬𝒇 (eV) 𝑬𝒎 (eV) Methods Ref 

 1.86-2.08 DFT THE [79]   ≤ 0.020 
HVEM 

OKMC 
EXP & THE [80] 

3.11-

3.46 
1.66 DFT THE [81,82]   0.05 DFT THE [83] 

3.6 1.7-1.8 

Quenching 

Annealing 

TEM 

Resistivity 

EXP [84–88]  8.871-9.557 0.009 - 0.027 MD THE [89] 

3.56-

3.63 
1.44-2.05 MD THE [77]   0.054 ± 0.005 

Isochronal 

resistivity 

recovery 

EXP [90] 

3.56 1.78 DFT THE [83]  8.4 - 9.8 0.027- 0.061 MD THE [77] 

3.75 1.80 DFT THE [91]   0.027 DFT THE [92] 

 1.85 ± 0.05 
PALS 

Annealing 
EXP [93]  

9.9 

9.98 

0.002 

0.005 
DFT THE [91] 

3.6  
FIM 

Resistivity 
EXP [94]   

0.079-0.085 

 

FIM 

& 

Isochronal 

annealing 

EXP [64,76] 

Table 1 : Formation 𝐸𝑓, and migration 𝐸𝑚energy of single vacancy and self-interstitial atom in tungsten determined by 

experiments (EXP) or theoretical calculations (THE) 

I.3.3 SIA and vacancy cluster properties  

Due to the high mobility of SIA, several complexes of SIA were characterized in tungsten and also 

in other BCC metals (Mo, Ta, Fe…). Figure 25 illustrates the different structures identified in BCC 

metals [95]. On the one hand, the split ‘Dumbbell’ i.e. an SIA correlated with a lattice atom sharing the 

same crystallographic site (Figure 25.a-c). Except for split dumbbell, the SIAs can also be incorporated 

at the tetrahedral (TIS, Figure 25.d) or octahedral (OIS, Figure 25.e) lattice site, with a relatively higher 
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energy of formation. It suggests that the TIS and OIS occupation sites are more difficult to form 

comparing to dumbbell. On the other hand, the ‘crowdion’ structure (Figure 25.f) results in the 

incorporation of one SIA between two near neighbors atoms in the <111> direction giving rise to a 

unidimensional distortion [96]. The SIAs prefer to align in <111> , <001>, and <110> directions [97–

99], according to the Ab initio calculations [81]. The  SIA dumbbell along the <111> direction was 

considered as one of the most stable structure in tungsten, which differs from BCC iron, for which the 

most stable structure is that of <011> dumbbell [100,101]. Afterwards, Amino et al. [80] combined 

high-voltage electron microscopy (HVEM) and object kinetic Monte Carlo (OKMC) and they 

demonstrated that the <111> crowdion is the most stable structure in tungsten. These results are in 

agreement with density functional theory (DFT) calculations [83,102], which is similar to Molybdenum 

(Mo). Moreover, a new result obtained by using DFT calculation [89] showed that the <111> dumbbell 

and crowdion have the equivalent formation energy, the fast motion of the SIAS in <111> direction 

occurs through a series of transformation between the dumbbell and the crowdion. 

 

Figure 25: Different interstitial configurations in bcc metals,  (a) <110> split dumbbell, (b) <001> split dumbbell, (c) <111> 

split dumbbell, (d) tetrahedral site, (e) octahedral site, and (f) crowdion site. [95] 

Moreover, the motion of the SIAs is considered as the origin of the different microstructural 

evolutions. They can form larger clusters by agglomeration, such as dislocation loops and dislocation 

lines. Regarding the vacancy clusters in tungsten, since their tiny size, they are invisible to most of the 

techniques, thereby, the theoretical calculations are the efficient method for predicting their properties. 

Becquart et al.[81] calculated, using DFT, the binding energy of a single vacancy to a cluster until it 

contains 7 vacancies. They found that this energy is negative for a cluster made of two vacancies (di-

vacancy, V2), indicating that both vacancies repulse each other even for positions with a distance of the 

fifth nearest neighbor (NN), suggesting the di-vacancy is an instable structure [72]. In addition, from a 

cluster containing three V1 (tri-vacancy, V3), the binding energy is slightly above zero and it increases 

with increasing of the number of V1 in the cluster. 
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However, Ahlgren et al. [91] calculated the binding energies of a vacancy to a cluster containing 2 

to 10 vacancies using BOP (Bond Order Potentials), which are summarized in Table 2. The lowest 

binding energy is that of the di-vacancy, about 0.66 eV. This value is in agreement with the 

recommended value (0.85 ± 0.15 eV) obtained by experiment [94], in which a migration energy of di-

vacancy was estimated to be greater or equal to 0.9 eV (1.65 eV in [103]), and its mobility is expected  

to be equivalent to that of the single vacancy, with a slight energy deviation less or equal to 0.3 eV 

[87,94,103]. Nevertheless, the increase in binding energy is not strictly proportional to the number of 

single vacancies added in the cluster, decreasing slightly from four (V4) to five vacancies (V5), and the 

highest value was found for six vacancies (V6), which is probably due to a stable structure with an 

octahedral shape. In addition, the new ab initio calculation performed by Becquart et al. [104] for cluster 

containing from 2 to 8 vacancies also showed the highest binding energy for six vacancies. Compared 

to the single or di-vacancy, the tri-vacancy was found to have higher mobility in tungsten [105] as well 

as other BCC metals. For larger vacancy cluster (>V10), Hou et al. [106] are suggested a new model for 

BCC metals, by using First-principles density functional theory (DFT),  Object kinetic Monte Carlo 

(OKMC) calculations and Molecular statics simulations, the result match better to the experiments in 

contrast to the simple spherical model. Due to the relatively lower migration energies, indicated by the 

theoretical calculations (Fe [64], Mo [107], Nb [64]). However, the relatively high formation energy and 

lower binding energy of the di- and tri-vacancy predicted by simulations [64,102,105], suggesting 

unfavorable formation of such defect in the BCC metals. Furthermore, Li et al. [108] performed OKMC 

(Object Kinetic Monte Carlo) simulation to investigate the formation of the void lattice (Figure 13), 

which is considered as a consequence of the synergy of the fraction of the clustered vacancies in cascades 

and the 1D <111> SIA motion.  

 

Figure 26:  The lowest energy configuration of 
vacancy clusters containing 2-10 vacancies, 

calculated by BOP [82] 

 

Table 2: the binding energies of a one vacancy to a cluster 
containing 2-10 vacancies, calculated by BOP [82] 
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I.3.4 Impurities interactions with defects 

In addition, impurities can strongly interact with RIDs. Numerous theoretical works predict the 

interactions between the Light-Element (LE) impurities with PDs. Castin et al. [109] demonstrated the 

effect of carbon on the evolution of the SIA loops in self-ion irradiated tungsten by combining OKMC 

simulation and experiments (SIMS and TEM). Table 3 summarizes the properties of LE (H, C, N, O) 

atoms by using the first-principles calculations in tungsten lattice [22–30]. These results indicated that 

the LE atoms favor OIS or TIS occupancy near single vacancies (V1) in the tungsten matrix. Furthermore, 

the high binding energies between LE atoms and V1 suggest the LEs tend to be trapped in single 

vacancies. One V1 can trap more than one LE atom. For instance, a single vacancy can trap as many as 

12 hydrogen atoms [33], 4 carbon atoms [82], 6 nitrogen atoms [110], and 6 oxygen atoms [111]. 

Becquart et al.[104] and Heinola et al.[103] demonstrated that the presence of carbon in vacancy 

stabilize the 2NN di-vacancy in tungsten in agreement with [112], and the presence of H atoms enhances 

also the stability of the di-vacancy [113] with a binding energy greater than that of the V1-H [114]. The 

number of H atoms trapped at a V1 decreased with increasing temperature, the recommended maximum 

number is twelve [115]. Meanwhile, LE-vacancy complexes were also studied in other BCC metals. 

Barouh et al. [64] predicted the complex of tri-vacancy (V3) correlated to one LE atoms (X), i.e.V3-X, 

is the most mobile solute in BCC iron [64]. It was also found that the vacancy-oxygen complexes interact 

with hydrogen atoms in vanadium [116]. Besides, the number of trapped H atoms in a single vacancy 

decreases with increasing of  trapped C atoms in tungsten lattice [112], i.e. one V1, V1-C1, V1-C2 and 

V1-C3 could trap 12, 8, 5 and 3 H atoms, respectively. 

X 𝑬𝒇
𝑿(eV) 𝑬𝒎

𝑿  (eV) 𝑬𝒃
𝑽𝟏−𝑿𝟏(eV) 𝑬𝒃

𝑽𝟏−𝑿𝒏  (eV) 

H 
4.05 (SS) 
0.93 (TIS) [117] 
1.27 (OIS) 

0.21 (TIS-TIS) [118] 
0.59 (OIS-TIS)   

1.24 [112]    0.34 [112] 
 (V

1
-H

12
) 

C 
4.25 (SS) [119] 
2.24 – 2.28 (TIS) [112,119] 
0.78 (OIS) [119] 

1.46 (TIS-OIS)
 
[82] 

3.87 (OIS-TIS)  
1.93 [82]   1.54 [120] 

(V
1
-C

4
) 

N 
-0.13 (SS) 
-3.06 (TIS) [121] 
-3.79 (OIS) 

0.73 (TIS-OIS)
 
[121] 

3.60 (OIS-TIS) 
2.48 [110]   9.66 [110] 

(V
1
-N

6
) 

O 
0.5 (SS) 
-1.75 (TIS) [111] 
-1.43 (OIS) 

0.17 (TIS-TIS) [111] 
0.32 (TIS-OIS) 

3.04 [110]  11.21 [110] 
(V

1
-O

6
) 

Table 3 :  Calculated formation energy 𝐸𝑓
𝑋, migration energy 𝐸𝑚

𝑋of element X and its binding energy with a tungsten single 

vacancy 𝐸𝑏
𝑉1−𝑋1, and the binding energy, 𝐸𝑏

𝑉1−𝑋𝑛  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) 

Apart from these theoretical results, Vehanen et al. [122] demonstrated in carbon-doped electron-

irradiated bcc iron, using positron annihilation spectroscopy that carbon-vacancy complexes are formed 

in stage III (200 K, related to V migration) due to the trapping of vacancies by carbon atoms. These 
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carbon-vacancy complexes prevent the clustering of vacancies up to about 450 K where dissociation of 

the V-C complex was observed.  They also showed that at about 350 K carbon atoms become mobile, 

and can be trapped in the V-C complexes. The higher the number of carbon atoms, the more the 

generated V-Cn complexes hinder the positron trapping. However in tungsten, only Amarendra et al. 

[123] assumed  the formation of carbon-vacancy complexes in the annealed tungsten, and Yabuuchi et 

al. [124] evoked the formation of the hydrogen-vacancy complexes in electron-irradiated tungsten, 

without quantifying the C and H atoms. Therefore, further experiments are necessary to better 

understand the formation of the LEs vacancy-complexes and their effect on the evolution of the defects.  



Chapter I: Bibliography 

36 

I.3.5 Diffusivity of single vacancy and LE atoms in tungsten 

Comparing the migration energy to that of the aforementioned V1 (1.80 (10) eV), the single LE 

atoms have higher mobility against V1. As the migration of SIAs was confirmed at even cryogenic 

temperatures, only the diffusivity against the temperature of V1 was estimated in the following by using 

the same method as in [124]. The result is compared with that of the LEs diffusivity in tungsten lattice. 

The diffusion coefficient of the V1 and LEs could be described by using Arrhenius equation (eq. 5), 

Using values of D0 and migration energies reported in Table 4, it allows to roughly estimate of the 

diffusion length at a given temperature for time (t), i.e. 𝐿𝑑𝑖𝑓𝑓 = √𝐷𝑥𝑡. 

  𝐷𝑥 = 𝐷0𝑒
(−

𝐸𝑥
𝑚

𝑘𝐵𝑇
)
  eq. 5 

with 𝐷0: pre-exponential factor acquired from [124] 

𝐸𝑥
𝑚: migration energy of object x (V1, H, C, N, and O)  

𝑘𝐵: Boltzmann constant 1.38 × 10-23 J.K-1 

T: temperature K 

Figure 27 illustrates the estimated diffusion length as a function of the temperature for diffusing 

time ranging from 1 hour to 1 year. A comparable high mobility of the H and O atoms was revealed. 

They can diffuse on 3.6 nm and 9.5 nm at 20 °C in 1 s, respectively. Whereas carbon atoms and V1 can 

only diffuse 0.003 nm and 0.6 nm at 300 °C in 1 s. Thereby, they are expected to be immobile at a 

temperature lower than ~300 °C. 

 
 
 

 
 
 
Table 4: Values of pre-exponential factor 

𝐷0 [124] and migration energy 𝐸𝑋
𝑚of 

single vacancy V1 and LEs (H, C, N, and O) 

 𝐷0 (m
2.s-1) 𝐸𝑚 (eV) 

V1 2.91 × 10-9 1.66 [81] 

H 5.2 × 10-8 0.21 [118] 

C 2.56 × 10-7 1.46 [82] 

N 1.66 × 10-7 0.73 [110] 

O 7.57 × 10-8 0.17 [125] 
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Figure 27: Estimated diffusion length from the eq. 5 with the parameters 

given in the Table 4 as a function of the temperature of single vacancy V1 

and LEs (H, C, N, and O) in tungsten during several times (1 second, 1 hour, 

2.5 days, and 5 days) 
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I.3.6 Thermal evolution of the defects 

Concerning the microstructural evolutions of the RIDs were investigated in fast neutron-irradiated 

tungsten. G.H. Kinchin and M.W. Thompson [88] carried out electrical resistivity measurement in the 

neutron-damaged tungsten. A recovery of the resistivity was observed at -193 K and 593 K with 

activation energy of about 0.48(2), and 1.7(1) eV, respectively. After that, Thompson [85] performed a 

new resistivity recovery (RR) measurement in neutron-irradiated tungsten (En > 1 MeV, 1011 to 1013 

n.cm-2.s-1) at cryogenic temperatures (4 K, 77 K), after which five RR stages were identified, and they 

are presented in Figure 28.a. 

 

Figure 28: a) RR in the neutron irradiated tungsten as a function of the temperature[85] and b) the evolution of vacancy-

type defects  as a function of versus annealing temperature [126] 

The first recovery was overserved below -100 K (stage I), in which the SIAs should be already 

mobile, on the contrary to V1. The V1, grain boundaries (GP), impurity atoms, and dislocations are the 

potential traps for SIAs. Thus, the recombination of the FPs at near positions, due to the migration of 

the SIAs was considered as the main evolution at this stage. From RT to 623 K (stage II), the SIAs are 

still mobile and the detrapping of the SIA and the recombination of the FPs at farer positions are 

expected. Yi et al. [127,128] observed the highest density of the dislocation loops, with a majority of 

½<111> Burgers vector (> 60%), which might be a consequence of the 1D motion of the <111> 

dumbbells and crowdions, as mentioned in the end of the Chap I.3.3. Between 473 and 723 K (stage 

III), a variety of experimental studies (FIM [129], TEM [127], TDS [130], and PAS [131]) indicated 

the formation of large vacancy clusters, which probably results of the agglomeration of the single 

vacancies. Therefore, the stage III was attributed to the migration of the single vacancies. Another 

stage was highlighted for higher temperature, ranging from 723 to 1173 K (stage IV), according to the 

previous PAS [126] study results in self-ion irradiated tungsten (Figure 28.b). In this temperature range, 

whatever the size or density of the vacancy cluster, the positron annihilation characteristics remain 

constant before the decrease of total vacancy defects. This result is in agreement with a TEM [132] study, 

in which the density of the dislocation loops decreases abruptly with increasing size from 1073 K and 
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the density of the vacancy clusters continue to decrease while their size increases at higher temperature 

range (stage V), suggesting the coalescence of the vacancy clusters. 

I.3.7 Characterization of the vacancy-type defects - PAS 

In the aim of investigating the vacancy-type defects, the PAS is an essential technique which allows 

the detection of the vacancy-type defects ranging from the single vacancy to vacancy cluster. Both 

positron annihilation spectroscopy (PALS) and Doppler Broadening (DB) spectroscopy can be used. 

Both techniques are based on the annihilation of the positron with electrons of solids allows to probe 

electron density and momentum distribution respectively (the principle and experimental 

implementation of these techniques are presented in Chapter II : MethodologyChapter II : 

Methodology). The nature of the annihilation states can be identified by different annihilation 

characteristics such as positron lifetime and momentum distribution of annihilated positron and electron 

pairs.  

Figure 29 represents the positron annihilation lifetime for perfect lattice, dislocation and the single 

vacancy in the tungsten, which were determined by experiment (dark symbol) or theoretical calculations 

(red symbol), the exact values are summarized in Table 5.  
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Figure 29: Experimental and theoretical works on the positron annihilation lifetime of the single vacancy (V1), dislocation 

and the Lattice of the tungsten, determined by experiments () or theoretical () calculations 

The mean value of the positron lifetime in the perfect lattice of tungsten is comparable for both 

theoretical and experimental works, about 105 ± 5 ps, and the theoretical work predicted a lifetime of 

about 195 ps for V1 in tungsten. However, the lifetime of the single vacancy (V1) is more controversial 

in the experimental works.   
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Table 5: Positron annihilation lifetime in the Lattice 𝝉𝑳, dislocation 𝝉𝒅𝒊𝒔𝒍, and single vacancy 𝝉𝑽𝟏 of the tungsten determined 

by experiments (EXP) or theoretical (THE) calculations 

Some experimental works have also found values equivalent to those of the simulation, such as 200 

ps in [74], 192 ps in [146], and 189 ps in [75], whereas a short lifetime of about 180 ps was found in 

[127, 128]. In the recent experiments carried out by Yabuuchi et al. [124], a reduced positron lifetime 

was detected from  171 to 195 ps for single vacancy like defects. In their simulation they found the 

single vacancy decorated by hydrogen atoms has a shorter lifetime of about 184 ps, 169 ps, and 164 ps 

for the complex V1-H1, V1-H2, and V1-H3, respectively. Same reduction of the positron lifetime is also 

calculated for V1-O (168 ps) and for V1-C (171 ps). Thereby, it is reasonable to consider the shorter 

lifetime of the V1 is in fact related to the LEs-decoration of vacancies. Nonetheless, as that lifetime of 

 𝛕𝐋 (ps) 𝛕𝐝𝐢𝐬𝐥 (ps) 𝛕𝐕𝟏 (ps) Ref 

 EXP THE EXP THE EXP THE  

a 104 101   171 ± 1 195 [124] 

b  107.6    199.7 [133] 

c  103    195 [134] 

d 105      [135] 

e  101  131, 161  193 [136] 

f 118    169  [137] 

g 105      [138] 

h 105      [139,140] 

i 111 ± 1    185 ± 15  [93] 

j 109 ± 1  149 ± 1  173 ± 4  [141] 

k 105    170 ± 10  [142] 

l 103 ± 2  153 ± 1    [143] 

m ~105  150  180  [144] 

n     200.0 ± 0.4  [74] 

o 115 ± 5    189 ± 3  [75] 

p 105 ± 1      [145] 

q   163 ± 7  192 ± 2  [146] 

r   <180  180  [147] 

s     175 199 [148] 
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the dislocations in tungsten was found around 150 ps, it might be difficult even impossible to distinguish 

these defects in experiment by measuring positron lifetime, when they coexist.  

Vacancy cluster Vn 

n = 2, … 

Positrons lifetime (ps) 

 Exp Cal 

V
2
  226 [136] 

V
3-4

 
319 [135] 

270-280 [75] 
247 ± 10 [133] 

V
6-9

 300-312 [137]  

V
8-9 

V10 

380 [135] 

410 [149] 

355 ± 10 [133] 

 

Cavity 400-450[140] <437 [133] 

Table 6 : Positron annihilation lifetime in the vacancy cluster Vn, where n = 1, 2 …. of the tungsten determined by 

experiments (EXP) or theoretical (THE) calculations 

Furthermore, the positron lifetime at various size of vacancy clusters was also determined in 

tungsten. Table 6 summarizes the value obtained by the experiments and simulations. It should be noted 

that the size of the cluster determined by experimental works is estimated by using the lifetime values 

predicted in the work of Troev et al. [133]. The positron lifetime increases with the size of vacancy 

cluster or with the number of vacancies in the cluster up to saturation. The positron lifetime saturates at 

nearly 450 ps [133] when the cluster is large enough, which is also observed in experiment. When the 

cluster is large enough (~V27), its size is roughly estimated to be about 1 nm in diameter. At such size, 

positron annihilates essentially at the periphery of the cluster. The curvature of the vacancy cluster is so 

low compared to the size of the positron that the periphery is equivalent to the tungsten atoms’ surface. 

So the annihilation characteristics do not evolve any more if the vacancy cluster is large enough. 

 

Figure 30: Simulating prediction of the positron annihilation lifetime in tungsten with increasing size of the vacancy cluster. 
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Bedside, the measurements of the Doppler broadening of the 511 keV gamma emitted from 

annihilation of positron and electron can be also used to determine the nature of vacancy defects. Most 

of the time the S and W annihilation fractions namely low (and high respectively) momentum 

annihilation fractions of the electron positron pairs are measured (see Chap II.3.1.3 for details on how 

these parameters are measured and determined). Some values of annihilation characteristics S and W 

have been already identified in tungsten: for the defect free Lattice, the single vacancy, and the largest 

vacancy cluster ever detected. Their values as measured with the DB-Spectrometer of CEMHTI in 

previous works [36,126] in polycrystalline tungsten are given in Table 9. As the lifetime, S increases 

when positron is trapped in a vacancy and with the size of the vacancy cluster. In contrast W decreases 

and it is also important to notice that it is sensitive to the chemical environment of the positron when it 

annihilates, as it has been shown in several studies on semiconductors [150]. 

Summary 

Controlled fusion is considered as one of the solutions to nowadays energy and environmental 

issues. With this in mind, the ITER project, a new generation of tokamak, was launched to demonstrate 

the energy production capability of these fusion reactors. Not only numerous technological obstacles 

remain to be overcome, but materials research is also one of the key issues in achieving the production 

of the energy with fusion. Tungsten, the most promising PFM, has been selected to cover the divertor, 

a very critical component, in ITER and is being considered for the inner wall of the future TOKAMAK 

where it will have to withstand the high heat flux and the bombardment of energetic particles. Tungsten 

has several suitable properties of major importance to withstand these extreme operating conditions, 

namely efficient thermal conductivity, low sputtering rate and a very high melting temperature. However, 

the degradation of some properties has been found when exposed to conditions close to those expected 

in TOKAMAK. This degradation was proved to be related to the microstructural evolution of the 

material induced by exposure to energetic products of the fusion reactions and to the plasma. These 

exposures induce defects in the material and their accumulation and transformation lead to this 

microstructure evolution. The investigation of the behaviour of radiation-induced defects is therefore 

essential to better recognize the origin of the various degradations and to be able to predict the evolution 

of the material during its operation and lifetime. 

The study of defects in tungsten has been the subject of research for several years in various 

laboratories. At CEMHTI, we specifically used PAS to investigate vacancy defects. The fundamental 

properties of single vacancy and vacancy clustering in tungsten have been revealed experimentally. 

Defects induced by various ions (1H, 3He, Fe, W...) under different conditions were studied. The use of 

isochronous annealing after the irradiations allowed to highlight the behavior of single vacancy and 

vacancy clusters and the interaction between vacancy defects and He atoms was observed. Preliminary 
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results also showed that the evolution of vacancy clusters varies for samples from two batches of 

different purity.  

In this chapter, the different consequences of irradiation of tungsten by energetic particles have 

been explained. The types of induced defects have been distinguished and their fundamental properties 

have been defined. Their evolution was described in different steps related to these fundamental 

properties. It was also pointed out that many theoretical studies predict that light elements (LEs: 

hydrogen, nitrogen, carbon and oxygen) interact strongly with defects, especially vacancies, but that 

little experimental work has been done. Positron annihilation spectroscopy has been demonstrated to be 

a very useful technique to characterize irradiation-induced vacancy defects in materials and their 

decoration with impurities.  

The objective of this thesis is therefore to carry out several experimental studies to better understand 

these potential interactions and their consequences on the microstructure of irradiated tungsten. 

Tungsten samples of different purities (99.95 to 99.9999 wt. %) were irradiated under different 

conditions: i/ electron irradiations to introduce countable point defects, ii/ self-irradiations to create 

neutron-like defects. The nature and distribution of the radiation-induced defects (RIDs) were 

characterized by PAS and TEM. In addition, quantitative chemical analysis techniques (SIMS, NRA) 

were used to access the distributions of LE atoms (C and O), and correlate them with the defect results 

obtained by PAS and TEM.  

We believe that the state-of-the-art experimental data acquired in the present work could help to 

verify the theoretical simulations and be useful to predict further microstructural evolutions in tungsten, 

which could lead to the degradation of tungsten properties under extreme conditions in the fusion reactor 

in the future.  
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Chapter II : Methodology 

In this chapter, the material preparation and experimental techniques have been explained.  

The first section presents the chemical composition of as-received polycrystalline tungsten samples 

of two purities from different suppliers (Neyco, Goodfellow, and FZJ), as well as the preparation 

procedures: pre-polishing, polishing, and annealing…  

In the second section, the conditions of various irradiations and implantations (e-, C, O, and W) 

performed in tungsten are reported. The damage and implantation profiles calculated using SRIM are 

shown.  

The third part, is dedicated to the description of the characterization techniques used in this work. 

Positron annihilation spectroscopy (PAS) is used to detect the vacancy-type defects, in particular to 

probe the defects with low concentration and/or small size.  PAS allows to detect the defects within a 

range from single vacancy to vacancy clusters in metals (W [73], Fe [150]). Secondary Ion Mass 

Spectrometry (SIMS) is a sensitive technique for depth profiling of chemical composition and Nuclear 

Reaction Analysis (NRA) is an ion beam analysis technique especially adapted to probe the light-

elements close to the surface. In this thesis, SIMS and NRA are used to quantify the light-elements 

impurities (LEs) such as C, O in the tungsten. Meanwhile, Transmission Electron Microscopy (TEM) 

provides a direct observation of the large vacancy defects. In the present work, it is combined with PAS 

for the characterization of the radiation-induced vacancy defects in tungsten, ranging from single 

vacancy to large vacancy cluster.    

II.1  Preparation of the samples 

In this work, various types of polycrystalline tungsten samples of two purities were provided by 

different suppliers. The extra-high purity (XHP, 99.9999 wt.%) samples with a thickness of about 500 

µm were provided by Forschungszentrum Jülich (FZJ) from Plansee in two batches, namely FZJ1 and 

FZJ2. The two batches were cut from the same rod by electrical discharge machining (EDM). the 

potential contamination of copper should be removed by the staining after cutting. Figure 31.a shows 

the chemical composition of the XHP samples determined by Laser Ablation Inductively Coupled 

Plasma Mass Spectrometry (LA-ICP-MS) and provided by the supplier. Besides, the rolled and sintered 

high purity (HP, 99.95 wt.%) samples with a thickness of around 150 µm and 300 µm were purchased 

from Goodfellow (GP) and Neyco (N) company, respectively. The samples of two purities were 

purchased in two shapes, squares (7 × 7 mm2) and discs (Ø 3 mm), in order to be adapted to the 

characterization techniques (PAS and TEM respectively). The concentration of impurities as given by 

the providers are reported in Figure 31.b. It has to be noticed that the concentration of most of the 

elements are maximum values reflecting the detection limits of the techniques used for determination. 
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The concentration of light elements such as carbon (C), oxygen (O) and nitrogen (N) is either not 

provided or is a maximum value and not a precise value.   
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Figure 31: Concentration of the impurity elements A: in XHP (99.9999 wt.%) tungsten sample provided by FZJ and B: in HP 

(99.95 wt.%) purchased from Goodfellow  
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Before the irradiations, the as-received samples were prepared following the same procedures. 

Firstly, to remove the surface-layer which probably contains induced defects and impurities introduced 

during the manufacture, the samples were mechanically pre-polished using abrasive silicon carbide (SiC) 

papers with different grains size, within a range from P320 to P2500 purchased from the ESCIL 

company. The choice of the grain size depends on the aspect and thickness of the sample, for eliminating 

as much as possible the scratches left by the earlier paper with the larger grains. Thus, the abrasive 

papers were used with decreasing grains size in succession. Next, the surface of the sample was 

improved by flocked felt ranging from FD 3 µm to 1 µm, with applying the corresponding diamond 

paste to obtain a mirror-like aspect. Then, the as-polished samples were cleaned up in the ultrasonic bath 

with acetone and ethanol in sequence for 20 min. Lastly, the as-polished samples were annealed to 

eliminate the defects induced during the polishing procedures.  

II.1.1 Electron bombardment furnace 

As mentioned in P.E Lhuillier’s thesis [36], the samples annealed in a high vacuum give out the 

annihilation characteristics close to perfect tungsten Lattice in contrast to those annealed in argon-

hydrogen (Ar-H2) chamber. Therefore, all as-polished samples in this work were annealed under a high 

vacuum (<10-6 mbar) level at 1700 °C for at least one hour. The annealing was carried out in a furnace 

in which the heating is generated through electron bombardment. The sample holder in tungsten is 

situated above a tungsten filament in which an electronic current flows, and a high voltage of 1400 V is 

applied between the sample holder and the filament. A series of pumping systems keep the vacuum in 

the furnace chamber at the level between 10-9 and 10-7 mbar for a temperature ranging from room 

temperature (RT) to 2000 °C. The vacuum chamber is cooled during annealing thanks to the circulation 

of cooled water in a pipe welded to the exterior walls of the chamber to avoid potential contamination. 

The annealing temperature is controlled with a pyrometer aimed at a molybdenum (Mo) sample through 

a quartz viewport. This pyrometer works in a range of wavelength λ between 0.85 to 1.1 µm, the 

transmittance (without viewport) is fixed at about 0.9 for each annealing. The emissivity of Mo rises 

from 0.06 to 0.27 with increasing temperature from 100 to 2400 °C, and the relative error is significantly 

greater with increasing of the temperature [151]. At the same time, the emissivity depends also on the 

wavelength as well. Therefore, according to the mean value of various experimental and theoretical 

results [152], at around 1700 °C, the emissivity of 0.25 is used for each annealing of the preparation. 

The pyrometer had been checked recently by aiming on a black body with certainly an emissivity of 

about 1, this experiment guarantees the temperature measurements, ranging from 300 to 2000 °C, and 

the error of the lecture was estimated far less than 1 °C with or without the viewport in the temperature 

range from 600 to 2000 °C. 
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Figure 32: An instance of the annealing temperature, vacuum level, and applied current versus time and insert plot show the 

natural cooling of the end of the annealing.    

During the annealing, the temperature, the vacuum level, and the applied current were monitored 

and recorded. Figure 32 illustrates an example of the curves of the annealing temperature, vacuum level, 

and applied current versus annealing time, and the inserted plot shows the natural cooling at the end of 

the annealing. To reach a high temperature of 1700 °C, a current of around 8.5 A was applied with 

additional polarization of the emitted electrons at 1.4 kV, which is triggered when the temperature is 

superior to 1000 °C. The temperature is controlled with a continuous slope of 30 K/min to guarantee the 

longevity of the furnace.  

As shown in the blue curve of Figure 32, not surprisingly, the vacuum level increases with 

increasing temperature. At the beginning of the annealing, the pressure increases with fluctuation in a 

short time before stabilizing at a relatively high vacuum level (~6 × 10-7 mbar). This increase step is 

probably due to the desorption of residual impurity atoms on the sample or heated component of the 

system. Moreover, the natural cooling is extremely fast at the beginning, the temperature decreases from 

1700 to 600 °C in around two seconds. Because of the out-of-range of the pyrometer, the monitor of the 

natural cooling ends at 600 °C. Taking the long natural cooling into count, the as-annealed samples were 

generally taken off in two hours after each annealing, when the difference of the in-out temperature of 

the furnace is minimal. 

Figure 33 shows the microstructure of the as-annealed polycrystalline tungsten samples from 

different suppliers (a: Neyco (N), b: Goodfellow (GP), and c: FZJ). The mean grains sizes of each sample 

were roughly estimated using an optical microscope, at about a few tens micron for Neyco, and a few 

hundred microns for Goodfellow, and FZJ, respectively. This difference might be first related to the 

fabrication procedures, because the samples purchased from Neyco were produced by sintering, 

differing to those of GP (rolled) and FZJ samples. In addition, the N-samples were annealed at lower 
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temperature with a shorter time (1600°C, 1h) in contrast to 1700 during 3h for GP and FZJ samples, so 

that the recrystallization is less complete in the case of the N-sample. 

 

Figure 33: Optical Images of as-annealed polycrystalline tungsten samples a) Neyco, b) Goodfellow and c) FZJ obtained 

by optical microscope 

The as-annealed discs (Ø 3 mm) prepared for TEM observations were further 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-1, 15 °C, and 15 V) for ~10 minutes. Lastly, the thick square samples 

(thickness > 100 µm) were checked before irradiation by using 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 (see Figure 34).  

 

Figure 34 : TEM image acquired just before irradiation of an irradiation zone with an interaction of three grains boundaries 

  

2  µm2  µm
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II.2 Creation of defects and introduction of impurities  

Tungsten has been selected to cover the divertor of the ITER TOKAMAK and the first interior wall 

of the DEMO, and these two parts suffer the high-energy neutron irradiation generated from the D-T 

fusion reaction. Moreover, the light-element impurity (C and O) in the plasmas and in the reactors should 

not be ignored [24,153,154]. Therefore, it is crucial to understand the radiation-induced damage in 

various conditions. In this work, because of the generation of similar defects (vacancy, dislocation, 

dislocation loop, void…), the self-ions irradiation was used as the proxy of the neutron irradiation with 

different conditions. To investigate the effect of the impurities, the ion-implantation of carbon and 

oxygen was carried out, the irradiated samples were utilized for the quantification of carbon and oxygen 

concentration in the samples. In addition, the electron irradiation at room temperature was performed, 

expecting to induce the simplest detectable defects, i.e. single vacancy.  

 

Figure 35: Ooverview of the electrostatic accelerator Épiméthée (Saclay) and b) SIRIUS (LSI) 

Accordingly, several ions (C, O, and W) irradiations were carried out on the 3 MV electrostatic 

accelerator (Épiméthée) at CEA Saclay, JANNuS (Joint Accelerators for Nano-science and Nuclear 

Simulation) platform. The experimental fluences were designed utilizing the SRIM (Stopping and Range 

of Ions in Matter) program with Kinchin-Pease (K-P) formalism [155]. The used displacement threshold 

energy Edisp is fixed at 55.3 eV which averages the values of the different crystalline directions [63]. On 

the other hand, the electron irradiations at RT were accomplished on the accelerator SIRIUS installed at 

Laboratoire des Solides Irradiés (LSI). The fluences were selected by operating the POLY et SMOTT 

program [156–158], expecting to introduce detectable single vacancies. 
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II.2.1 Electron irradiations 

The 2.5 MeV electron irradiations were performed on HP (99.95 wt.%) samples (slabs: Neyco, disc: 

Goodfellow) with the same flux (5.5 × 1013 cm-2. s-1) for two fluences, namely low fluence (LF: 1 × 1019 

cm-2) and high fluence (HF: 2 × 1019 cm-2), respectively. The irradiation temperature was kept at around 

50 °C. An image of the experimental sample holder is shown in Figure 36.a, which contains three slabs, 

five discs, and one thin foil sample. The calculated damage profile of 2.5 MeV electron in tungsten for 

the experimental fluences (LF, HF) is plotted in Figure 36.b. The damage dose of both fluences 

decreases with increasing depth, and becomes negligible at about 220 µm, the damage evolves linearly 

until 150 µm. Besides, as shown in Figure 36.c, the damage dose is approximately a plateau in the first 

1 µm, corresponding to a mean damage value of about 8.33 × 10-4 dpa for HF, and 4.16 × 10-4 dpa for 

LF with the same standard deviation around 1 × 10-6 dpa.   

                 a) 
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Figure 36: a) experimental sample holder used for electron irradiation. b) Calculated damage profile of 2.5 MeV electrons in 

tungsten by POLY ET SMOTT program for two fluences LF: 1 × 1019 cm-2 and HF: 2 × 1019 cm-2, c) the zoom of the damage 

profile in the first 1 µm 

II.2.2 Self-ion irradiations 

In order to be adapted to the PAS characterization with slow positrons, the 20 MeV self-ion 

irradiations were ex situ accomplished on the two purities (HP: 99.95 wt. %, XHP: 99.9999 wt. %) thick 

square and disc samples with various fluences rising from 4.14 × 1012 to 1.1 × 1014 cm-2 at several 

temperatures (from RT to 700 °C). According to simulating results (SRIM-2008), the corresponding 

damage doses range from 0.01 to 0.32 dpa in the probed region of the slow positrons (~700 nm, see in 

Chap II.3.1.1). For high temperature (HT) irradiations, the temperature is controlled by a thermocouple 

(TC1) inserted in the heating plate which is in contact with the sample holder. In addition, a thermal 

camera cross-checks the temperature by measuring the surface temperature at different positions on the 

samples. 
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Figure 37: Self-ion irradiation at high temperature (500 °C) to a mean damage dose of about 0.02 dpa in the PAS probed region 

and 0° for the experimental ion-incident angle, a) temperature evolution during the irradiation at several places on the sample 

holder monitored by a thermal camera b) the sample holder contains three squares, eight discs tungsten samples, and one 

iron sample on which a thermocouple is welded c) the image recorded by a thermal camera and d) the corresponding 

implantation ans damage profiles were estimated by using SRIM-2008 in Kinchin-Pease formalism [155] with a fluence of 7.48 

× 1012 cm-2 and the displacement threshold energy fixed at 55.3 eV [63] 

Figure 37.a shows the camera-recorded temperature corresponding to the selected positions (Figure 

66.c) during an irradiation at 0.02 dpa and 500 °C. To verify the temperature measurement, as shown in 

Figure 37.b, another thermocouple (TC2) was welded on an iron disc sample. Thus, a difference of less 

than 25 °C between the real and expected irradiation temperature was observed. Figure 37.d illustrates 

the damage and implantation profiles of 20 MeV self-ion irradiation of tungsten calculated by SRIM-

2008 (K-P mode, Edisp = 55.3 eV) with an ion fluence of 7.48 × 1012 cm-2 and normal incident angle (the 

irradiations at RT performed with an incident angle of 15°), corresponding to a damage level of about 

0.02 dpa in the first 700 nm of the sample, i.e. the region probed by PAS.  
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Figure 38: a) overview of the in situ TEM equipment with a sketch of in situ 1.2 MeV self-irradiation of tungsten, b) the 

calculated damage and implantation profiles by SRIM-2008, K-P formalism with a displacement threshold energy of 55.3 eV 

for an ion fluence of 1.8 × 1012 cm-2 and  the ion incident angle of  45° 

To monitor the evolution of the defects during the irradiation, the self-ion irradiations at 1.2 MeV 

were realized in the in situ TEM facility at JANNuS platform in the Laboratoire de Physique des 2 

infinis Irène Joliot-Curie (IJCLab). The qualified tungsten thin foil was in situ irradiated in 200 kV FEI 

Tecnai G2 TEM with two fluences (1.8 × 1012 cm-2 and 3.6 × 1012 cm-2) at various temperatures (RT, 

500, 700 and 800 °C). Figure 38 illustrates the outline of the in situ irradiation and TEM observation, 

the incident angle of the tungsten ions is of about 45° to the sample for whole irradiations. During the 

irradiation, the ion bombardment and the heating might tilt the thin foil, if that is the case, a little 

adjustment with the double-tilt sample holder is needed as sketched in Figure 38.a. 

Figure 38.b shows the damage profile of the 1.2 MeV self-ion irradiation of the tungsten as 

predicted using SRIM-2008 (K-P mode, Edisp = 55.3 eV) for a fluence of 1.8 × 1012 cm-2 with an incident 

angle of 45°. As the thin foil has a thickness of about 50 nm, the mean damage level is about 0.021 dpa, 

similar to that of the 20 MeV ex situ self-ion irradiation with the fluence of 7.48 × 1012 cm-2. Moreover, 

the experimental fluxes for ex situ and in situ irradiations were fixed at values as close as possible ~2.8 

× 1010 cm-2. s-1 and ~3.0 × 109 cm-2. s-1, respectively, to obtain a comparable mean damage rate of about 

5 × 10-5 dpa. s-1.     

Apart from the 1.2 MeV and 20 MeV, a series of 2 MeV self-ion damaged tungsten samples (99.95 

wt.%, Plansee) provided by Culham Centre for Fusion Energy (CCFE) were also studied in this work. 

The samples were irradiated at RT with several fluences, ranging from 1 × 1012 to 2 × 1014 cm-2. Figure 

39 shows the calculated damage profile with SRIM of 2MeV self-ion irradiation of tungsten (K-P mode, 

Edisp = 55.3 eV), for a fluence of 1 × 1012 cm-2, the related damage dose at the peak of the damage profile 

i.e. of about 70 nm around 0.0085 dpa. 
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Figure 39: Damage profile of the 2 MeV self-ion irradiation of 

tungsten calculated by SRIM-2008 (K-P mode, Edisp = 55.3 eV) 

for a fluence of 1 × 1012 cm-2, the related peak damage level at 

70 nm is around 0.0085 dpa. 
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Figure 40: Damage (solid lines) and implantation (dashed 

lines) profile of 450 keV  carbon (grey), and 510 keV 

oxygen (blue) in tungsten  calculated by SRIM-2008 (K-P 

mode, Edisp = 55.3 eV, 15°) for a fluence of 8.29 × 1014 

cm-2, 6.29 × 1014 cm-2, and 6.59 × 1014 cm-2, repectively. 

The concentration of implanted ions is about 340 at.ppm 

at 330 nm for each implantation  

II.2.3 Ion implantations 

Furthermore, for quantifying the concentration of the principal light-element impurities (C, O) in 

the samples and at the same time to study the ion effects on the generation of the defects, several ions 

(C, and O) implantations were realized in tungsten with three fluences at RT.  By operating the SRIM-

2008 (K-P mode, Edisp = 55.3 eV, 15°) program, the three fluences of each type of implantation were 

selected, i.e. low fluence (LF), middle fluence (MF), and high fluence (HF) with a factor of about 

fourteen and two between MF and LF, HF and MF, respectively.  Figure 40 shows the damage (solid 

lines) and implantation (dashed lines) profile  for 450 keV  carbon (grey), and 510 keV oxygen (blue) 

ions in tungsten for the MF  6.29 × 1014 cm-2 for carbon, and 6.59 × 1014 cm-2 for oxygen, respectively. 

The quantity of implanted ions is about 340 at. ppm and 680 at. ppm at RP (330 nm) for MF and HF, 

respectively of each type implantations. Because the quantity of the carbon, oxygen in the HP samples 

is predicted to be superior to 200 at. ppm (according to the providers), the implantations were carried 

out only in the XHP samples, in which the quantity of both LEs is below the detection limit of the LA-

ICP-MS technique.  

Table 7 summerizes the whole irradiation conditions used in this thesis. It should be noticed that 

the samples were put in the chamber at least a half-day before the irradiation, so that all the experiments 

were realized under a high vacuum level around 10-5 Pa. 
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Sample  
Ion / 

energy 

Temp 

(K) 

Flux 

( cm-2.s-1) 

Fluence 

(cm-2) 

Damage dose 

at the peak of 

the damage 

profile (~ 70 

nm) 

10 × 10 × 

0.5 mm3 

slab 

HP 

2 MeV-W RT 

1.89 × 1010 1 × 1012 0.0085 

2.10 × 1010 1 × 1013 0.085 

2.18 × 1010 5 × 1013 0.425 

2.26 × 1010 1 × 1014 0.85 

2.38 × 1010 2 × 1014 1.7 

Sample  Energy / Ion Temp 

(K) 

Flux 

(cm-2.s-1) 

Fluence 

(cm-2) 

Mean Damage 

dose in the first 

700 nm 

 

7 × 7 × 

0.15 mm3 

slab 

Ø 3 mm 

disc 

HP, XHP 

2.5 MeV-e- 323 3.86 × 1013 
1.00 × 10 19 8.34 × 10-4 

2.00 × 10 19 4.17 × 10-4 

450 keV - C 

RT 

5.26 × 10 11 4.64 × 10 13 0.016 

5.95 × 10 11 6.29 × 10 14 0.215 

5.32 × 10 11 1.26 × 10 15 0.430 

510 keV - O 

4.96 × 10 11 4.64 × 10 13 0.012 

4.96 × 10 11 6.59 × 10 14 0.106 

5.34 × 10 11 5.88 × 10 13 0.342 

20 MeV - W 

RT 2.50 × 10 10 4.10 × 10 12 0.012 

2.80 × 10 10 1.10× 10 14 0.318 

773 3.54 × 10 10 7.48 × 10 12 0.021 

2.22 × 10 10 1.49 × 10 13 0.042 

993 
2.23 × 10 10 7.43 × 10 12 0.021 

Ø 3 mm 

thin foil 

HP, XHP 

1.2 MeV - W 

RT 

3.00 × 10 9 

1.80 × 10 12 0.021 

3.60 × 10 12 0.042 

773 1.80 × 10 12 0.021 

3.60 × 10 12 0.042 

993 1.80 × 10 12 0.021 

3.60 × 10 12 0.042 

1093  

(Only 

3N-

HP) 

1.80 × 10 12 0.021 

Table 7 : Irradiation conditions used in this work.   
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II.3 Characterization techniques 

In this section the characterization techniques used in this work are described. Positron annihilation 

spectroscopy (PAS) is used to detect the vacancy-type defects, in particular to probe the defects with 

low concentration and/or small size.  Secondary Ion Mass Spectrometry (SIMS) and Nuclear Reaction 

Analysis (NRA) are used to measure the concentration depth profiles of the light-element such as C, O 

in the tungsten. Meanwhile, Transmission Electron Microscopy (TEM) provides a direct observation of 

the large vacancy defects. In the present work, it is combined with PAS for the characterization of the 

radiation-induced vacancy defects in tungsten, ranging from single vacancy to large vacancy clusters.    

II.3.1 Positron annihilation spectroscopy (PAS) 

In the past few decades, positron annihilation spectroscopy has been wildly used for characterizing 

solid materials (semi-conductors [159,160], metal [161], and ceramics [162]), because of its high 

sensitivity for vacancy-type defects and because it is non-destructive for the matter. In metals, this 

technique can probe from the smallest vacancy-type defect (single vacancy) to vacancy-cluster by 

measuring the gamma rays from the annihilation of positron-electron pairs (e+-e-), which depends on the 

local electron density where the annihilation occurs. 

II.3.1.1 Physical properties of positrons in matter 

A. Positron source and emission 

Contrary to electron, positron does not exist in nature, one of the ways to obtain positron is through 

the beta ‘plus’ decay (eq. 6), This corresponds to the transformation of a proton into a neutron within 

the radionuclide, resulting in the release of a positron and a neutrino. In general, most of the radioactive 

sources allow to generate positron by (p-n) or (n-ɣ) nuclear reactions, some examples are shown in [163]. 

  𝑋𝑛𝑍
𝐴 = 𝑋𝑛+1 + 𝛽

+ + 𝜈𝑒𝑍−1
𝐴   eq. 6 

With X: a radionuclide  

A: atomic mass of X 

Z:  number of proton  

n:  number of neutron of element X 

β+ or e+: positron 

 νe: neutrino 

Because of its suitable half-time of decay (T1/2 = 2.6 years), the source 22Na is frequently used in 

the laboratory to produce positron. It is made by depositing (drop by drop) aqueous NaCl solution 

enriched in 22Na on a thin metal sheet (e.g. Al or Ni). The 22Na disintegration scheme is illustrated in 

Figure 41, collected from [164]. Positron (β+) emission occurs with a fraction of 90.06 % (90 % for 540 
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keV, 0.06 % for 1.82 MeV) by nuclear decay of 22Na to metastable nucleus 22Ne*. It is accompanied 

with electronic capture3 (9.94 %). The transition from metastable to stable 22Ne state releases a 1.275 

MeV gamma-ray, 3.7 picoseconds (ps) after positron emission. We consider that the emission of 

positron coincides with the 1.275 MeV gamma-ray. This feature gives the second advantage of the 

source 22Na. In Positron Annihilation Lifetime Spectroscopy (PALS), the detection of the 1.275 MeV 

gamma-ray is designated as ‘start’ and allows to know the birth of positron, and that of 511 keV is 

referred as ‘stop’ and indicates the annihilation of positron-electron (e+-e-) pairs. The time interval 

between these two signals characterizes the positron lifetime in the sample which depends on the states 

(lattice, defects...) where the annihilation occurs.  

 

Figure 41: Scheme of 22Na decay. The minimum energy to trigger decay is 1.022 MeV, equivalent to two-electron masses (i.e. 

2m0c). Positron emission occurs in 99.06% of disintegration (9.94 % for Electronic capture) before reaching metastable state 
22Ne*, finally, attain a stable state 22Ne by emitting 1.275 MeV ɣ ray 

B. Positron penetration profile 

In general, we distinguish two types of positrons in experiment. The first are the fast positrons, 

naturally emitted from a 22Na source, and their energy reaches 540 keV at maximum. Due to the energy 

distribution of fast positrons, their penetration can be described by a decreasing exponential given by 

equation (eq. 7) : the penetration depth depends on the density ρ and the atomic number Z of the studied 

material. In tungsten, the majority of the fast positrons (> 99.99 %) are stopped before 50 µm below the 

incident surface. The penetration profile of fast positrons in tungsten is plotted in Figure 42 using the 

modeling parameters from [165]. 

                                                           
3Electronic capture: an electron captured by a proton near to nucleus, and transforms a proton to neutron emitting 

a neutrino P + e- -> n + νe 
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Figure 42: Fast positron penetration profile in tungsten 

  𝑃(𝑑) = 𝑒−𝛼∙𝑑  eq. 7 

With d: depth,  

          𝛼 =
12.6𝜌𝑍0.17

(𝐸max )
1.28     

for tungsten with 22Na source, 

          ρ: density =19.32 g.cm-2, 

          Z: atomic number Z = 74,       

          𝐸𝑚𝑎𝑥 =  0.541 keV 

The second type of positrons is the moderated fast positron i.e. the slow positrons produced in a 

mono-kinetic beam thanks to an accelerator (Figure 47). Among several calculations [165,166], the 

Makhovian model (eq. 8) represents conveniently the slow positron penetration profile in the material. 

Figure 43 presents the slow positron penetration profile in tungsten. The penetration profile depends on 

the density of material ρ (19.32 g/cm2 for tungsten), the positron incident energy and material less-

dependent parameters (A1/2, m, and n). The value of m and n vary slightly, however, the parameter A1/2, 

depends not only on the incident energy of positron, but also on the atomic number of the material [167]. 

Various values of A1/2, ranging from 3- 4 [166,168,169] have been reported in semiconductors, and the 

most recommended value for A1/2 is 4.0 (3) µg.cm
-3

. keV
-1.7

[170]. Nevertheless, the value of A1/2 = 2.95 

µg.cm
-3

. keV
-1.7

) was used in previous works of tungsten and iron at CEMHTI [36,126,171,172] and 

was compared to the simulation work. We checked that the depth profile calculated in copper (Cu) using 

the parameters A1/2 = 2.95 µg.cm-2. keV-1.7, m = 2 and n = 1.7 gives the same results as the simulating 

work [165,173]. With these parameters, the slow positron beam of CEMHTI probes the near-surface 

defects as deep as 700 nm in tungsten.  
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Figure 43:  Slow positron penetration profile with various energy in tungsten 

 𝑃(𝑧) = −
𝑑

𝑑𝑧
(𝑒
−(

𝑧

𝑧0
)𝑚
) → 𝑃(𝑧) =

𝑚𝑧𝑚−1

𝑧0
𝑚 (𝑒

−(
𝑧

𝑧0
)𝑚
)  eq. 8 

With z0 =
z1/2

(ln2)
1
m

   and   z1/2 =
A1/2

ρ
En 

z1/2 Median implantation depth of positron (cm) 

ρ: Density of material (µg.cm-3) 

A1/2 = 2.95 µg.cm-2. keV-1.7, m = 2 and n = 1.7  

E: Incident energy of positrons (keV) 

C. Thermalization, Diffusion, and Trapping 

When a positron penetrates in the matter, because of its positive charge, it suffers repulsion: 

Coulomb force from the nucleus and the free electron screening gas, which makes the positron slow 

down until thermal energy4 during 1 - 10 ps [167,174] in metal. In general, the annihilation of the particle 

with its antiparticle, emits in most cases two gamma rays. Concerning interaction of the positron and 

matter, the most of the positrons lose almost their kinetic energy before the annihilation with an electron. 

Therefore, the total energy of the electron-positron pairs is close to twice of the electron5 (2mec2) and 

depends essentially on the kinetic energy of electrons. It follows that the emitting-gamma rays provide 

information of the momentum distribution of electron with which positron annihilated. Once the positron 

is thermalized, it starts to diffuse (migrates freely in all space) in the matter, the diffusion coefficient 

can be expressed by Nernst-Einstein equation (eq. 9):  

  𝐷+ =
µ+

𝑒
𝑘𝐵𝑇 =

𝑘𝐵𝑇

𝑚+
𝜏𝑟𝑒𝑙𝑎𝑥𝑎𝑡𝑖𝑜𝑛  eq. 9 

                                                           
4 The energy at room temperature E = kBT, where kB = 1.38 × 10-23 J.K-1, at T = 20 °C, E ≈ 0.025 eV. 
5 Electron mass: me = 9.109 × 10-31 kg, the speed of light in vacuum: c = 2.9979 × 108 m.s-1 
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 With μ+:  Mobility of positon 

kB:  Boltzmann constant 1.38 × 10-23 J.K-1 

T:  Temperature K 

e: Elementary charge 1.6 × 10-19 C 

m+:  Effective mass of positron 

τrelaxation: Positron relaxation time for diffusion. 

In the bulk of material where the defect concentration is very low, and the material can be 

considered as a perfect Lattice, the positron thermalization and trapping time is neglected compared to 

the diffusion time, so that the total positron diffusing time is considered to be the positron lifetime τL, 

which is the reciprocal of the positron annihilation rate of the positron in the Lattice λL. The intrinsic 

diffusion length in the Lattice of material, can be written by equation (eq. 10): 

  𝐿+ = √
𝐷+

𝜆𝐿
= √𝐷+𝜏𝐿  eq. 10 

 

With λL:  annihilation rate in the lattice           

τL: diffusion time in the lattice or lifetime of the positron in the lattice 

D+: intrinsic diffusion coefficient of positron (D+ = 1.26 × 10-4 m2.s-1 for tungsten [174]) 

 

It is important to note that the diffusion length of positron can be affected by the concentration of 

defects (vacancy-type defects, dislocation...) along its path. Indeed, the positrons can be trapped by these 

defects before annihilation in an interval spanning from 100 to 500 ps in metals [159], thus shortening 

its path. One defines the effective diffusion length (L+
eff) of positron which depends on the positron 

trapping rate besides their diffusion. The effective diffusion length (L+
eff), can be written as in the 

equation (eq. 11): 

  𝐿𝑒𝑓𝑓
+ = √

𝐷+

𝜆𝐿+𝐾𝑑
  eq. 11 

With Kd:  Trapping rate at the defect d 

        L+
eff:  Effective diffusion length of positron 

        D+: intrinsic diffusion coefficient of positron 

The trapping rate Kd at the defect d is the product of its concentration Cd and the specific trapping 

coefficient µd, 

  𝐾𝑑 = 𝐶𝑑 ∙ 𝜇𝑑   eq. 12 

 With Cd:   Defect concentration 

           µd:  Specific trapping coefficient 
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In the literature, one can find values of atomic specific trapping coefficient 𝜇𝑑
𝑎𝑡 , which can be 

defined as: 

  𝜇𝑑 =
𝜇𝑑
𝑎𝑡

𝑁𝑎𝑡
  eq. 13 

Where Nat is the atomic density of the material, about 6.316 × 1022 at.cm-3 for tungsten.  

In metals, the atomic specific trapping coefficient μd
at varies between 1014 and 1015 s-1 [175]. For the 

single vacancy of pure tungsten, the most similar and available value is that of the positron trapping at 

single vacancy i.e. 𝜇V1 in Tantalum (Z = 73, versus Z = 74 for W), with a value of (6 ± 3) × 1015 m-3.s-

1[159].  

D. Annihilation of positron-electron pairs 

The annihilation of positron-electron pairs (e+-e-) depends strongly on the spin of positron-electron 

pairs. The two following annihilation modes can be distinguished. When an e+-e- pair annihilates at a 

singlet spin state S = 0 (para), the number of emitting photon gamma (ɣ) is an even number; meanwhile, 

when annihilation occurs at a triplet spin state S = 1 (ortho), the number of the emitting-photons ɣ is an 

odd number. Concerning the positron-electron pairs, there are two configurations. The first one is quasi-

free pair, meaning the positrons interact with surrounding electrons but without correlation with anyone 

of them. For this configuration, the annihilation emitting triple - photons ɣ (occurs at state S = 1) is 

negligible compared to that which generates double - photons ɣ (at S = 0 state) [176]. In the second 

configuration, the linked pair stands for positron correlated with a surrounding electron, such a pair is 

also denoted positronium (Ps). This configuration is generally formed at the surface of the material or 

in the large open volumes. In this case, due to the ‘pick-off’ phenomena, i.e. the positron annihilates with 

another electron in the medium instead of the correlated one giving rise to the annihilation of two 

photons ɣ. As a consequence, the mainly counted annihilation event is two photons ɣ of the free e+-e- 

pairs in dense materials. Furthermore, it should be noted that the annihilation of e+-e- pairs gives at least 

two photons ɣ [177], but under some specific conditions, the generation of a single-gamma becomes 

possible [178,179], however, it is not the case in our experimental conditions. 

 Delocalized state 

Concerning the free- e+-e- pairs, the annihilation occurs either at delocalized states in the crystal as 

referred as Lattice state or in localized traps in the matrix, in particular, the vacancy-type defects. When 

positron penetrates in a solid crystal, after thermalization, it is subjected to the periodic potential of the 

crystal lattice. Therefore, its wave function approximates to a Bloch function in the term of: 

  𝜓(𝑟) = 𝑒𝑖𝑘𝑟 ∙ 𝑈𝑘(𝑟)  eq. 14 
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Where 𝑈𝑘(𝑟) is a function with the identical periodicity of the crystal lattice, as shown in Figure 44. 

The repulsive force from the nuclei of the crystal atoms leads as much as possible the positrons to be 

present in the interstitial region in the crystal lattice. The annihilation rate in the lattice is as mentioned 

early, λL (in s-1), which is the reciprocal of the positron annihilation lifetime τL (in s). These annihilation 

characteristics in the delocalized state symbolize the perfect Lattice of the crystal, in which the trapping 

of the positrons does not take place. 

 

Figure 44: Wave function of the delocalized state in Nickel Crystal: localized state [176,180] 

 Localized state  

As a result of the lack of nucleus or the presence of vacancy-type defects in the crystal lattice, the 

open volume is larger than in a close-packed lattice. In addition, the repulsion of positive nuclei is 

smaller. For these reasons, the open volume defects (vacancy, vacancy clusters, and dislocation…) are 

all potential traps (Figure 45) at which the positron would tend to be localized or trapped. 

 

Figure 45: Wave function of the localized state in Nickel Crystal: localized state [176,180] 

Two techniques, Doppler Broadening Positron Annihilation Spectroscopy (DB-PAS) and Positron 

Annihilation Lifetime Spectroscopy (PALS) are currently used to investigate the microstructural defects 

in the solid crystals. They consist in the measurement of the momentum distribution of the emitting 
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photons from annihilation and the distribution of the positron annihilation lifetime, respectively. These 

characterizations provide information on vacancy-type defects present in the crystals. 

II.3.1.2 Positron annihilation lifetime spectroscopy (PALS) 

Positron Annihilation Lifetime Spectroscopy (PALS) allows to measure the positron lifetime in 

matter which can be related to the nature and concentration of the defects.  

A. Principle 

The principle of positron annihilation lifetime spectroscopy consists in the measurement of the time 

between the entrance of the positron in the sample and its annihilation. When fast positrons emitted 

from 22Na radioisotopes are used, the 1.28 MeV photon gamma quasi-simultaneously emitted with the 

positron indicating its birth, is collected as ‘start’ signal, and the 511 keV photon gamma issuing from 

the annihilation of the e+-e- pairs, as the ‘stop’ signal. The time interval between the ‘start’ and ‘stop’ 

signals is considered as the positron lifetime.  

Figure 46 illustrates the conventional experimental setup of the PALS in CEMHTI. A metal -Al-

22Na (~60 µCi) source is sandwiched by two identical samples. The sandwich is placed between the two 

detectors of the lifetime spectrometer which is a fast-fast coincidence spectrometer. This spectrometer 

is made of two separate detection channels allowing to detect the time of positron birth (channel ‘start’ 

for the detection of 1.28 MeV γ ray) and the time of its annihilation (channel ‘stop’ for the detection of 

511 keV γ ray). Each channel is composed of one fast detector (made of plastic scintillator coupled to a 

photomultiplier) supplied with high voltage and connected to an electronic module (constant fraction 

discriminator) that dates the detection of gamma photons. The signals generated in each channel are fed 

into a time-amplitude converter. When detecting the ‘start’ and ‘stop’ signals this module generates a 

signal whose amplitude is proportional to the time between their detections. In general, the quality of a 

lifetime spectrometer is determined by its time resolution which has a full width at half maximum 

(FWHM) which allows the decomposition of the short exponential components of the lifetime spectrum. 

The FWHM of two spectrometers (TV1 ≈ 215 ps and TV2 ≈ 230 ps) at CEMHTI is short enough to 

extract exponential components in the order of 50- 100 ps with an upper limit of about 500 ps. In addition, 

to obtain a reliable result in terms of statistic, each spectrum contains more than 2 × 106 counts, which 

ensures a correct decomposition of the spectra. 
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Figure 46: Schematic diagram of the experimental setup of PALS in CEMHTI 

B. Decomposition of the PALS spectrum 

The positron lifetime spectrum represents the probability 𝑃(𝑡) of a positron emitted at instant t0 to 

be annihilated after a time t. It can be expressed as the differential equation (eq. 15), in which N𝑖(𝑡) is 

the total number of positrons which are still alive after a time t after their birth at t0.  

  𝑃(𝑡) = −
𝑑𝑁𝑖(𝑡)

𝑑𝑡
   eq. 15 

with 𝑑𝑁𝑖(t) = −𝜆𝑖𝑁𝑖(𝑡)𝑑𝑡 

The total number of alive positrons after time t could be expressed by an exponential decay function 

(eq. 16) 

  𝑁𝑖 = 𝑁0𝑒
−𝜆𝑖𝑡  eq. 16 

where the 𝜆𝑖 (s
-1) is the annihilation rate at state i and  𝑁0 the initial number of the positron at instant t 

= 0. 

Hence, if several annihilation states exist in the material, the total number 𝑛(𝑡) of the annihilated 

positrons at each state at the instant, t can be expressed as a sum of the exponential decay function which 

has different lifetime components τ𝑖 = 1/𝜆𝑖 with an intensity 𝐼𝑖  (∑ 𝐼𝑖 = 1)
𝑛
1  (eq. 17). 

  𝑛(𝑡) =  ∑ 𝐼𝑖𝑒
−
𝑡

𝜏𝑖𝑛
𝑖=1   eq. 17 

In the experiment, a raw lifetime spectrum  𝑆(𝑡)  is the sum of background noise (BG) and the 

convolution of the probability of positron annihilation at instant t, 𝐿(𝑡) with a function 𝑅(𝑡) of the 

spectrometer resolution (eq. 18). 
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 𝑆(𝑡) = 𝐵𝐺 + 𝐿(𝑡) ⊗ 𝑅(𝑡)   eq. 18 

The resolution function 𝑅(𝑡)  is most of the time a Gaussian function. In practice a part of 

annihilations occurs in the source so that the probability of annihilation at instant t, 𝐿(𝑡)  can be 

expressed as (eq. 19): 

 𝐿(𝑡) = 𝐿𝑠𝑎𝑚𝑝𝑙𝑒(𝑡) + 𝐿𝑠𝑜𝑢𝑟𝑐𝑒(𝑡)  eq. 19 

The contribution of the source annihilations 𝐿𝑠𝑜𝑢𝑟𝑐𝑒 (𝑡) (eq. 20) has to be removed to get the 

lifetime components from the sample exclusively, which is also the absolute value of the time-derivative 

of the positron decay function n(t).  

  𝐿𝑠𝑎𝑚𝑝𝑙𝑒(𝑡) = ∑
𝐼𝑗

𝜏𝑗
𝑒
−
𝑡

𝜏𝑗𝑛
𝑗=1   eq. 20 

Therefore, the decomposition of the experimental lifetime spectrum can be obtained by fitting the 

experimental spectrum using the ANAPC programme which is the improved version of the program 

POSIFIT [181]. This programme allows to calculate the theoretical spectrum from eq. 20, taking into 

account some parameters as guessed first values and makes evolving their values to get the best 

agreement between the experimental and theoretical spectra. 

Thus the exponential components τ𝑗 and 𝐼𝑗 related to annihilation in the sample can be extracted. 

The average lifetime 𝜏𝑎𝑣 is defined by the sum of each lifetime component τ𝑗  extracted from the 

spectrum weighting by the corresponding intensity 𝐼𝑗 [175]. 

  𝜏𝑎𝑣 = ∑ 𝐼𝑗
𝑛
𝑖=1 𝜏𝑗   eq. 21 
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C. Source Corrections  

Some positrons can annihilate in the source (NaCl salts, coated materials, air...). Generally, three 

principal contributions affect the experimental lifetime spectrum. The first contribution (C1) was 

identified coming from the source wrapping foil. At CEMTHI, the source of fast positrons for the PALS 

is wrapped in an Al foil with a thickness of about 6 µm. The second one (C2) is the sodium chloride salt 

itself and or the surface of the wrapping foil. The third one (C3) is generally weak, and is due to the 

annihilations of the Positronium probably formed at the surface of the samples or in the air between 

them [182,183]. The corresponding time components τc1, τc2, and τc3 are fixed at 230 ps, 450 ps, and 

1500 ps, respectively. In the experiments, the intensities of these three contributions C1, C2, and C3 were 

determined by decomposing the PALS spectrum of a well-qualified sample with the Z number the 

closest as possible to the sample material, due to its impact on the back diffusion of the positrons toward 

the source. In this work two well annealed tungsten samples from the batch FZJ1, have been used to 

determine the source corrections for this material. Table 8 summarizes the source corrections in the case 

of the tungsten, which are taken into account in the decomposition of the spectrum obtained with the 

program ANAPC. It should be noticed that only the intensity of the C1 contribution is a fixed value, 

calculated through the formula determined by Bertolaccini et al.[184]. The C2 and C3 can vary with the 

ageing of the source, so that the source corrections have to be checked approximately every three months.  

Table 8: Experimental source corrections in the case of tungsten 

  

 (ps) Source 22Na correction in the case of tungsten 

230 23.59 % 

450 1 - 2.5 % 

1500 0.18 - 0.37 % 
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D. Defect identification via interpretation of lifetime components  

The lifetime components τ𝑗 can be compared to the specific lifetimes of various annihilation states 

in order to identify the nature of the defects that are detected. Nevertheless, in the case where the 

annihilation lifetime at several states (≥ 2) is very close, the resolution of the spectrometer is insufficient 

to distinguish them. Consequently, the extracted lifetime components can also be a mixture of more than 

one annihilation state. In this case, it is impossible to identify the nature of the defects with such 

components, despite the value might be occasionally equivalent to the characteristic value of a defect 

found in the literature. 

The positron lifetimes are specific to the state in which the positron annihilates: the one of the 

Lattice corresponds to annihilation of positron at a delocalized state in the interstice of the perfect lattice. 

The lifetime for vacancy defects is longer than the lattice one because the electron density around the 

positron when it annihilates decreases in the single vacancy compared to the interstice of the perfect 

lattice. According to eq. 22 [176], the positron lifetime is inversely proportional to the surrounding 

electron density. It should be noticed that the formula is related to quasi-free e+-e-pairs emitting two 

gamma-rays, the constant for one of three gammas-rays is more complicating (details see [176]), but it 

is still inversely proportional to surrounding electron density. For this purpose, the lifetime increases 

with the increasing size of the vacancy-type defects, however, when the defect is large enough, the 

lifetime will saturate at a threshold size (see Chap I.3.7). 

  𝜏2𝛾 =
1

𝜋𝑟2𝑐
𝑛𝑒
−1  eq. 22 

With r: Electron radius 2.82 × 10-15 m 

 c: Light speed 3 × 108 m.s-1 

 ne: Annihilation state surrounded electron density  
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II.3.1.3 Doppler broadening Positron annihilation spectroscopy (DB-PAS) 

A. Principle  

At CEMHTI laboratory, a Doppler Broadening Spectrometer is coupled with a slow positron 

accelerator (SPB-DB). This device generates a mono-energetic positron beam and allows to probe the 

vacancy-type defects in thin films close to the surface. As we already showed (Figure 43), the 

penetration depth decreases with increasing density of the material. Figure 47 shows the principal 

components of the slow positron beam installed at CEMHTI.  

 

Figure 47: Principal components of slow positron accelerator in CEMHTI 

A radioactive source 22Na (~50 mCi6 in July 2018), with a size of half of inch, generates naturally 

positrons through β+ decay (see Chap II.3.1.1). A part of the generated positrons is moderated by a 

tungsten thin foil (~3µm), until an energy of around 3 eV. The moderated positrons are next selected in 

terms of energy by using a 90° elbow on top of which a magnetic field is applied. The ‘slow’ positrons 

are accelerated by a high voltage that can reach 30 kV at the maximum and a series of magnetic coils 

guide the positrons toward the sample holder. A permanent magnet is installed behind the sample holder 

to focus the positron beam on the sample (Figure 48). As the positron in vacuum is quite stable, its 

lifetime reaches about 1022 years [174], a series of pumping systems were used to maintain a high 

vacuum environment (< 5 × 10-7 mbar) for starting the experiment. The energy of the monoenergetic e+ 

                                                           
6 1 curie (Ci) = 3.7 × 1010 Becquerel (Bq), 1 Bq = 1 decay per second 
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beam can be fixed at energies in the range from 0.5 and 25 keV with a flux in the order of 105 e+.cm-2. 

s-1. The beam diameter on the sample is roughly estimated to about 2-3 mm.  

  

Figure 48: Diagram of functioning of the slow positron beam in CEMHTI [176] 

During the SPB-DB experiment, the positron penetrates in the crystals, it loses almost its whole 

kinetic energy during the thermalization before forming a free pair with an electron. Accordingly, the 

kinetic energy of free e+-e-pairs is approximately equal to that of the electron. According to the 

equivalence of mass and energy (eq. 23), the total kinetic energy of the pairs is around 1022 keV.  

  𝐸 =  𝑚0𝑐
2  eq. 23 

With:  the electron or positron mass: m0 = 9.109 × 10-31 kg  

           the speed of light in vacuum: c = 2.9979 × 108 m.s-1

As a result of the law of energy conservation before and after the annihilation, and considering that 

electron and positron have the same mass, the free pairs with a kinetic momentum P generate two-

photons gamma with an energy of about 511 keV ± ΔEᵧ emitted in the quasi-opposite direction (emission 

angle 180° ± θ). The deviation of energy ΔEᵧ and angle θ are expressed as follows: 

 ∆𝐸 =  
𝑐∙𝑃𝐿

2
   and   𝜃 =  

𝑃𝑇

𝑚0∙𝑐
  eq. 24 

Where the PT and PL are the transverse and longitudinal projection of the kinetic momentum 

projections of the pairs, respectively. The dispersion in energy ΔEᵧ and angular deviation θ originate 

from the Doppler effect on the emission of gamma rays due to the kinetic energy or momentum of the 

electrons. The SPB-DB experiment records the broadening of the emitted gamma spectrum centered at 

the 511 keV, caused by the Doppler effect. This measurement determines the projection of the 

momentum distribution of the e+-e- pairs in the direction towards the detector (Figure 49). 
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Figure 49: Diagram of the measurement of Doppler Broadening of the kinetic momentum spectrum of e+-e- pairs 

It is worth remarking that the experimental Doppler broadening spectra represent the number of 

annihilation events as the function of either the kinetic energy (usually in keV) or the longitudinal kinetic 

momentum (unusually in 10 -3 m0c2) of the pairs. The conversion of the two quantities can be done via 

equation (eq. 25): 

 𝑃𝐿(10
−3 × 𝑚0𝑐

2) =  
2∆𝐸(𝑘𝑒𝑉)

511
× 1000  eq. 25 

DB-PAS involves the detection of photons emitted during the annihilation of e+-e- pairs, more 

precisely the broadening of the annihilation line centered at 511 keV (or 0 × 10-3 m0c2 on the momentum 

distribution). The slow positron accelerator is coupled to a gamma spectrometer, which collects a DB 

spectrum for each incident positron energy set between 0.5 and 25 keV. 

B. Processing of data 

The data acquisition system includes a high purity germanium (Ge) detector used to collect emitting 

photons gamma, with a resolution of about < 1.3 keV at 511 keV and an efficiency around > 25 % at 

1.33 MeV, and its dead time is around 10 %. The Ge detector is cooled permanently by liquid nitrogen 

(LN2) and polarized at a high voltage of about +3500 V to favor its performance. The collected signals 

undergo a series of electronic devices (amplification, anti-stack system…), before being converted into 

numeric data through an Analog-to-digital converter. Generally, one Doppler Broadening spectrum has 

at least 2 × 106 total counts containing 4 × 105 counts under the peak of the Doppler region (Figure 50). 

As shown in Figure 50.a, the raw DB spectra have a non-negligible fraction of background noise 

(BG). Due to the Compton scattering in the detector during the collection of the gamma-rays, the 

background noise at the left side is more pronounced. Therefore, to remove as much as possible the 

background noise of both sides of the raw spectrum, the BG is expressed by an energy-depending 

equation (eq. 26): 

 𝐵𝐺(𝐸𝛾) = 𝐴 + (𝐵 − 𝐴)
𝐹(𝐸𝛾)

𝐹𝑡𝑜𝑡𝑎𝑙
  eq. 26 

Where BG(Eγ) is the background noise at gamma energy Eγ, the parameters A and B are the mean 

values of plateau at low energy (Eγ < El = 504 keV) and high energy (Eγ > Er = 523 keV), at left and 
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right side of the peak, respectively. The F(Eγ) is the event count in the integral area between a given 

energy Eγ and the Er (fixed at 523 keV). Ftotal is the total number of events counted in the integral area 

between the energies El and Er. After subtracting the BG, a DB spectrum measured at a given positron 

energy E is approximately symmetrical and centered at 511 keV (or 0 × 10 -3 m0c2). The annihilation 

characteristics, two line-shape parameters can be extracted and determined from the center part and two 

wings of the spectrum, the S (Shape) and W (Wing). 

 

Figure 50: Doppler broadening spectrum a) before subtracting background noise b) after subtracting background noise 

Physically, the parameter S (resp. W) represents the fraction of annihilation with mostly valence 

(resp. core) electrons which are far (resp. close) from the surrounding nuclei, that is the reason why 

energy deviation is weaker (resp. stronger) for S (resp. W) taking reference to central line 511 keV. And 

hence, the S, W designate the low and high momentum parameters, respectively. The value of parameter 

S (resp. W) is the ratio of the annihilation photon counts N in the selected center (resp. wings) region 

over the total photon counts Ntotal of the DB spectrum (eq. 27).  

  𝑆 =
𝑁[−𝐸𝑠:𝐸𝑠]

𝑁𝑡𝑜𝑡𝑎𝑙
,         𝑊 = 𝑊𝐿 +𝑊𝑅 =

𝑁[−𝐸𝑊1 :−𝐸𝑊2]+𝑁[𝐸𝑊2:𝐸𝑊1]

𝑁𝑡𝑜𝑡𝑎𝑙
   eq. 27 

Figure 51 shows the selected regions used for the determination of the two line-shape parameters 

S and W on the experimental spectrum collected with a slow positron beam at 25 keV for a pristine and 

irradiated tungsten sample. The region of S is selected within momentum range between -2.643 and + 

2.643 × 10 -3 m0c2], centered at 0 × 10 -3 m0c2, corresponding to 511 eV, and that of W is chosen from 

two lateral areas with a width of 49 channels, from -24.88 to -9.796 × 10 -3 m0c2 for left wing and 9.796 

to 24.88 × 10 -3 m0c2 for right one. The relation between the channel and energy is expressed by equation 

(eq. 28): 

  𝐸𝑛𝑒𝑟𝑔𝑦(𝑘𝑒𝑉) = 0.07946 × 𝐶ℎ𝑎𝑛𝑛𝑒𝑙 + 17.8  eq. 28 
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Figure 51: DB spectra of extra high purity (XHP, 99.9999 wt.%)  pristine and damaged (20 MeV-W, 0.02 dpa, 500 °C) 

tungsten sample for positron energy of ~25 keV with the selected region for calculating the Parameter S and W of DB 

spectrometer of CEMHTI 

It has to be noticed that the inevitable perturbations (vibration, signal conversion…) that occur 

during the experiments, impact the accuracy of the measurements and lead to the dispersion of the 

measurement. Therefore, the relative error was estimated from the measurement of the reference sample, 

i.e. one dioxide Uranium (UO2) disk is used as a reference sample which must be measured at the 

beginning of each measurement series, consisting of up to eight samples. It has been proved that S(E) 

and W(E) curves do not change with time in this sample, and shows a plateau value from 5 to 25 KeV. 

The measurement of such reference allows to check the correct operation of the DB-PAS system. Thus, 

the measured and corrected value of S and W are normalized by making a ratio of the referential7 and 

verification measurement of the UO2 sample made at the first of each DB experiments, i.e.  𝐴𝑛𝑜𝑟𝑚 =

𝐴𝑚𝑒𝑠
𝐶𝑜𝑟 ∙

𝐴𝑈𝑂2
𝐴𝑟𝑒𝑓

 , where A is line-shape parameters (S or W). 

C. Defect identification via interpretation of line-shape parameters  

The interpretation of the Doppler broadening spectrum is essential to identify the defects. The two 

line-shape parameters S and W depend on the local electron density and to their momentum distribution. 

Hence, if the positron annihilates as localized at a vacancy-type defects, the local high momentum 

electron density is lower than that of annihilation in the delocalized Lattice8 state of the crystals. As 

shown in Figure 51, for the damaged tungsten sample (self-irradiated to 0.02 dpa at 500 °C), which 

contains a considerable fraction of the vacancy-type defects, the positrons are trapped in these defects 

and annihilate with surrounding electrons, mainly with the valence electrons. Compared to the DB 

                                                           
7 The DB measurement of UO2 (Ga16) in 2010, Sref = 0.37126, Wref = 0.07912 
8The concentration of the smallest defects (single vacancies) is below the detection limit of the DB spectrometer 

at CEMHTI (< 1024 m-3) estimated using one-trap model 
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spectrum of the pristine sample, the annihilation in irradiation-induced vacancy defects leads to an 

increase of the S and a decrease of the W. Thus, the DB spectrum of the damaged sample is narrower 

(black line curve in Figure 51) than the one measured in perfect crystal. Therefore, the increase of S is 

accompanied by a decrease of W indicating the detection of the vacancy-type defects.  

Each annihilation state has a specific value for S and W, such as that of the Lattice of each material, 

denoted: (SL, WL). Hakala et al.[185] demonstrated in Silicon, the two shape parameters S and W depend 

on the type of defects: the larger the defect volume, the higher (resp. lower) the value of S (reps. W). In 

polycrystalline tungsten, the annihilation characteristics (S, W) of the Lattice, single vacancy, and that 

of the largest vacancy cluster were determined with the DB-Spectrometer of CEMHTI in previous works 

[36,126]. The values are listed in Table 9. 

 S dS W dW 

Lattice 0.367 0.001 0.084 0.001 

Monovacancy 0.417 0.003 0.057 0.002 

The largest 

vacancy cluster 

0.503 0.003 0.036 0.002 

Table 9: The experimental annihilation characteristics (S, W) in polycrystalline tungsten obtained from DB spectrometer at 

CEMHTI 

Contrary to the lifetime spectroscopy where the decomposition of the spectrum allows in most of 

the cases to distinguish different annihilation states, the S and W characteristics measured in the sample 

cannot be deconvoluted and correspond to the average of annihilations at several states. S and W can be 

expressed as: 

  {
𝑆 =  ∑ 𝑓𝑖 ∙ 𝑆𝑖

𝑛
𝑖=1

𝑊 = ∑ 𝑓𝑖 ∙ 𝑊𝑖
𝑛
𝑖=1

   eq. 29 

with ∑ 𝑓𝑖 = 1
𝑛
𝑖=1 , the 𝑓𝑖  is the fraction of positron annihilated at state 𝑖 with the  𝑆𝑖  and 𝑊𝑖  specific 

annihilation characteristics. When annihilation occurs only at merely one state, the low momentum 

parameter S and high momentum parameter W represent the characteristics of the annihilating state. To 

check if the S and W parameters could correspond to a specific annihilation state, S is plotted as a 

function of W (or vice-versa). In the case where the annihilation takes place at two states, one of them 

is the Lattice, another is a defect, no matter the positron energy, equation (eq. 29) becomes: 

   {
𝑆 (𝐸) =  𝑓𝐿𝑆𝐿 + 𝑓𝑑𝑆𝑑
𝑊(𝐸) =  𝑓𝐿𝑊𝐿 + 𝑓𝑑𝑊𝑑

   eq. 30 

The sum of the fraction of annihilation in the Lattice 𝑓𝐿  and that of the defect 𝑓𝑑 is equal to 1, and 

the low momentum parameter  𝑆𝑑 > 𝑆𝐿 and the high momentum parameter 𝑊𝑑 < 𝑊𝐿. As shown in the 
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illustration (Figure 52), the absolute value of the slope R of the trend line linking the Lattice 

characteristics (SL, WL) and those ones of the defects Vn (n = 1,2,3,4 or 5) increases with the defect size. 

This feature enables to identify the type of defects, and the R can be expressed by the following equation 

(eq. 31). 

   𝑅 = |
𝑆𝑛−𝑆𝐿

𝑊𝑛−𝑊𝐿
|  eq. 31 

Where (SL, WL) are the line shape parameters of the Lattice and (Sn, Wn) of the defect respectively.  

 

Figure 52: S-W diagram of calculated annihilation characteristics of single vacancy, di-vacancy, tri-vacancy, 4 vacancies, 5 

vacancies in Si, and that of the Lattice [185]  

Moreover, the annihilation characteristics S, W is also sensitive to the chemical environment where 

the positron annihilates. In particular, positron can be trapped at decorated vacancy-type defects, i.e. the 

positron can annihilate with electrons of the foreign elements trapped in the surrounding of the vacancy. 

P. Asoka-Kumar et al.[186] employed DB-PAS with two detectors in coincidence (CDB), exhibited that 

the high momentum parameter allows the identification of different elements. In the same period, Szpala 

et.al [187] operated also the CDB technique, they demonstrated the formation of the antimony (Sb)-

vacancy complexes in Sb-doped silicon samples. Recently, Rementeria et al.[188] found that the DB 

spectrum line shape parameters’ change was more pronounced in the region of the high momentum 

parameter W (> 10 × 10-3 m0c) for the bainite phase iron: the changes were considered as the 

consequence of the formation of carbon-vacancy complex. On the other hand, precipitates can only be 

probed by positrons when the positron affinity to the precipitate is higher than that of the matrix.  

Furthermore, it should be noted that, not only the volume of defects modifying the annihilation 

characteristics (S, W), but also their concentration. A higher (resp. lower) concentration of a defect ‘d’ 

makes raise (resp. reduce) the annihilation fraction at the defect 𝑓𝑑, and decrease (resp. increase) that 

one of the annihilation in the Lattice 𝑓𝐿. As a consequence the increase of defect concentration on the 
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S-W diagram, is manifested by the measured annihilation characteristics (S, W) shifting closer (resp. 

further) to that of the defect (𝑆𝑑 , 𝑊𝑑), and further (resp. closer) to that of the Lattice (𝑆L, 𝑊𝐿).  

D. Distribution of defects by using multi-layer model VEPFIT  

The characterization of the defects distribution as a function of depth benefits the advantage of the 

variable monoenergetic beam of slow positrons. The line shape parameters S, W as a function of the 

positron energy gives out the information on the depth-distribution of the defects. In a special case where 

the diffusion of the positrons is negligible i.e. when the concentration of defects is so high that all 

positron impinging the sample are trapped after losing their kinetic energy, the energy can be roughly 

converted into positron penetration depth.  

In the more general cases, the variation of the S(E) and W(E) could be fitted by using the VEPFIT 

program which takes into account the positron energy losses and its diffusion. One option of the VEPFIT 

program decomposes the sample into one or several homogeneous layers (Figure 53), for which the 

annihilation characteristics, the line shape parameters 𝑆𝑖,𝑊𝑖  and the effective diffusion length 𝐿𝑖
+, with 

the thickness 𝑒𝑖 ( i = 1, 2, …n) can be fitted. 

 

Figure 53: Schematic structure of the homogeneous layers modeled by VEPFIT 

The theoretical calculation of the S(E) and W(E), expressed as: 

 {
𝑆(𝐸) = 𝑓𝑠𝑢𝑟𝑓(𝐸)𝑆𝑠𝑢𝑟𝑓 + ∑ 𝑓𝑖(𝐸)𝑆𝑖𝑖

𝑊(𝐸) = 𝑓𝑠𝑢𝑟𝑓(𝐸)𝑊𝑠𝑢𝑟𝑓 + ∑ 𝑓𝑖(𝐸)𝑊𝑖𝑖
  eq. 32  

where 𝑓𝑠𝑢𝑟𝑓(E) and 𝑓𝑖(𝐸) are the fraction of the positron which annihilates at the surface and in the layer 

i with a thickness 𝑒𝑖, at energy E. These fractions depend on the penetration profile of the positron with 

a giving incident energy E, and the effective diffusion length 𝐿𝑖
+. Moreover the effective diffusion length 

𝐿𝑖
+varies with the trapping rate Ki in the different layers i. Consequently, the fitted effective diffusion 

length can be used to calculate the trapping rate Kd of the defects present in the corresponding layers by 

using eq. 11 furthermore, to estimate the concentration of the defects if the trapping coefficient μd is 

available (eq. 13). 
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II.3.1.4 Quantification of defects and trapping models 

In addition, the experimental value of annihilation characteristics (S, W) can be used to 

evaluate the defects concentration through the positron trapping models [160]. The simplest model 

is a one-trap model, and is described in details in the following as an example. In this model, 

vacancy defects (vacancy or vacancy clusters) are considered as localized deep traps in contrast to 

dislocation loops9. Figure 54 illustrates the single deep trap model. One fraction of the positron 

annihilates in the delocalized state, the Lattice; Another one annihilates in the localized state, i.e. a 

vacancy defect. It should be noticed that the detrapping of the positron from the localized state is 

assumed to be non-existent, in other words, the trapped positron annihilates at the localized state. It 

is true for deep traps at room temperature. In this case the thermal energy is not enough to make the 

positron escape from the trap before its annihilation. 

 

Figure 54: Schematic of one-trap model 

The probability to find the positron in delocalized state (Lattice) is 𝑛𝐿(0) and as trapped at localized 

state (vacancy defect) is 𝑛𝑑(0), which are presented as a temporal function including the annihilation 

rate in the Lattice 𝜆𝐿, in defect 𝜆𝑑 and the trapping rate in the defect 𝑘𝑑 : 

{  

𝑑𝑛𝐿(𝑡)

𝑑𝑡
= −(𝜆𝐿+ 𝑘𝑑)𝑛𝐿(𝑡)

𝑑𝑛𝑑(𝑡)

𝑑𝑡
= −𝜆𝑑𝑛𝑑(𝑡)+ 𝑘𝑑𝑛𝐿(𝑡)

  eq. 33 

To solve these differential equations (eq. 33), the initial probability of trapped positron in the delocalized 

state 𝑛𝐿(0) is assumed to be 1 and the one in localized state 𝑛𝑑(0) is 0. The probability of the positron 

being trapped at localized states and delocalized in the Lattice states are expressed: 

                                                           
9 The vacancy dislocation loop is a shallow trap for positron 
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𝑛𝐿(0)=1 and 𝑛𝑑(0)=0
⇒                          {  

𝑛𝐿(𝑡) = 𝑛𝐿(0)𝑒
−
𝑡

𝜏1

𝑛𝑑(𝑡) = 𝐼2(𝑒
−
𝑡

𝜏1 + 𝑒
−
𝑡

𝜏2)

  eq. 34 

Where the effective lifetime in the delocalized Lattice before trapping is 𝜏1 =
1

𝜆𝐿+𝑘𝑑
 , with an intensity 

𝐼1=1 − 𝐼2, and the positron annihilation lifetime in the defect 𝜏2 =
1

𝜆𝑑
 with an intensity 𝐼2 =

𝑘𝑑

𝜆𝐿−𝜆𝑑+𝑘𝑑
. 

It is essential to note that when delocalized (Lattice) and localized state (defects) co-exist in the material, 

the positron annihilates in both states. The effective lifetime of positron in the delocalized state i.e. the 

time that positrons spend in the delocalized state, will be shorter than that of the specific perfect Lattice, 

(𝜏1 =
1

𝜆𝐿+𝑘𝑑
< 𝜏𝐿 =

1

𝜆𝐿
) because they are trapped before to annihilate. Furthermore, if the annihilation 

events occur totally in both two states, the sum of the ratio of the intensity over lifetime component of 

each annihilation states denoted  
1

𝜏𝑚𝑜𝑑
  should be equal to reciprocal of the lifetime of the Lattice 

1

𝜏𝐿
 (see 

demonstration in Appendix. B).     

  
1

𝜏𝑚𝑜𝑑
= ∑

𝐼𝑖

𝜏𝑖

𝑛
0   eq. 35 

This relationship is very useful to check if the annihilation occurs only into two states, one of them being 

Lattice and another a vacancy defect.

In addition, the fraction of annihilation events in the defect is expressed by the product of the 

annihilation rate 𝜆𝑑 in the defect and the probability at the time t, 𝑛𝑑(𝑡) determined from eq. 34 

  𝑓2 = ∫ 𝜆𝑑𝑛𝑑(𝑡)𝑑𝑡
𝑡

0
  eq. 36 

After integrating, the fraction of the annihilation in the localized state is a relation between the 

annihilation rate in the Lattice (or annihilation lifetime) and the trapping rate in the defect (eq. 37) 

  𝑓2 =
𝑘𝑑

𝜆𝐿+𝑘𝑑
=

𝜏𝐿𝑘𝑑

1+𝜏𝐿𝑘𝑑
  and  𝑓1 = 1 − 𝑓2  eq. 37 

Hence, the low momentum parameter S, high momentum parameter W and the average lifetime 

can be expressed as:   

 

{
 
 

 
 𝜏𝑎𝑣 =

𝜆𝐿

𝜆𝐿+𝑘𝑑
𝜏𝐿 +

𝑘𝑑

𝜆𝐿+𝑘𝑑
𝜏𝑑

𝑆 =
𝜆𝐿

𝜆𝐿+𝑘𝑑
𝑆𝐿 +

𝑘𝑑

𝜆𝐿+𝑘𝑑
𝑆𝑑

𝑊 =
𝜆𝐿

𝜆𝐿+𝑘𝑑
𝑊𝐿 +

𝑘𝑑

𝜆𝐿+𝑘𝑑
𝑊𝑑

  eq. 38 

where annihilation characteristics are distinguished by footnote L: lattice, and d: defect.  

From the eq. 38, the defect trapping rate 𝑘𝑑 and their concentration Cd can be also evaluated from 

the experimental values of the S, W and 𝜏𝑎𝑣 provided that the defect trapping coefficient 𝜇𝑑 is known. 
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 𝑘𝑑 =
𝜆𝐿(𝑋𝐿−𝑋)

𝑋−𝑋𝑑
  and  𝐶𝑑 =

𝑘𝑑

𝜇𝑑
  eq. 39 

With 𝑋: 𝜏𝑎𝑣, S ou W. 

The annihilation rate 𝜆𝐿 in tungsten lattice is determined by using the average value of the reported 

lifetime, which is around 105 ps [134,139,189], so 𝜆𝐿 is about 9.52 × 109 s-1 ( 𝜆𝐿 = 1/𝜏𝐿). The positron 

trapping coefficient 𝜇𝑣 at single vacancy in the tungsten matrix is approximated to that of tantalum (6 ± 

3) × 1015 m.s-1 [159], due to their similar Z number. With these parameters, Figure 55 illustrates the 

variation of the normalized line-shape parameters as a function of the single vacancy concentration. The 

lifetime of V1 was fixed to about 200 ps [74]. 

1021 1022 1023 1024 1025 1026 1027 1028

0.98

1

1.02

1.04

1.06

1.08

1.1

1.12

1.14

S
/S

L

Concentration of single vacancy  (m-3)

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

WV

WL

SL

SV
 Lower  Mean  Upper 

W
/W

L

100% annihilation 

in lattice 

100% annihilation 

at single vacancies

Calculation parameters


L
 = 1/l

L
 = 105±10 ps

m
V1

 = 6±3 × 10
14

cm
3
s

-1

 

Figure 55: Normalized characteristic annihilation parameters S, and W as a function of the concentration of the single 
vacancy in tungsten by using minimum, mean and maximum value of specific trapping coefficient 𝜇𝑣 

The concentration sensitivity depends on the positron technique. The Doppler Broadening 

spectroscopy can quantify single vacancy with a concentration in the range between the 1023 m-3 to 1026 

m-3 in the tungsten. The maximum concentration that can be determined is around 3 × 1026 m-3, which 

corresponds to five isolated single vacancies in a tungsten matrix with ten thousand atoms. Indeed, this 

estimation depends on the single vacancy trapping coefficient 𝜇𝑣. In metals, the trapping coefficient of  

the vacancy cluster 𝜇𝑣𝑛 is proportional to the number n of the single vacancies making up the cluster. 

However, it should be noted that this relation is validated for small vacancy cluster Vn containing less 

than ten single vacancies (n<10) [159], and this term is independent of temperature. 

  𝜇𝑣𝑛 = 𝑛𝜇𝑣  eq. 40  
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II.3.2 Secondary Ions Mass Spectrometry (SIMS) 

In the early 1900s, numerous works [190,191] were carried out on the interaction of the primary 

ions with the matter and  the emission or sputtering of the secondary ions from the solid surface 

bombarded by primary ions was observed. The first device of Secondary Ions Mass Spectrometry (SIMS) 

was commercialized by the company CAMECA in the early 1960s. Figure 56 illustrates the principle of 

the SIMS, which is based on the collection of secondary ions being sputtered from the localized area of 

primary ions. Because of its considerable resolution on the in-depth quantification, SIMS is one of the 

most popular quantitative analyses of solid surfaces. In the present work, SIMS was employed to 

quantify the LEs (H, C, O…) in the tungsten samples, giving out the concentration of the impurities as 

a function of depth. 

 

Figure 56: Schematic illustration of the sputtering and ionization process of the SIMS [192] 

II.3.2.1 Description of the secondary ion mass spectrometer  

The SIMS analysis was carried out in GEMAC laboratory which is equipped with a well-developed 

spectrometer, IMS-7f CAMECA. Figure 57 shows the principal components of the spectrometer. Since 

our experiment is focused on the concentration of the LEs in the bulk of the sample, the dynamic SIMS 

(D-SIMS) was employed. In contrast to static SIMS, the D-SIMS utilizes a high-dose bombardment of 

the reactive primary ions with an energy of a few tens of kilovolt (kV), to acquire the information in a 

depth from one to a few microns. In the following paragraph, the principal components of the set-up are 

described: 

A. Ultra-high vacuum system 

It has to be noticed that the vacuum level affects the quality of the SIMS analysis, especially for 

the detection of the LEs (H, C, O…) in the metallic matrix. An ultra-high vacuum is not only compulsory 
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to prevent sample contamination, but also to minimize the secondary ions interacting with intrusive 

gases. Therefore, a range of pumps is set up (turbomolecular pumps, ionic pumps ...) to keep the vacuum 

level in the analyzing chamber at least around 10-9 mbar.  

 

Figure 57: Principal components of the spectrometer IMS-7 CAMECA [193] 

B. Primary ion source 

In the dynamic SIMS, the primary ions are commonly Cs+ and O2
+, which favor the ionization of 

the electronegative and positive charged secondary ions, respectively. The source Cs+ is produced by 

heating a solid cesium compound (Cesium carbonate (Cs2CO3) or Cesium chromate (Cs2CrO4)) to 

400 °C. which leads to the release of Cs vapor. This vapor is drifted to strike a tungsten plate heated to 

around 1000 °C. The emitted electrons from thermal agitation bombard the Cs vapor, ionize a fraction 

of them and Cs+ ions are produced (Figure 58). 

 

Figure 58: Components of the microbeam Cesium source of the spectrometer GAMECA IMS-7f 
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The source O2
+ was yielded by utilizing a duoplasmatron (Figure 59). The oxygen gas is supplied 

into the cathode with low pressure. The high voltage between the cathode and the anode generates a 

current arc that ionizes the oxygen gas and create a plasma containing O-, O2
-, and O2

+ ions. According 

to experimental purpose, the operator can modify the ion type by selecting the negative or positive 

polarity to promote the yield of the anions (O- is dominant) or cation O2
+, respectively. In dynamic SIMS, 

the cation O2
+ is usually utilized. The Duo accel-decal option improves the beam density for O2

+ primary 

beam with very low energy to limit the ballistic effect in the sample giving result in a degradation of the 

in-depth resolution. 

 

Figure 59: Schematic diagram of the duoplasmatron source installed in the GAMECA IMS-7f spectrometer.  

C. Sample holder, analyzers (energy, mass) 

The primary beam mass filter (PBMF) source eradicates the impurities in the experimental 

environment or generated in the ion sources. Without the mass filter, if the impurities interfere with 

interested ions in mass, these impurities impact the analysis, increasing the detection limit. The PBMF 

is thereby utilized to purify the primary ions. Before arriving in the analyzing chamber, the beam 

intensity and size can be adjusted by electrostatic lenses and apertures. The secondary ions are sputtered 

from the samples by the bombardment of the incident ions. As the sample holder is polarized to a high 

voltage (± 5000 V), the type of the sputtered secondary ions (anion or cation) to be detected can be 

adjusted by modifying the polarity of the sample, independently on the polarity of the primary ions.  The 

sputtering secondary ions with wide-range energy are introduced to the ion energy analyzer through the 

immersion lens and transfer lens. Then only fraction of sputtered ions having the medium energy can 

enter the magnetic mass analyzer. In the mass analyzer, a magnetic field deflects the ions of interest, i.e. 

the ones with the mass-charge ratio 
𝑚

𝑞
, towards the detectors. The magnetic field has to be adjusted  for 

the detection of the ions with the mass-charge ratio 
𝑚

𝑞
 following eq. 41.  

  
𝑚

𝑞
=
𝐵2

2𝑉
𝑟2  eq. 41 
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with    B: the magnitude of the magnetic field (T) 

V: ions accelerating voltage (V) 

r: the radius of the magnetic analyzer (m)  

The combination of the energy and mass analyzer enables the high mass resolution of the 

spectrometer (M/∆M=10000), 

D. Detection system  

In the CAMECA IMS 7f spectrometer, there are four independent detectors i.e.: an electron 

multiplier, a faraday cup, a resistive anode encoder, and a fluorescent screen. Among them, the electron 

multiplier provides a count rate beyond 5 × 106 count/s and the faraday cup allows a lower count rate. 

The operator chooses the pertinent detector for the experiment, as only one can be used. 

II.3.2.2 Detection of light-element impurities (C and O) in polycrystalline tungsten 

In this section, the quantification of the light-elements impurities (C and O) is elucidated utilizing 

the dynamic SIMS analysis, the experimental conditions are also detailed.  

A. Experimental conditions  

The dynamic SIMS was employed to detect the light-element impurities (C and O) which could 

potentially decorate the vacancy-type defects, forming vacancy complexes. For the detection of these 

elements the Cs primary ion source is chosen. The energy of the ion source Cs+ is 15 keV with an 

incident angle of 23° and a primary current of 40 nA, allowing the collection of the negatively charged 

secondary particles. In the case of O2
+ions, the collection of positive charged secondary particles is 

favored, the incident O2
+ions energy is fixed at 5 keV with an incident angle of about 45° and a primary 

current of 100 nA. The beam sputters the sample on a square area of about 150 × 150 µm2. It is important 

to note that the size of the sputtered area can be reduced (ex: 100 × 100 µm2 in our experiments) to check 

if the detected amount of element of interest is above the detection limit or not (see below). In both cases, 

the analyzing area remains on a circle with a diameter of around 33 µm. Following the reduction of the 

sputtering area, the sputtering rate increases leading to an increase of the intensity of the signal of the 

matrix element, in our case, tungsten. If the signal of the interested element decreases with the same 

tendency, it probably means that the detection limit of the element of interest is reached with current 

experimental conditions. Otherwise, the signal illustrates the distribution with true concentration of the 

element of interest in the sample. 
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B. Calibration and quantification 

The raw spectrum from the SIMS analysis is the intensity (I, in counts. s-1) as a function of the 

sputtering time (t, in s), which can be converted to the concentration as a function of the depth, so that 

illustrates the concentration depth distribution of the analyzing element in the sample. The sputtering 

time-depth conversion can be done by directly measuring the crater depth formed under the condition 

for which the sputtering rate is assumed to be homogenous for each analysis. A contact profilometer 

DEKTAK is available at the GEMAC laboratory with a vertical resolution of around 0.1 nm enabling 

the depth measurement of the carter. Concerning the intensity-concentration conversion, the typical 

method consists in determining the relative sensitivity factors (RSF), considering that the concentration 

of the matrix element is constant. The relation of the concentration of the analyzed element and RSF is 

expressed as: 

  𝐶𝐸 = 𝑅𝑆𝐹
𝐼𝐸

𝐼𝑀
  eq. 42 

with 𝐶𝐸: the concentration of the analyzed element 

𝐼𝐸: the SIMS intensity of the analyzed element 

𝐼𝐸: the SIMS intensity of the matrix element 

The RSF factor can be expressed as follows 

  𝑅𝑆𝐹 =
𝜙∙𝐼𝑀𝑎𝑡𝑟𝑖𝑥 

∫ 𝐼(𝑡)𝑑𝑡
𝑡
0 ∙𝑉

  eq. 43 

with: 𝜙: implantation fluence (at. cm-2) 

𝐼𝑀𝑎𝑡𝑟𝑖𝑥: Intensity of signal of the 184W isotope (count. s-1) 

∫ 𝐼𝑥(𝑡)𝑑𝑡
𝑡

0
: integral surface SIMS profile of element x (count. s-2) 

𝑉: sputtering rate (cm.s-1) 

To obtain the RSF for the quantification of the carbon and oxygen, tungsten ultra-pure samples 

were implanted with each ion at the JANNuS platform using 3 fluences, the high fluence (HF) and the 

medium one (MF), having a factor of two. As the lowest one introduced a quantity of the atom below 

the detection limit of the SIMS, the implantation with the lowest fluence can solely be used to study 

damage effect. However, the implantation profile of the MF and HF were correctly obtained by SIMS. 

In the following, the SRIM calculated depth profile is considered as the implanted real one. It has to be 

noticed that the SIMS profile can be superimposed to the real implanted one with potential superficial 

pollution (C and O) and a background due to the detection limit (DL) of the technique, as illustrated in 

Figure 60. The largest difference between the SIMS measured profile and the real implanted one comes 

from the detection limit, causing a non-detectable fraction A3; Meanwhile, the overestimate fraction A4 

should be compensated by underestimated fraction A1. So the main issue of the determination of the 
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RSF is to estimate the offset fraction A3. To estimate the fraction A3, the SRIM profile was considered as 

the real implantation profile, as sketched in Figure 60 (green line). The ratio B, i.e.: the non-detected 

fraction over the total integrated area under the SRIM profile (Figure 61.A and C) was added in the SIMS 

profile, by multiplying by a factor of (1+B), to compensate the non-detected fraction (below the DL) thus 

the SIMS profile is roughly corrected to approximate the real implantation profile. The corrected SIMS 

profiles are more close the simulated ones (Figure 61.B and D). 

 

Figure 60: Comparison of the sketched real implantation profile and that determined from SIMS analysis 

For instance, Figure 61 shows the SIMS profile of the extra-high pure tungsten samples implanted 

with 510 keV-16O and 450 keV-12C at the high fluence (HF = ~1.3 × 1015 at.cm-2). For both fluences, the 

profile obtained with corrected RSF is closer to the ‘real’ one, and the SIMS profiles are not exactly 

reproducible, probably due to the polycrystalline nature of the samples are. Table 10 summarizes the SIMS 

results for the four implanted samples. The RSF determined for high and medium fluences are comparable 

for the implantation of C and O. Consequently, the average values of RSF determined for carbon and 

oxygen implantations, will be used to convert SIMS signal in concentration. 

  Sample 
Fluence 

(×1015 at. cm-2) 

RSFcor 

(×1020 at. cm-3) 

Mean RSFcor 

(×1020 at. cm-3) 

C 

ZH-W-P-UHP-FZJ2-

C11  
0.66 3.05 

3.17 
ZH-W-P-UHP-FZJ2-

C13  
1.32 3.27 

O 

ZH-W-P-UHP-FZJ1-

C13  
0.63 2.85 

0.31 
ZH-W-P-UHP-FZJ2-

C18  
1.26 3.51 

Table 10: Corrected RSF value obtained from the C and O ion- implantation 
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Figure 61: Depth profiles measured using SIMS at random position  in XHP (99.9999 wt.%) tungsten samples implanted with 510 

keV 16O (ZH-W-P-UHP-FZJ2-C18, A and B) and 450 keV 12C  (ZH-W-P-UHP-FZJ2-C13; C and D) at the high fluence (1.32 × 1015 and 

1.26 × 1015  at.cm-2) compared to the SRIM calculated C and O profiles(dotted lines) . A, C: calculation without correction of RSF B, 

D: calculation with corrected RSF using the methodology detailed in the text. 

To summarize, SIMS analysis allows to measure concentration depth profiles of various elements. It 

is based on the quantitative measurement of secondary ions sputtered from the surface sample using a 

primary ion beam. In this work we specially focused on the analysis of carbon and oxygen in tungsten. The 

experimental conditions were indicated, the calibration procedure was explained and the RSF values used 

to quantify the carbon and oxygen depth profiles in tungsten are given. 
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II.3.3 Nuclear reaction analysis (NRA) 

II.3.3.1 Principle of the technique  

The NRA technique is based on the production of nuclear reactions between the incident particles (or 

ions) and the nuclei of the target. The nuclear reaction is usually expressed as B (A, C) D where A is the 

incident particle, B is the nuclei of the target, and C, D are the products of the nuclear reaction. In general, 

with incident energy of the order of mega electron volt (MeV), the nuclear reaction occurs only with light 

nuclei in the target. Because of the strong electrostatic repulsion, heavy ions prevent the incident ions 

approach to the nuclei. The NRA is a technique quite sensitive for probing the Low-Z atoms (<15), in 

particular, enabling the in-depth detection of the concentration of the elements (2H, 3He, 12C 14N…).  

 

Figure 62: Schematic diagram of the NRA technique. 

In this work, the NRA was carried out on the 3MV-PELLETRON at laboratory CEMHTI [194], which 

is used to quantify the oxygen and carbon impurity present in the tungsten sample through the nuclear 

reaction 16O (2H,4He)14N, and 12C (2H, 1H)13C [195], respectively. The measurement consists of impinging 

the sample with a 950 keV deuteron beam and collecting the alpha particles or protons produced by the 

nuclear reaction with a backscattering angle θ, of about 178° as a function of their energy, as sketched in 

Figure 62. It has to be noticed that the beam diameter is about 2 mm, allowing to quantify impurities at a 

scale larger than with SIMS and comparable with PAS measurements.  

Figure 63.A exhibits the NRA spectrum of the matrix element (tungsten) obtained by collecting the 

back-diffused 2H atoms as a function of channel and Figure 63.B shows the peak of the carbon atoms 

constructed by counting the yielded 1H atoms. It is important to note that the height of the plateau value of 

the matrix element (Figure 63.A, for tungsten ) is related to their concentration. The area below the peak of 

the detected carbon atoms (Figure 63.B), and its width is related to the  analyzed thickness. The fitting of 

the experimental spectrum allows extracting distribution of the impurity elements as a function of the depth. 

In this work, the program SIMNRA 7.03 is used to fit the experimental spectra. The following expression 

is used to convert channel in energy and represent the spectra as a function of the energy of the reaction 

products(eq. 44): 

 𝐸𝑛𝑒𝑟𝑔𝑦𝑘𝑒𝑉 = 21 + 2.347 × 𝑐ℎ𝑎𝑛𝑛𝑒𝑙  eq. 44 
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Figure 63: Raw NRA spectrum A: the 2H+ backscattering spectrum of the tungsten and B: the 1H NRA spectrum of the carbon 

atom 

II.3.3.2  Data processing  

Figure 64. a shows an experimental spectrum (red dot and line) corresponding to a carbon-enriched 

layer in tungsten with the fitting curve (blue line). The depth resolution was determined by using the 

RESNRA program [196] and is of about 480 × 1015 at.cm-2. Thus the sample was modeled as a multi-layer 

with a thickness of the multiple of 480 × 1015 at.cm-2, in which the concentration of C was adjusted to obtain 

the best possible fit matching to the experimental spectrum. The SIMNRA gives out the distribution of the 

major impurity elements in each layer, which is obtained by converting the thickness of each layer into 

depth by dividing by the density of the material (6.33 × 1022 at.cm-3 for tungsten). 
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Figure 64: a) NRA experimental spectrum of carbon-enriched surface of the polycrystalline tungsten b) the carbon 

distribution vs depth obtained by the SIMNRA program  
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For instance, Figure 64. b exhibits the carbon concentration as a function of the depth at the surface 

of the polycrystalline tungsten, as a result of the fitting of the C-NRA spectrum plotted on the left. It 

should be noted that the roughness of the surface of the sample is not taken into count in the simulation, 

which might cause incertitude on the depth depending on the real surface aspect. It is noteworthy that 

the error on the concentration of the impurity atom is estimated by making a ratio between the counts in 

each layers of the fitting over the total count in the whole investigated region and combing a 2 % error 

on the count, given that tungsten is a compact material which should recoil larger number of incident 

particles. It has to be noticed that the detection limit is about 1 at. ppm for carbon and oxygen in tungsten. 

Even though, this technique is less sensitive than SIMS, but it provides larger analyzed area. 

In summary, NRA is based on the production of nuclear reaction and measurement of its products 

to detect and profile elements in matrix. It is specially adapted to quantify light-elements impurities at 

the surface of solids. Even though the detection limit is higher than SIMS and the analyzed sample is 

activated by nuclear reaction, whereas this technique provides a comparatively larger probing area. 
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II.3.4 Transmission Electron Microscopy (TEM) 

TEM is one of the most important and indispensable techniques for material science. It enables the 

characterization of both interstitial or vacancy-type extended defects (dislocation, dislocation loops, 

voids or cavities, etc.). The principle of this method is to use different contributions of transmitted 

electrons (Figure 65) to constitute micro-nano scale images and diffraction patterns, which provide 

abundant helpful information of material with direct observation, Yi et al.[127] observed dislocation 

loops in self-ion irradiated tungsten. Hasegawa et al.[197] discovered voids, dislocation loops, and 

precipitates after neutron-irradiated tungsten. In the present work, TEM is used as a complementary 

technique to PAS for characterizing the vacancy-type defects in tungsten. The following paragraphs 

describe the methods for characterizing irradiation-induced vacancy-type defects, in particular the 

vacancy clusters or voids. 

 

Figure 65: Different contributions of the electron yield from the interactions with matter. 

II.3.4.1 Principle of the technique 

Figure 66.a illustrates a schematic diagram of a conventional transmission electron microscope 

(CTEM) forming an image on a viewing screen. An intermediate lens is focused on an objective lens 

image plane. In this case, the path of the electrons should be aligned on the whole column of the TEM. 

Theoretically, all the transmitted electrons (scattered and non-scattered, so-called two-beams) are used 

to form a 2-D image. The observation can also switch to the diffraction pattern (DP) mode by putting 

an aperture of the intermediate lens (Figure 66. b), and the electron beam is more diffracted by objective 

lens, in order to obtain a DP at selected area (Selected Area Diffraction). The DP mode is usually used 

to identify a zone axis and the diffraction vector 𝑔⃗ in the case of characterization of the dislocation lines 

or loops. Coming back to image mode, there are two types of imaging mode, namely bright field (BF) 

and dark field (DF) mode. The BF (resp. DF) mode forms an image with the non-scattered (resp. 

Transmitted electrons 
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scattered) electrons. Therefore, the change of the contribution of the scattered and non-scattered electron 

for the formation of an image enables the alternation of these two modes. Since the DF mode has a 

strong diffraction contrast, it is in particular used to characterize small dislocation loops. In contrast, due 

to the higher visibility, the BF mode is commonly used to identify vacancy clusters or voids, which are 

observed as a light dot on the dark background. As a consequence, the best condition to observe the 

large voids in metals (> 5 nm) is ‘in-focus’ BF mode. Nonetheless, to confirm the presence of the small 

vacancy clusters (< 5 nm), the out-of-focus imaging increases the Fresnel contrast and a small void 

appears either as a black dot surrounded by a white halo in over-focused observation (OF) or as a white 

dot surrounded by a black halo in under-focused (UF) observation [198]. Since this work is focused on 

the characterization of the vacancy and small vacancy clusters in tungsten, the BF mode with out-of-

focus observation is the most adequate.  

 

Figure 66: Self-irradiated polycrystalline tungsten observed on a) image mode, a tri-junction of grain boundaries and a few 

defects are visible and b) DP mode of the CTEM       

II.3.4.2  Characterization of voids 

Figure 67 shows a defocused imaging couple (± 300 nm) of a self-ion irradiated tungsten foil at 

500 °C. Series of out-of-focus imaging, ranging from -400 nm to +400 nm, was recorded using a 

microscope Philips CM20 with 200 kV electrons. The irradiation-induced small voids were identified 

by the Fresnel contrast method with a limitation of about 0.5 nm. The presence of a void is confirmed 

by localizing at the same position of a pair-image of an object (dot with halo) that changes of color 

(black to white) when the out-of-focus level reverses. Once a void is confirmed, its size can be measured 

directly using the program Digital Micrograph.  
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Figure 67: A couple of the out-of-focus images of a self-ion irradiated tungsten foil at 500 °C with a fluence of about 1.8 × 

1012 cm-2
, recorded with a microscope Philips CM20 with 200 kV electrons a) OF +300nm and b) UF -300nm observation 

Since both the imaging and technique conditions impact the apparent size of the voids [199], the 

whole TEM observations were carried out under comparable conditions, i.e. acceleration voltage, 

magnification, and out-of-focus level. It should be noted that the focus changes during the acquisition, 

thus, occasionally, the most comparable pair-image with UF and OF observation could not be at the 

same out-of-focus level, however, the difference was not too large, of about 50 nm. Besides, the 

distortion of the image could make the identification of the small voids more difficult on the pair-image. 

In such a case, it is important to choose several referential objects in the image. These impacts are 

important to take into consideration for the characterization of voids. As a result, to minimize the 

uncertainty on the size determination of the small voids, the sizing was performed at the best conditions, 

taking the compromise between the clarity of the image and the low-difference of pair image, so that 

the sizing of the voids was realized on the over-focused image with the close out-of-focus level (± 250 

nm and/or ± 300 nm). Figure 68 shows a measurement of a small vacancy cluster induced by self-ion 

irradiation in tungsten foil at 500 °C with a fluence of about 1.8 × 1012 cm-2 through the Digital 

Micrograph program. To detrmine the concentration of the small voids, the thickness of the thin region 

where the voids were characterized was measured using Energy Filtered Transmission Electron 

Microscopy (EFTEM) and Electron energy-loss spectroscopy (EELS). 

  

Figure 68:  A measurement of the diameter of a void induced by self-ion irradiation in tungsten at 500 °C with a fluence of 

about 1.8 × 1012 cm-2 through Digital Micrograph 
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The uncertainty on the diameter d and the density D of cavities can be estimated by the following 

equations [200]: 

  ∆𝑑 = 𝑑 × (
∆𝑁

𝑁
+
∆𝑑𝑎𝑣

𝑑𝑎𝑣
)  eq. 45 

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 

∆𝑑𝑎𝑣

𝑑𝑎𝑣
 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). 
∆𝑑𝑎𝑣

𝑑𝑎𝑣
 was taken as the average ratio of the standard deviation over the average size: 

  ∆𝐷 = 𝐷 × ( 
∆𝑁

𝑁
 + 

∆𝑡

𝑡
)  eq. 46 

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.  

To sum up, TEM allows to characterize extended defects in materials. In this work it is used to 

characterize large vacancy clusters in irradiated tungsten as the complementary technique of the PAS.   

Summary 

This chapter presents the description of the material and its preparation on the one hand and the 

experimental techniques used for their characterization on the other hand. The polycrystalline tungsten 

samples of two purities were mechanically polished and annealed under a high vacuum level (< 10-6 

mbar) at 1700 °C for 3 hours. The as-annealed samples contain grains of a few tens microns to a hundred 

microns.  

Various irradiation/implantation conditions were used to create defects or to introduce extrinsic 

elements. The damage and implantation profiles were calculated using the SRIM-2008 (K-P mode, Edisp 

= 55.3 eV) for self-ion irradiation (at 1.2 MeV, 2 MeV, and 20 MeV) of tungsten and ions-implantations 

(450 keV-C and 510 keV-O). The experimental fluence, and flux for self-irradiation (1.2 MeV and 20 

MeV) were selected to obtain an equivalent damage dose of about 0.02 dpa in both the thin layer 

irradiated with 1.2 MeV ions and in the depth probed by DB-PAS (~700 nm) for the bulk sample 

irradiated with 20 MeV ions, with a comparable damage rate around 5 × 10-5 dpa. s-1. The energy and 

fluence of the C and O implantations were chosen to implant the same amount of ions (MF: 340 at. ppm, 

and HF: 680 at. ppm) at the Rp of about 330 nm. For 2.5 MeV electron irradiations with two fluences 

(LF: 1 × 1019 cm-2, and HF: 2 × 1019 cm-2), the POLY ET SMOTT program predicts a linear decrease of 

the damage dose as a function of the depth until 150 µm. The damage dose in the first micron is 
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considered as homogenous at a value of 3.74 × 10-4 and 7.47 × 10-4 dpa for respectively LF and HF 

fluences. 

Positron Annihilation Spectroscopy (PAS) and Transmission Electron Microscopy (TEM) were 

used to characterize vacancy-type defects, taking the advantage of their complementary detection limits. 

PAS is a powerful technique for characterizing vacancy defects in metals. It is based on the 

properties of the positron in solids: (1) as the antiparticle of the electron it annihilates with it; (2) because 

of its positive charge it can be trapped in vacancy defects. By measuring the positron lifetime and the 

energy of the gamma emitted when electron positron pairs annihilate, it is possible to obtain information 

on the electron density and momentum distribution of the annihilated electron-positron pairs. It allows 

to detect different types of vacancy defects from single vacancies to vacancy clusters in the bulk or in 

thin films by using fast or slow positrons respectively. The SPB-DB measures the gamma-ray emitted 

from positron annihilated with electron at different annihilation states. It provides the momentum 

distribution of the annihilating e+-e- pairs, which allows to distinguish between the different vacancy-

type defects in the materials. The annihilation characteristics are represented by the line shape 

parameters S, W of the momentum distribution. When annihilation occurs at vacancy-type defects or 

open volumes rather than in the lattice of the sample, S increases and W decreases with increasing defect 

size and/or concentration. The line shape parameter as a function of positron energy S(E), W(E) reveals 

the depth distribution of the defects, and the S(W) curve indicates the size of the defects or the special 

chemical environments of the positron. Defect concentration can be determined using trapping models. 

With the one-trap trapping model, the SPB-DB device can detect the concentration of the single vacancy 

between 1023 m-3 and 1026 m-3. 

Compared to PAS, TEM is a more conventional characterization method for metals. It allows direct 

observation of the microstructure of the material. It is based on collecting the various types of 

transmitted electrons to form a 2D projection image, from which significant information about the defect 

can be acquired. However, the size of the observed defect is limited to about 0.5 nm in tungsten. In this 

study, TEM is used to observe the large vacancy clusters induced by self-ion irradiation with 1.2 MeV-

W, the characterization is determined by using the Fresnel contrast method.   

In addition, Secondary Ion Mass Spectroscopy (SIMS) is used to measure the depth concentration 

profile of various elements in a matrix. This analysis was performed at GEMAC laboratory. The 

calibration of the SIMS data requires the determination of the RSF factors. The values for carbon and 

oxygen was determined by analyzing the implanted samples with known quantities of these two ions. 

These values allow the quantification of the carbon and oxygen in the tungsten.   

Finally, Nuclear Reaction Analysis offers a larger detected area in contrast to SIMS for low mass 

elements. The quantification of the low mass element is done by collecting the stable particles produced 

by nuclear reaction between incident particles and the element of interest. This technique is available in 
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CEMHTI Laboratory, and is used in the present work to quantify carbon and oxygen, where their 

concentration is high (> 17 at. %) and their global distribution in the tungsten is required.  
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Chapter III: Qualification of the as-annealed pristine samples  

The microstructural evolution of the tungsten under irradiation is one of the major issues that can 

affect the normal operation of the future fusion reactor. In the present work, the vacancy-type defects 

induced by irradiation in various conditions were investigated. The samples were carefully prepared 

using several preparation stages in order to get a minimum defect concentration.  

In this chapter, the quality of the as-annealed pristine samples is checked by using SPB-DB and 

PALS measurement. Furthermore, the optical microscope observation, and chemical analysis (NRA, 

and SIMS) are also carried out to understand the abnormal annihilation characteristics in some as-

annealed pristine samples obtained by SPB-DB measurement. 
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III.1 The checkup of as-annealed pristine samples 

III.1.1 SPB-DB characterization 

PAS is one of the most sensitive techniques for accessing the scale below the detection limit of the 

TEM ( < 1.5 nm [198]), in particular, for probing the vacancy-type defects. Thereby, the SPB-DB and 

the PALS measurement were employed to check the quality of samples, especially the quantity of the 

defects. Before the irradiations (e- and self-ion), the various types (Goodfellow, Neyco, FZJ) of the as-

annealed polycrystalline tungsten were characterized by SPB-DB measurement Figure 69.a-b exhibits 

S(E), W(E) curves i.e. the low momentum parameter S and high momentum parameter W as a function 

of positron energy E, respectively.  
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Figure 69: a) Low momentum parameter S and b) the high momentum parameter W as a function of positron energy and c) 

the S versus W for the as-annealed polycrystalline tungsten sample of three manufactories Neyco (Magenta), Goodfellow 

(green) and PLANSEE (6N-yellow, 3N-orange) with the fit using a the one-layer model. The annihilation characteristics in the 

Lattice () and at single vacancy () are also plotted. 

Within the energy range of 0.5 to 25 keV, the parameter S decreases and W increases progressively 

with increasing positron energy E, until the highest energy (25 keV), for which S and W tend toward 

the annihilation state of the Lattice. Moreover the S-W points corresponding to the values of S and W 

for the same energy follow a straight line indicating that the same annihilation states are detected 

whatever the energy (see Figure 69.c). One of the annihilation state is characteristic of the surface and 

the other of the bulk. The fraction of the positrons which annihilates at the surface of the tungsten 
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decreases with increasing the positron energy. This feature suggests a large fraction of positrons, which 

depends on the incident energy, can diffuse back toward the surface to be annihilated.  In addition, the 

S(W) line goes to the direction of SW annihilation characteristics of the perfect Lattice (named as the 

Lattice point in the following) for each sample. Consequently, the positrons annihilate mainly at two 

annihilation states, either at the surface or in the Lattice of the tungsten in the as-annealed slabs. To 

validate the hypothesis of the two annihilation states, the VEPFIT program is operated to fit 

experimental data.  A single-layer model matches quite well the data of each type of the as-annealed 

samples. Table 11 summarizes the fitted annihilation characteristics in the homogenous layer fitted by 

the VEPFIT program. For the three types of annealed samples, the VEPFIT program proposed a long 

effective diffusion lengths 𝐿𝑒𝑓𝑓
+  , which are 100 ± 3 nm, 124 ± 4 nm, and 121 ± 4 nm for 6N-XHP_FZJ, 

3N-HP_GP, and 3N-HP_Neyco, respectively. These values are within the range of reported ones of 

well-prepared polycrystalline tungsten sample, between 80 to 140 nm [36,201]. In addition, Vehanen et 

al. [202] reported a comparable intrinsic diffusion length of 135 nm for a polycrystalline tungsten 3N-

HP samples (99.95 wt.%) annealed at 2200 °C, in 6.6 × 10-8 mbar vacuum. Moreover, the S, W values 

of the homogeneous layer (corresponding to the bulk of the sample) as extracted from fitting are quasi 

identical to those of the tungsten Lattice (SL = 0.367 (2), WL = 0.084 (1)), as determined in the previous 

works [36]. However, the annihilation characteristics of the surface (Ssurf and Wsurf) of the three samples 

are different and vary in the range from 0.395 to 0.414 for Ssurf and and from 0.061 to 0.069 for Wsurf , 

respectively. The 3N-HP_Neyco sample shows the lowest Ssurf, and the highest Wsurf, and then Ssurface 

increases (and Wsurface decreases respectively) for 3N-HP_GP and becomes much higher (and lower resp.) 

for 6N-XHP_FZJ. In addition, the diffusion feature is less evident for this last sample, i.e. the S(E) (resp. 

W(E)) decreases (resp. increases) rapidly at low energy and slow down at the high energy (~20 keV). 

Such difference is probably due to the long-term storage (~ a few years) leading to a surface change 

such as the surface oxidation which is a common issue for metals and has been observed in tungsten at 

RT [203]. This oxidation layer should present different annihilation characteristics compared to the 

proper metallic one. The results of the fitting shows that this layer is very thin and does not affect the 

diffusion of the positron. The effective diffusion length unveils that the samples have a low 

concentration of positron traps. It is possible to estimate the concentration of them considering that only 

one type of defects (the single vacancy) could be at the origin of trapping and using single-trap trapping 

model as shown in the Chap II.3.1.4. The estimated concentration of traps are reported in the last column 

of the Table 11. Their values are in the range from 3.25 to 13.06 × 1023 m-3 by taking an intrinsic positron 

diffusion length in the tungsten of 135 nm [202] and mean lifetime of Lattice  obtained in present work 

of about 105 ps. As a consequence, the SPB-DB measurement confirms the good quality of the as-

annealed pristine samples in the probed region that means in the 700 first nm under the surface. 

 Apart from the samples prepared at CEMHTI, an as-annealed 3N-HP sample from Plansee was 

provided by Culham Centre for Fusion Energy (CCFE). They used similar procedures to prepare their 
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samples: mechanical polishing, cleaning in ultrasonic bath with isopropanol and acetone, before 

annealing at 1500 °C for 20 hours in vacuum (6 × 10-6 mbar). The S(E) and W(E) curves of the pristine 

sample are plotted in Figure 69 (orange square). Although the S(E) and W(E) curves seem to be close 

to those of the other as-annealed ones plotted in Figure 69, the fitted line shape parameters S = 0.370 (1) 

and W = 0.083 (1) by VEPFIT are respectively somewhat higher and lower than the defined value of the 

tungsten Lattice. That indicates the presence of a few residual vacancy-type defects (mainly V1) after 

preparation where the positrons were trapped and annihilated. However, the concentration of the residual 

defects should not be too high, given the long effective diffusion length of about 80 ± 1 nm 

corresponding to a relatively higher concentration of the defect of about 2.93 × 1024 m-3. 

 
𝑆𝑠𝑢𝑟𝑓 𝑊𝑠𝑢𝑟𝑓 S W 𝐿𝑒𝑓𝑓

+   

(nm) 

Concentration 

(1023 m-3) 

6N-XHP_FZJ 0.413 (3) 0.0608 (3) 0.367 (3) 0.0842 (3) 123 (3) 3.248 

3N-HP_GP 0.403 (4) 0.0659 (4) 0.367 (3) 0.0861 (3) 100 (3) 13.06 

3N-HP_Neyco 0.395 (3) 0.0688 (3) 0.366 (3) 0.0855 (3) 121 (4) 3.886 

3N-HP_Plansee  0.0641 (3) 0.370 (3) 0.0833 (3) 80 (2) 29.33 

Table 11: Annihilation characteristics S,W of the bulk as extracted using  VEPFIT for different as-annealed samples and the 

estimated  concentration of the residual vacancy-type defects. 

III.1.2 PALS characterization 

 After the quality of near-surface (~700 nm) part was qualified by SPB-DB measurement, the in-

depth part (~50 µm) was checked by fast positrons using the PALS measurement. Figure 70.a shows the 

experimental PALS spectrum of three pairs of samples with different purities. By operating the fitting 

program ANAPC, the deconvolution with one lifetime component is quite adequate to fit the 

experimental data. Table 12 summarizes the lifetime components obtained from the deconvolution of 

the experimental spectra of the different as-annealed samples. The spectrum of the 6N-XHP_FZJ pairs 

was deconvolved by a fit with the shortest lifetime, i.e. 103 ps, and 106.8 ps in contrast to the higher 

value (110 ps) obtained for the 3N-HP_GP pairs, meaning a slightly lower quantity of the defects in the 

6N-XHP_FZJ. As solely one sample of the 3N-Neyco left, so that, it was coupled with one 6N-XHP_FZJ 

which gave out the shortest lifetime. The deconvolved lifetime τ is 105 ps indicated that the lifetime in 

the 3N-HP_Neyco is slightly higher and lower than the one measured in 6N-XHP_FZJ and in 3N-

HP_GP respectively. These values are comparable to those reported for pristine tungsten in experimental 

studies or calculated for Lattice as shown in Figure 70.b. For instance, Sato et al. [141] reported a 

lifetime of 109 ps for the as-annealed samples with similar conditions (1500 °C for 1h in 10-6 mbar), as 

a contrary a longer lifetime of 118 ps [137] was found in the samples annealed merely at 900 °C for 1 

hour in vacuum. 
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It has to be noticed that the highest lifetime found in GP material is in agreement with the lowest 

effective diffusion length (100 nm, see Table 11) indicating the highest concentration of defects among 

the samples prepared at CEMTHI. It is arduous to identify the nature of the defects even in PALS, 

because it is impossible to extract a second lifetime component probably because its intensity is too low.   
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Figure 70 : a) experimental PA Lifetime spectrum of different as- annealed samples and b) the comparison of the reported 

lifetime of tungsten Lattice determined by PALS in experiment or calculation  

 Purity  𝜏1 (ps) error (ps) 

6N-XHP_FZJ 
pair 1 (J107-J108) 106.8 

0.3 
pair 2 (J28-J29) 103.0 

3N-HP_GP G13-G14 110.3 

3N-HP_Neyco & 6N-XHP_FZJ PS6-J29 105.0 

Table 12: Measured lifetime for the as-annealed samples 

Conclusion 

Finally, the quality of the annealed pristine samples was verified by PAS. Both SPB-DB and PALS 

measurements indicate that from the near surface (~700 nm) and down to the in-depth bulk (~50 µm) of 

the samples, the annihilation characteristics are those of the tungsten Lattice. The positron effective 

diffusion length extracted from SPB-DB measurements give a value longer than 100 nm. Moreover, 

only one lifetime component was extracted from lifetime spectra with a value in the range between 103 

and 110 ps. Both results indicate a low concentration of defects (< ~1024 m-3) in these different types of 

as-annealed pristine samples. 
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III.2 Unexpected carbon-enriched layer 

It has to be noticed that, a fraction of the samples of 6N-FZJ samples exhibited abnormal 

annihilation characteristics, as-shown in Figure 71, a comparison of two as-prepared samples, namely 

J15 and J31. As mentioned in the Chap III.1.1, the annihilation characteristics of the J15 are similar to 

those of the perfect Lattice of the tungsten with comparable fitted value of S and W and an effective 

diffusion length of about 123 nm (Table 11). Nonetheless, the J31 shows different annihilation 

characteristics. The curves S(E) and W(E) were plotted in Figure 71. a and c. With increasing positron 

energy, the S (resp. W) decreases (resp. increases) to a first short plateau between around 14 to 16 keV, 

before coinciding with the end of the diffusional trend of the J15. It seems that the diffusion of positron 

toward to the surface was interfered. After checking their surface aspect by means of the optical 

microscope (see Figure 72), the J15 has large grains of about few hundred microns with the visible grain 

boundaries (GBs). On the contrary, no visible GBs was observed in the sample J31. Instead, countless 

dark dots (“sesame seeds”) are observed, which probably indicates a different chemical composition at 

the surface of the J15 and J31. And this might be the reason for which the annihilation characteristics 

of the positrons differ from one to another in the low energy range (< 16 keV).  
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Figure 71: Comparison of the a) the low momentum parameter S and b) the high momentum parameter W as a function of 

positron energy and c) the S versus W for the as-annealed polycrystalline tungsten samples of FZJ (yellow) with the fit of the 

one-layer model and the annihilation characteristics in the Lattice () and at single vacancy () are also plotted 
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Figure 72: Surface aspect of the a) J15 and b) J31 obtained by optical microscope 

To check the chemical composition of the surface of the sample J31, SIMS analysis were carried 

out on two random positions of the sample surface (as shown in). Figure 73 shows the SIMS profiles of 

both 12C, 16O light elements concentration and the matrix major isotope 184W raw signal for both craters 

(1 and 2). It should be noted that the J15 was neither checked by SIMS nor NRA, but the entirely 

different microscopic morphology was already confirmed.     

On the one hand the 16O profiles are almost the reverse to those of the ones of 184W. After some 

times of measurement, the sputtering area is reduced, it leads to an increase of the signal of the matrix 

element (see the step in the 184W signal Figure 73.a) At the same time the concentration of the 16O 

decreased, which probably means the 16O detection reached the limit of the operated area (sputtering 

area: 150 × 150 µm2, analyzed area: Ø 33 µm ) under the vacuum level in the analysis chamber (~2 × 

10-9 mbar). The mean concentration of Oxygen is around 200 to 300 at. ppm. 
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Figure 73: SIMS profile of the 12C , 16O and, Matrix element 184W of two random positions of the J31 in comparison of the 

NRA profile of 12C 

 On the other hand, it is surprising that the quantity of the 12C is quite high. More than one atomic 

percent of carbon (1 at. %) was detected in both craters up to ~1µm depth. At the surface region, between 
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200 to 400 nm, in which the vacancy-type defects should be efficiently probed by slow positron. 

Moreover, dissimilar profiles were obtained in the two craters (Crater 1 and Crater 2) of the J31 sample. 

More carbon was detected in Crater 1 and the depth distribution is different, indicating that the carbon 

enriched layer is not homogeneous. Meanwhile, NRA analysis was performed to verify the unexpected 

concentration of carbon obtained by the SIMS. It has to be noticed that the analyzed area of NRA (2 × 

2 mm2) is much larger than SIMS one and more compatible with the PAS one.  However, the detection 

limit is higher (of about 1000 at. ppm) and the probed depth is lower (1-2 µm) compared to those of the 

SIMS. As shown in Figure 73.b, about 7 at.% carbon was detected at the surface by NRA, and the NRA 

12C profile is similar to the one of the sputtered Crater 2 for depth below ~400 nm. Despite a discrepancy 

of the profiles between the Crater 1 and Crater2 of SIMS, which might be caused by the localized 

analyzed area, a high concentration of carbon, more than 5 at. % was confirmed at the surface of the 

J31. As a result, this C-enriched layer probably impacts on the annihilation of the positrons. 

Figure 74: a) Surface aspect of the samples J12 has been half-electropolished  b) SIMS profile of the 12C ,and 16O of two random 

positions of the J12 before / after annealing and further  electropolished after annealing  in comparison of the NRA profile of 
12C. It is noteworthy that the steep drop of the concentration of the 12C (marked by the magenta square) did not concern the 

decrease of the carbon concentration in the sample but the switch of the detectors, from faraday cup to electron multiplier 

To access the origin of the carbon, the SIMS analysis were carried out on a 6N-XHP sample J12 at 

each step during the preparation (as- received, polishing, annealing…). As shown in Figure 74.b, the as-

received sample contains 0.1 to 1 at.% 12C and 16O in the first 2 µm. After polishing (close to 80 µm of 

matter was removed), the 12C and 16O concentration are between 0.03 and 0.06 at. %, respectively, if the 

first 100 nm are considered as the environmental pollution on the sample surface. After annealing, the 

16O concentration was still comparable to that of the as-polished one, but the 12C concentration became 

much greater and the enriched carbon layer remains up to approximately 1 µm. NRA measurements 

confirmed this high value of carbon concentration. It seems that the C-enriched layer is created during 

the annealing. Then the sample was electropolished on roughly half part of its surface (Figure 74.a) with 

two electrodes (Graphite and sample) immersed in NaOH solution (0.05 mol. L-1, 20 °C) during two 
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minutes, in order to remove the C-enriched layer. The carbon layer is found approximately 110 nm 

thinner on the 12C concentration profile, suggesting about 110 nm of the C-enriched layer was removed 

away. These preliminary results show that the C-layer could be removed but a higher concentration of 

the NaOH solution and/or extension of the electropolishing time have to be used.  

Since the C-enriched layer was probably formed during the annealing, following this assumption, 

two hypotheses were thought about. On the one hand, the intrinsic carbon in the bulk of the sample-self 

could diffuse back to the surface during the annealing because of the carbon high mobility at 1700°C 

(diffusion length > 10 µm) (see Figure 27 in Chapter I: Bibliography for details); on the other hand, the 

external source of carbon could be deposited on the samples during the annealing. To verify these two 

hypotheses, two clean samples (J33, J34) checked by SIMS analysis (the profiles are in Appendix. C) 

were annealed twice (1h/1700 °C + 3h/1700 °C) by half-covering the surface with a third clean sample 

(J13) (Figure 75.a), to obtain 4 hours of annealing in total but several exposure times in the vacuum 

during the annealing, from 0 to 4 hours.  

 

  
Figure 75: a) Configuration used during annealing with a temperature at about 1700 °C in vacuum, and b-c) the surface 

aspect of the samples J33 and J34 

Figure 75.b-c shows the surface aspect of the samples. It is evident that the longer the exposure 

time, the more modified surface aspect is. Different parts can be distinguished: one is dark for no 

exposure to the vacuum, two others are more or less white (with a ‘cotton-like’ surface) depending on 

the exposition time to the vacuum 4 hours, 3 hours and 1 hour respectively. By observing with optical 

microscope (Figure 76.a-i), it is not spuriously that the ‘sesames seeds-like’ surface was revealed once 

more, the  density of the black dots (‘sesame seeds’) increased with increasing exposure time. As the 

concentration of the carbon we already measured in the enriched layer is above 10 at. % at the surface 

of the sample J12, we decided to use NRA analysis which presents interesting advantages (it is faster, 

allows to characterize larger area and is available in our laboratory) to check the concentration of carbon 

at the surface of J33 and J34. The 12C concentration profiles were obtained by operating the SIMNRA 

fitting on the NRA spectra, and plotted below the corresponding micrographs. The quantity of carbon 

increased with increasing exposure time during the annealing, the concentration varies from below ~0.01 

to above ~20 at. % and the thickness of the C-enriched layer increases for exposure of 0 and 4 hours, 

respectively. This result confirmed the second hypothesis of the origin of carbon. It comes from outside 

of the samples, and the ‘sesame-like’ micrograph and ‘cotton-like’ surface could be used as a proof of 
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the C-enriched layer presence, which impacts on the annihilation of the positron and should be aware 

after the preparation. Moreover, electropolishing and recovering annealing are potential two methods to 

remove or avoid the contamination before identifying the source of carbon. 
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New experiments have been performed to identify the C-source in the furnace. First, it has been 

supposed that Carbon could be evaporated from the parts of the furnace, which are heated at high 

temperature from the ‘hottest parts’. The components of the furnace were dismounted in September 

2020, and cleaned with ethanol. The new NRA measurements showed still the formation of the C-

enriched layer as it was observed before the cleaning of the ‘hottest parts’. Then, the sample holder (in 

tungsten) on which the samples are placed during the annealing was replaced for a purer one. The novel 
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tungsten samples were annealed in the same configuration as shown in Figure 75.a. did not show any 

‘cotton-like’ surface. These last results have to be confirmed. 
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Figure 76 : Surface aspect acquired by optical microscope of the sample J33 (a-d) and J34 (e-h) with different exposition time 

during the two annealing (1h/1700 °C and 3h/1700 °C) from 1 to 4 hours) 
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Summary 

In this chapter, the quality of the as-annealed pristine samples of several types (FZJ1, FZJ2, GP, 

Plansee...) was checked by different techniques. The SPB-DB measurements showed the annihilation 

characteristics in the as-annealed samples are comparable to those of the perfect lattice. A long effective 

positron diffusion length, ranging from 80- 123 nm, is found which suggests a low concentration of the 

vacancy-type defects after annealing in the near-surface region of the samples (~700 nm in tungsten). 

This concentration is close to the lowest detection limit of the SPB-DB measurement (~1024 m-3 in 

tungsten). In addition, only one lifetime component was obtained from the deconvolution of the lifetime 

spectra acquired by PALS. This lifetime value ranges from 103 to 110 ps. These values are within the 

range of values reported for tungsten perfect Lattice, confirming the quality of the as-annealed pristine 

samples in the bulk up to a maximum depth of approximately 50 µm. 

Moreover, abnormal S(E) and W(E) curves were measured in one sample (J31), compared to the 

qualified pristine sample J15. Optical microscopy observations showed a different surface aspect for 

both samples. Then, SIMS and NRA analysis indicated the presence of a carbon enriched layer 

containing a concentration of about 7 at. % in the first 500 nm under the surface of the J31 which was 

considered as the reason for the abnormal positron annihilation characteristics. 

The chemical analysis (SIMS, and NRA) indicated that a part of several prepared samples contains 

a carbon-enriched layer of about up to ~2 µm with a maximum concentration of about ~20 at. %. This 

C-enriched can be identified by the special morphology (‘cotton-like’) of the surface, which contains 

innumerable small dark dots (‘sesame like’) when observed using an optical microscope.  

Systematic SIMS and NRA analysis were performed in samples annealed at high temperature 

(1700°C) with varying times. Contamination is proven to come from an external source to the samples.  

New annealing performed after replacing the sample holder (a tungsten plate) with a purer material and 

cleaning of the furnace components, the cotton-like surface disappeared, indicating that contamination 

has been reduced. Moreover, it seems that the C-enriched layer has an effect on the annihilation 

characteristics. 
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Chapter IV: Radiation-induced vacancy-type defects in tungsten: 

effect of irradiation conditions and sample purity. 

The microstructural evolution of the tungsten under irradiation is one of the major issues that could 

affect the normal operation of the future fusion reactor. As mentioned in Chapter I: Bibliography, the 

self-ion irradiation generates the same types of defects as in neutron-damaged tungsten [44], such as 

dislocations, dislocation loops, and vacancy-type defects (from single vacancies to cavities). To avoid 

activation and the production of transmuted elements, self-ion irradiation is used as an alternative 

method to simulate neutron irradiation. In addition, electron irradiation creates the simplest quantifiable 

defects, i.e. Frenkel pairs (FPs), which allows characterization of the early-stage evolution of the 

Radiation-induced defects (RIDs). 

This chapter will be divided into two parts.  

In the first part, couples of samples irradiated with 2.5 MeV electrons at two fluences (1 × 1019 and 

2 × 1019 cm-2) and at around 50 °C were studied using PALS and SPB-DB. To complement the PAS 

results, TEM observations were used to obtain more information about the eventual extended defects, 

and SIMS analysis were performed to quantify the concentration of the Light-element (LE) impurities, 

such as carbon (C) and oxygen(O), which could interact with induced defects.  

In the last part, tungsten slabs self-ion irradiated at RT and at high temperature (500 and 700°C) 

with various ion energies (1.2, 2 and 20 MeV) and damage doses between 0.0085 and 1.7 dpa were 

investigated. The self-ion damaged thick slabs and thin foils were characterized using the SPB-DB and 

TEM, respectively. In addition, SIMS was also carried out to better understand the evolution of the RIDs.  

  



Chapter IV: Radiation-induced vacancy-type defects in tungsten: effect of irradiation conditions and 

sample purity. 

106 

IV.1 Identification of defects induced by 2.5 MeV electron irradiation 

In this part, the defects induced in tungsten Neyco samples by irradiation with 2.5 MeV electrons at 

two fluences (1 × 1019 and 2 × 1019 cm-2) with a flux of 5.5 × 1013 e-.cm-2. s-1 and at around 50 °C were 

investigated using PALS and SPB-DB measurements. To complement the PAS results, TEM 

observations were carried out to get more information about the defects, and SIMS analysis were 

performed to quantify the concentration of the Light-element (LE) impurities, such as carbon (C) and 

oxygen (O), which could interact with induced defects.  

IV.1.1 SIMS measurements  

So far, an unexpected C-enriched layer was discovered in some samples, and it seems that the 

presence of the C-enriched layer at surface of the sample has an impact on the SPB-DB result, in 

particular on the aspect of the S(E) and W(E) curves. In addition, since the chemical composition is 

unknown for the batch of the samples purchased from Neyco (N-batch), therefore, a pristine (Ps6) and 

an electron-irradiated (e--irr.) sample with high fluence (HF) (Ps3) were analyzed by SIMS, respectively. 

Figure 77.a-b show the profiles of the carbon and oxygen collected by SIMS at three random 

positions with a source of Cs+ as the primary ions bombarding on the surface of the pristine and damaged 

sample. The details of the craters are presented in Appendix. A. The sputtering area is still a square of 

about 150 × 150 µm2 including a circular analyzed zone with a diameter of around 33 µm. First and 

foremost, the profiles of carbon and oxygen are both comparable for the pristine and damaged sample, 

suggesting a homogeneous distribution of both light elements in this batch of sample. The carbon 

profiles decrease hastily from an elevated value of about ten thousand at. ppm at the surface of the 

samples to a much lower value reached at around 100 nm. Then, it remains constant at a plateau value 

below ~150 at. ppm, 50 at. ppm for a sputtering area of 150 × 150 µm2 and 100 × 100 µm2, respectively. 

To check if this value corresponds or not to the detection limit, the sputtering zone is reduced on purpose 

to increase the sputtering rate, without changing any of the other parameters. After reduction of the 

analyzed zone, the concentration of the carbon decreased in contrast to the matrix element, i.e. tungsten 

(184W), which signifies detection limit10 of the carbon is reached and attained at about 60 at. ppm in the 

both pristine and damaged samples with used experimental conditions. Meanwhile, the concentration of 

oxygen is higher than the carbon one with a factor of ten at the surface, and it decreases slowly until 200 

nm. Then, the profiles fluctuate showing peaks more or less close to each other and the O concentration 

changes in a range which depends on the crater position up to 1.5 µm depth. For Crater 1 and 3 of the 

pristine sample and Crater 3 for the damaged one, the oxygen concentration varies from 60 to 100 at. 

ppm before reducing the sputtered area, a value which is very close to the detection limit. For the other 

                                                           
10 Detection limit: this value depends experimental conditions (ex: the vacuum level, crater size…) 
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craters, the oxygen concentration fluctuates from 100 to 400 at. ppm. Indeed, the fluctuation of the 

oxygen concentration might be related to its heterogeneous distribution probably due to the presence of 

a few oxide nanoparticles. 
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Figure 77: a) Carbon and b) oxygen profiles of pristine (Ps6, bleu) and electron-damaged (Ps3, black) sample obtained using 

SIMS for three random positions (crater 1 to 3) distinguished by different types of the line.  

Furthermore, SIMS was also employed to collect the ions sputtered from the sample within a mass 

range from 0 to 250 a.m.u with Cs+ and O2
+ primary ions. Figure 78.a-b show detected negative and 

positive charged ions, respectively. 
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Figure 78: SIMS analysis of the secondary particles sputtered from the sample Ps3 (2 × 1019 cm-2) collected in the mass range 

from 0 to 250 a.m.u., a) collected anions with Cs+ primary ions and b) collected cations using O2
+ primary ions.  

It is not surprising that the isotope of tungsten appears with the highest intensity with a major 

impurity, the oxygen. In addition, as the intensity of the 16O and the isotopes of tungsten, the other 
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masses cannot be ignored at around 200, 216, and 232 a.m.u., respectively, which corresponds probably 

to the oxidized isotopes of tungsten (WOx). Besides, a fraction of the primary ion Cs+ is discovered and 

a few carbon impurities only obtained in the case of collection of anions. It is noteworthy that the cations 

collected with primary O2
+ ions cannot be used as the argument of the presence of the oxygen in the 

samples themselves, on the contrary of spectrum of anions collected by Cs+.  

To summarize, the C and O concentrations for both pristine and irradiated samples are similar 

indicating that irradiations did not introduce any pollution. No C-enriched layer was found in the N-

batch samples. The carbon concentration is low equal or below the detection limit of 50 at. ppm. The O 

concentration is heterogeneously distributed and fluctuates from 60 to 400 at. ppm probably due to the 

presence of oxide nanoparticles. Besides, it is noteworthy that SIMS is a powerful technique to detect 

the contamination due to the ion-implantations [204], no evident increase on the concentration of the 

carbon and oxygen was revealed after irradiation, meaning the unavoidable surface contamination [205] 

(H, C, and O) during the irradiation is negligible comparing to the concentration of the internal 

impurities.    

IV.1.2 SPB-DB measurements 

After analyzing the chemical composition of the samples, the SPB-DB measurement was carried 

out to characterize the RIDs. Figure 79.a-b show the S and W parameters as a function of the positron 

energy E, respectively. After electron-irradiation at about 50 °C, the vacancy-type defects were revealed 

through the simultaneous increase of the curve S(E) and decrease of the curve W(E). The S, W versus 

positron energy for low fluence (LF, 1 × 1019 cm-2) and high fluence (HF, 2 × 1019 cm-2) of electrons 

were plotted with down and upward triangle, respectively. The samples irradiated at the same fluence 

exhibit an equivalent evolution of the S and W versus positron energy E. In addition, a slightly greater 

value of the S and lower W was found for the entire energy range above 2 keV in the HF-irradiated pair, 

suggesting first a homogeneous distribution of the defects in the slow positron probed region (the first 

700 nm under the surface). Starting from 2 keV, as positrons penetrate relatively deep and probably 

annihilated at defects in the sample, so that the fraction of the annihilation characteristics at the surface 

decreases, the gap on the S(E) and W(E) between pristine and damaged samples is more and more 

evident when positron energy increased. Besides, in contrast to the measurement of the pristine sample, 

the irradiated ones have an important fluctuation of the S and W, signifying the heterogeneous 

distribution of the RID or the environmental variations during the experiments. As a consequence, the 

fit with homogenous multi-layers model is no longer valid. An allometric function11 was firstly utilized 

to try to describe the tendency of the experimental data with more smooth curves. Furthermore, the S-

W curves of both fluences were plotted in Figure 79.c, all the points (S, W) are located at the trendline 

                                                           
11 S = aꓸEb where a and b are two parameters of the allometric fit 
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L2 linking the annihilation characteristics of the Lattice and Single vacancy (V1), indicating that the 

electron induced mainly single vacancies in the samples. Moreover, the S, W points are closer to the 

annihilation characteristics of V1, when the fluence increases indicating that the vacancy concentration 

increases with increasing fluence. The S-W points remain below the V1 point suggesting that the trapping 

at this defect is not saturated. 
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Figure 79: Annihilation characteristics of pristine sample (Neyco, ) in comparison to 2.5 MeV electron irradiated ones with 

two fluences, LF 1 × 1019 () and HF 2 × 1019 cm-2 () at RT, a) low momentum parameter S b) high momentum parameter 

W as a function of the positron energy E and estimated maximum positron penetrated depth, and c) the S versus W. The 

cyan lines are drawn to guide the eyes 

IV.1.3 PALS measurements 

 According to the simulated damage profile of the POLY et SMOTT program, the 2.5 MeV 

electrons induced the damage until 220 µm in the tungsten. SPB-DB measurement gave out the 

information of the vacancy-type defects in the surface-region (~700 nm), so PALS measurement was 

also employed to access the information on the defects in the in-depth bulk. The PALS measurement 

was carried out with conventional configuration, the fast positrons emitted from a 22Na source penetrated 

around 50 µm in tungsten (see Figure 42). Figure 80.a shows the raw experimental spectrum of a pair 

of pristine samples (N&FZJ1), and in comparison of those of  2.5 MeV electron-damaged ones at RT 

with both fluences.  

Compared to the raw spectrum of the pristine pair, those of the damaged ones exhibited more than 

one component with a longer average lifetime for both fluences, (the right-side of the spectrum is more 

wide). Hence, the spectrum was firstly decomposed into two exponential components. The experimental 

spectra with > 5M counts were deconvoluted by using the ANAPECR1 program, and a fixed Full Width 
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at Half Maximum (FWHM) or time resolution of 212 ps corresponding to the resolution of the 

spectrometer. The obtained variance was close to 1. Table 13 summarizes the fitted lifetime components 

and their intensity. A long lifetime of 187 ± 2 and 197 ± 4 ps with near half of the intensity was found 

in LF and HF irradiated pairs, respectively. These values are close to the one of the single vacancy of 

tungsten, i.e. 193-199 ps for the theoretical work (193 ps [136], 195 ps [124] and, 199 ps [148]), and 

180-200 ps obtained by experiments (180 ps [147], 195 ps [124], and 200 ps [74]), indicating the 

generation of the single vacancies as it is expected in electron irradiated sample.  

2.5 MeV electron RT 

   Component 1 Component 2  

PALS 

TEM

P 

(K) 

Fluence  

(× 1019 cm-2) 

𝝉𝒂𝒗 

(ps) 

𝝉𝟏 

(ps) 

𝑰𝟏 

(%) 

𝝉𝟐 

(ps) 

𝑰𝟐 

(%) 

𝝉𝒎𝒐𝒅 

(ps) 

~300 

0 105 105 ± 0.3 100  -  -   

1 147 102 ± 2 47 ± 2 187  ±2 53  ± 2 135 

2 155 127 ± 2.4 60  ± 4 197 ±4 40  ± 4 148 

Table 13: Comparison of the exponential components deconvoluted from experimental spectra by using the ANAPC 

program for pristine and 2.5 MeV electron-irradiated pairs of the sample (Neyco) 

However, it is surprising that a shorter lifetime with a value (102 ps and 127 ps) close to the one of 

the Lattice of tungsten was also found for both fluences. As explained in Chapter II : Methodology (eq. 

34), when the positron and electron annihilate at more than one state, for instance, at a deep defect (no 

detrapping) and in the lattice (delocalized state), the lifetime of positron in the Lattice will decrease 

because a lot of positrons are trapped before to be annihilated in the delocalized state. Moreover the τmod 

estimated with eq. 35, is greater than the Lattice one.  

Therefore, it means firstly that at least a second trap differing to single vacancy also exists. The 

questions are now (1) on the nature of this trap (only one defect or several?) (2) what is the corresponding 

annihilation lifetime? (3) Are the lifetime components simply related to one specific trap or represent 

mixtures of traps with close lifetimes? 

Following these questions, a decomposition of the spectra measured in the damaged samples with 

three components was attempted. The long lifetime (197 ps for HF and 187 ps for LF) extracted in the 

free decomposition was slightly shorter than 200 ps, the lifetime expected for single vacancy in tungsten 

which was already found in other irradiation conditions (3He-800 keV)[74,75] . It has to be noticed that 

in these analysis the vacancy clusters with a size larger than the single vacancy were not been taken into 

account, because they are not expected to be formed in electron irradiation at RT: (1) due to the low 

energy of the PKA, the local density of displacements is low and no cascades are expected; And (2) 

single vacancies are not mobile at RT, their migration energy is high Em(V)=1.66 [81]. So that, to 

simplify and make possible the fitting with three-components, a lifetime component τ3 was fixed to 200 

ps.  
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Table 14: Lifetime components deconvoluted from experimental spectra using the ANAPC program for pristine and 2.5 MeV 

electron-irradiated pairs of samples taking into account 3 components with the third one fixed at 200 ps. 

Table 14 includes the result of the fit. An intensity of 30 % for the component of the 200 ps was 

found in both fluences, suggesting that a part of positrons annihilated at single vacancies (V1). 

Meanwhile, an extreme short lifetime τ1 of about 10 ps with a relatively low intensity of about 10%, is 

extracted indicating a minor fraction of the annihilation occurred in the Lattice. Besides, an intermediate 

lifetime τ2 of about 122 and 135 ps was extracted in both irradiated pairs. Its intensity is of about 56 % 

for the lowest fluence and increases to 63 % for the highest one, leading to an increase of the average 

lifetime of 135 and 147 ps (Figure 80.b) for LF and HF, respectively. So far, more than half of the 

annihilation events occurred at an unexpected state, suggesting that apart from the Lattice and V1, a new 

trap (namely defect X for the following discussion) with regard to positron was created in electron-

irradiation at room temperature (RT).  
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Figure 80 : a) Raw experimental lifetime spectrum for pristine and 2.5 MeV electron irradiated pairs, and b) the average 

lifetime and each component with corresponding intensity from the lifetime spectra versus irradiation fluence, using the 

ANAPECER1 program 

 Since at least two types of defects were determined from the lifetime spectra, a trapping model of 

two-trap was utilized to describe the RID after electron-irradiation. As shown in eq. 33, the probability 

to find the positron annihilation at delocalized state (Lattice) is 𝑛𝐿(0) and at two localized states 

(vacancy defects) is 𝑛𝑑1(0) and  𝑛𝑑2(0), which are presented as a temporal function including the 

2.5 MeV electron RT 

   Component 1 Component 2 Component 3  

PALS 

TEMP 

(K) 

Fluence 

(× 1019 

cm-2) 

𝝉𝒂𝒗 

(ps) 

𝝉𝟏 

(ps) 

𝑰𝟏 

(%) 

𝝉𝟐 

(ps) 

𝑰𝟐 

(%) 

𝝉𝟑 

(ps) 

𝑰𝟑 

(%) 

𝝉𝒎𝒐𝒅 

(ps) 

~300 

0 105 105 ±  0.3 100 - - - - - 

1 135 11 ±  0.1 11 ±  3 122  ± 2 56  ± 2 200 33 ± 1 62 

2 147 12 ±  0.2 7 ±  2 135  ± 2 63 ± 1 200  30 ± 1 84 
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annihilation rate in the Lattice 𝜆𝐿, at the defect 1 𝜆𝑑1and the defect 2 𝜆𝑑2 with corresponding trapping 

rates 𝑘𝑑1 and 𝑘𝑑2 : 

{
 
 

 
 

  

𝑑𝑛𝐿(𝑡)

𝑑𝑡
= −(𝜆𝐿+ 𝑘𝑑1 + 𝑘𝑑2)𝑛𝐿(𝑡)

𝑑𝑛𝑑1(𝑡)

𝑑𝑡
= −𝜆𝑑1𝑛𝑑1(𝑡)+ 𝑘𝑑1𝑛𝐿(𝑡)

𝑑𝑛𝑑2(𝑡)

𝑑𝑡
= −𝜆𝑑2𝑛𝑑2(𝑡)+ 𝑘𝑑2𝑛𝐿(𝑡)

  eq. 47 

To solve these differential equations, the initial probability of trapped positron in the delocalized 

state 𝑛𝐿(0) is assumed to be one and that one in localized states 𝑛𝑑1(0) and 𝑛𝑑2(0) is zero. The 

probability of the positrons that annihilate at localized and delocalized states are expressed: 

 
𝑛𝐿(0)=1 and 𝑛𝑑(0)=0
⇒                          

{
 
 

 
 

  

𝑛𝐿(𝑡) = 𝐼1𝑒
−
𝑡

𝜏1

𝑛𝑑1(𝑡) = 𝐼2(𝑒
−
𝑡

𝜏1 + 𝑒
−
𝑡

𝜏2)

𝑛𝑑2(𝑡) = 𝐼3(𝑒
−
𝑡

𝜏1 + 𝑒
−
𝑡

𝜏3)

  eq. 48 

After resolving the equation system, the lifetime of each component and their intensity are 

expressed in eq. 49. The lifetime 𝜏1, 𝜏2, and 𝜏3 characterize the annihilation in the lattice, defect 1 and 

defect 2, with corresponding intensity I1, I2 and I3.  

{
 
 

 
 𝜏1 =

1

𝜆𝐿+𝑘𝑑1+𝑘𝑑2

𝜏2 =
1

𝜆𝑑1

𝜏3 =
1

𝜆𝑑2

with      

{
 

 
𝐼1 = 1 − 𝐼2 − 𝐼3

𝐼2 =
𝑘𝑑1

𝜆𝐿+𝑘𝑑1+𝑘𝑑2−𝜆𝑑1
 

𝐼3 =
𝑘𝑑2

𝜆𝐿+𝑘𝑑1+𝑘𝑑2−𝜆𝑑2

      eq. 49 

By matching eq. 49 with the result of the three-component fit, the lifetime 𝜏2, and 𝜏3 could be 

attributed to the defect X and single vacancies (V1) with their intensity I2 and I3, respectively, and the 

trapping rates kd1 and kd2 could correspond to the one for defect X and V1, respectively. As the 

annihilation rate λ is reciprocal of the lifetime (𝜏𝐿 = 105 𝑝𝑠, 𝜏3 = 200 𝑝𝑠, and 𝜏2 = 122 𝑜𝑟 135 𝑝𝑠 for 

LF or HF), the concentration of V1 can be roughly calculated by taking the trapping coefficient 𝜇𝑉 of a 

positron trapped at a single vacancy in tantalum (Ta, Z = 73), which equals to (6 ± 3 ) × 10-15 m3.s-1 

[159]. Table 15 summarizes the estimated concentration of the single vacancies CV in both FF and HF 

fluences. The CV values are 37 and 21 at. ppm for HF and LF, respectively. A factor of two was ideally 

found between both fluences. The mean dpa value calculated using the POLY et SMOTT program in 

the probed depth of the fast positrons (~50 µm) for both fluences, is 7.47 × 10-4 and 3.74 × 10-4 dpa for 

HF and LF respectively. By assuming there is no recombination of the Frenkel pairs (FPs) the V1 

concentration should correspond to 747 at. ppm (or 4.7 × 1025 m-3) and 374 at. ppm (or 2.4 × 1025 m-3), 

for HF and LF, respectively. These values are 20 times higher than the ones extracted using the two-trap 

trapping model. 



Chapter IV: Radiation-induced vacancy-type defects in tungsten: effect of irradiation conditions and 

sample purity. 

113 

Table 15 : Estimated trapping rate at defect X and V1, and concentration of V1 (CV1) utilizing the two-trap trapping model 

As a consequence, the identified concentration of V1 represents solely about 5-6 % of the values 

simulated using POLY SMOTT codes.  

Furthermore, the fraction of annihilation events in three states i.e. fL, fd1 and fd2 can also be 

determined as shown in eq. 50. 

{
 
 

 
 𝑓𝐿 = 1 − 𝑓𝑑1 − 𝑓𝑑2

𝑓𝑑1 = ∫ 𝜆𝑑1𝑛𝑑1(𝑡)𝑑𝑡 =
𝑘𝑑1

𝜆𝐿+𝑘𝑑1+𝑘𝑑2

 ∞

0

𝑓𝑑2 = ∫ 𝜆𝑑2𝑛𝑑2(𝑡)𝑑𝑡 =
𝑘𝑑2

𝜆𝐿+𝑘𝑑1+𝑘𝑑2

 ∞

0

  eq. 50 

with 𝜆𝐿,the annihilation rate in the Lattice and 𝑘𝑑1 and 𝑘𝑑2  the trapping rates in the defect X and V1 

respectively. 

In addition, the annihilation characteristics (S, W, and 𝜏𝑎𝑣) should be equal to the sum of the ones of 

each states weighting by the corresponding annihilation fraction, as expressed in eq. 51. 

{

𝜏𝑎𝑣 = 𝑓𝐿𝜏𝐿 + 𝑓𝑑1𝜏𝑑1 + 𝑓𝑑2𝜏𝑑2
𝑆 = 𝑓𝐿𝑆𝐿 + 𝑓𝑑1𝑆𝑑1 + 𝑓𝑑2𝑆𝑑2
𝑊 = 𝑓𝐿𝑊𝐿 + 𝑓𝑑1𝑊𝑑1 + 𝑓𝑑2𝑊𝑑2

  eq. 51 

Table 16 summarized the calculated annihilation fractions by using the trapping ra.te at defect X, 

Kd1 and V1, Kd2 . From these values it is possible to determine the  annihilation characteristics SX and WX 

of the defect X by using the eq. 51 if we consider that at least 80 % of fast positrons stop in the first 15 

µm under the surface in which the damage level of the RIDs is almost invariable according to the 

simulated damage profile (Figure 36.b). The line shape parameters of the single vacancy and the Lattice 

of the tungsten were determined from a previous work [36] as well as the annihilation lifetime for the 

single vacancy V1 [74] in tungsten, and the positron annihilation lifetime of the pristine sample was 

measured to be of about 105 ps. It should be noted that the used S and W values considered as 

representative of both fluences are those at 25 keV on the fitted curves (cyan lines in Figure 79.a-b). 

Thus, the annihilation characteristics of the defect X, SX, WX were determined, and reported in Table 16. 

It is interesting to notice that the SX, WX values are not the same for both fluences, which are plotted on 

the Figure 79.c (orange spherules). They are located almost at the half-lower part of the line L2, close 

to the Lattice point (red star in Figure 79.c), and the distance between the Lattice and the (SX, WX)  

point moves away from the Lattice point.  

 λL (s
-1) λ d2 (s

-1) λ d1 (s
-1) Kd1 (s

-1) Kd2 (s
-1) CV1 (cm-3) 

C V1 

 (at. 

ppm) 

Mean 

damage 

0-50 µm 

(dpa) 

HF 
9.52 × 10 9 5.00 × 10 9 

7.43 × 10 9 2.77 × 10 10 1.42 × 10 10 2.36 × 10 18 37 7.47×10-4 

LF 8.23 × 10 9 1.20 × 10 10 8.06 × 10 9 1.34 × 10 18 21 3.74×10-4 
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Damage  

 

fd1 f d2 fL Sx Wx τav 

(ps) 

HF 0.54 0.28 0.19 0.3904 0.0725 130 

LF 0.41 0.27 0.32 0.3850 0.0747 107 

Table 16 : Annihilation fractions calculated through trapping rate at defect X and V1 and the estimated annihilation 

characteristics of the defect X 

The average annihilation lifetime calculated with annihilation fractions extracted from the two traps 

model (given in Table 16) for both fluences are shorter than the measured ones i.e. 130 against 147 ps 

for HF, and 107 versus 135 ps for LF, respectively. This result suggests that defect X is not a single type 

of defects, but a mix of several defects. Additionally, the value of the reference lifetime τmod is shorter 

than that of the Lattice (HF: 76 ps, LF: 61 ps in Table 14), which is in consistence with the hypothesis 

of a mix of several defects. 

Furthermore, this result is consistent with some PALS measurements on the proton-irradiated 

tungsten (99.95 wt.%, Goodfellow). For instance, Lhuillier et al. [36] employed PALS to characterize 

12 MeV-1H damaged tungsten with two fluences 1 × 1016 and 4 × 1016 cm-2 at RT, corresponding to the 

average damage levels in the depth probed by fast positrons (~50 µm) of about 1.1 × 10-4 and 4.4 × 10-4 

dpa as determined by using SRIM-2008 (K-P, Edisp= 55.3 eV). The PALS spectrum of proton-irradiated 

tungsten could be also deconvoluted with three components, containing one short lifetime of 20 ps (10, 

17 %) and longer one above 200 ps (217, 248 ps) with an intensity around one quarter, and also an 

unidentified lifetime between the one of the Lattice and that of the single vacancy, increasing from 113 

ps to 143 ps, when the irradiation fluence rise from 1 × 1016 cm-2 to 4 × 1016 cm-2. The deconvolution of 

the spectra measured in electron irradiated samples was also limited to three components, seeing an 

extreme short lifetime (11 ps for both LF and HF).  

Therefore, to obtain more information about defect X, the PALS measurement were carried out at 

cryogenic temperatures 25 and 60 K on the LF-irradiated pairs. The spectra of PALS measurement 

performed at cryogenic temperatures (25 K and 60 K) differ from those acquired at RT (~300 K), in 

particular, those obtained at 25 K which is between the spectrum of the pristine and irradiated samples 

measured at about 300 K. Figure 80.a shows the raw spectrum measured at 25 K, it is different than the 

one obtained at 300 K. The raw spectrum measured at 60 K, is not shown because it is superposed with 

those measured at 300 K. Thereby, a decomposition of the spectrum acquired at 25 K and 60 K was 

realized. The spectra can be merely decomposed in only one component with a lifetime increasing from 

130.7 (4) to 147.1 (3) ps when the temperature of the sample raised from 25 to 60 K. The annihilation 

at Lattice or V1 were no longer revealed at low temperature of 25 K. The trapping of positrons at a defect 

with a short lifetime of about 120 ps is promoted at 25 K. This lifetime is the same as the second 

component extracted from lifetime spectrum (122 ± 2 ps see measured at 300 K in the same sample and 
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which is relative to one or more defects X. Considering that the concentration of the different types of 

defects cannot change when the sample temperature decreases, it indicates that the defects X are shallow 

traps in regard to positron. It means that the trapping energy at these defects is low enough to allow the 

positron to escape from them at RT. When the temperature decreases, the detrapping rate becomes lower 

and lower. It follows that the effective trapping rate at such shallow traps increases so much when 

temperature decreases that positrons can only be annihilated in this state. 

As mentioned in [159] the dislocation loop is one of the common shallow traps in both metals and 

semiconductors. Likewise, the trapping rate of decorated vacancy-complexes are also shown depending 

on the temperature, so that, these two types defects are potentially the shallow traps in our irradiated 

samples, this will be discussed in the following paragraphs. 

It can be concluded that for LF-irradiated samples, the trapping rate at an or several unknown 

shallow traps increases with decrease of the temperature during the PALS measurement. At less than or 

equal to 60 K, only one lifetime component was extracted from the spectrum, whereas at least three 

components were extracted from the spectrum measured at RT for both LF and HF-irradiated samples, 

and the intermediated lifetime τ2 was dominant (122 ps for LF, and 135 ps for HF) with over half of 

intensity (LF: 56 %, and HF: 63 %). The longer lifetime τ2 for HF-irradiated samples suggests the 

formation of shallow traps with larger size in HF-irradiated samples compared to LF-ones. The 

calculated τmod value (see Table 14) is different to the one of the tungsten Lattice. As well, the average 

lifetime τav (Table 16) calculated using two-trap trapping model is shorter than the experimental one, 

which probably suggests other components exist, which implies that several types of defect X with quite 

close lifetime could exist and that it is impossible to deconvolve them from the experimental spectra. 

IV.1.4 TEM Observations 

In our experiment, one tungsten thin foil (Goodfellow, 99.95 wt.%) was irradiated with 2.5 MeV 

electrons at the highest fluence of 2 ×1019 cm-2 (2 × 1023 m-2, HF) with a flux of 5.5 × 1013 e-. cm-2. s-1 

(or 5.5 × 1017 e-. m-2. s-1) at same time with thick samples at around 50 °C. The thin foil was observed 

using a JEOL-ARM200F field emission gun microscope operating at 200 kV available at platform 

MACLE in CNRS Orléans campus. The observations were carried out in the zone axis [001] at various 

magnifications from 50 kx up to 600 kx, in various zones of the thin part of the samples and with various 

g (200), (020) and (110), in order to detect both types of dislocation loops expected in tungsten, the ones 

with ½a<111> and <100> Burgers vectors [206]. No dislocation loops nor black dots were observed 

with at least a size larger or equal to 1.5 nm which is the minimum one for which the diffuse contrast 

can be distinguished in TEM [207]. The thickness of the observed region was measured using EFTEM 

it is of about 30 nm on average.  
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Arakawa et al.[208] and Tamino et al.[209] have observed the formation of dislocation loops (or 

SIAs clusters) using TEM in electron-irradiated tungsten. We compared our experimental conditions 

with the ones found in the literature. In references [208,209], authors performed 2 MeV electron 

irradiation in high pure polycrystalline tungsten (99.9999 wt.%, JX Nippon Mining & Metals Co) at low 

temperatures (≤ 290 K), in a high voltage electron microscope. The beam fluxes were fixed at 1 × 1024 

[208] and 3.0 × 1022 m−2.s−1 [209] respectively. The fluence was approximately the same of 4 × 1025 m−2 

for both works [208] and [209]. The average density of the SIA clusters formed under the above 

conditions were found at 105 K to be approximately 4 × 1022 m−3 for both [208] and [209]. The average 

size of the dislocation loops is mentioned to be approximately 3–4 nm in [208]. In these experiments 

the fluence is higher than the one used in our study by a factor of 200 and what is even more remarkable 

is the difference of the electron fluxes. Indeed, these authors performed their irradiations in a high 

voltage microscope in which the electron flux is very high (due to the focused beam size), 3 to 6 orders 

of magnitude higher than the one we used. In such high flux irradiation, the local instantaneous density 

of SIA should be much higher than the one used in our experiment: the damage rate is 1.3 × 10-4 dpa. s-

1 for the flux 3.0 × 1022 m−2.s−1 [208,209] and five orders of magnitude lower (2.3 × 10-9 dpa.s-1) in 

present study. It makes the interaction of SIA much less probable to form clusters in our irradiations. 

As a result, no dislocation loops were observed in the tungsten lamella irradiated with the 2.5 MeV 

electrons at around 50 °C and the highest fluence, i.e. 2 × 1019 cm-2, HF. It suggests that no loops should 

exist in the thick samples irradiated in the same conditions and measured using PAS.  

IV.1.5 Discussion  

Generally, electron irradiations with a low energy (< 3.5 MeV) generates mainly Frenkel pairs. We 

estimated the damage dose at 833 and 417 dpa for both fluences HF and LF respectively in the 0-700 

nm region under the surface. It should correspond to a high single vacancy concentration of about 5.27 

× 1025 m-3 and 2.63 × 1025 m-3, respectively. The SPB-DB experiments show the formation of the single 

vacancy V1 after electron irradiation with both low LF and high HF fluences at surface of the sample (in 

the ~700 nm below the surface), and the concentration of the electron-induced V1 increases with 

increasing fluence. It is interesting to note that the S and W values measured at the highest fluence HF 

are far from the ones expected for trapping saturation at the single vacancy V1, where the annihilation 

characteristics are (SV1, WV1) as it could be expected from the high estimated value of single vacancy 

concentration.  

In the following we assume that only pure single vacancies are created by irradiation, but a fraction 

is lost during irradiation due to recombination with interstitials. The V1 concentration can be estimated 

considering different FPs recombination rates, RC, ranging from 0 to 80 %, and assuming that the damage 
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doses (POLY et SMOTT program) for both fluences are in mean value in the slow positron probed 

region (0-700 nm).  

 𝑪𝑽𝟏 =  𝑹𝑪 × 𝒅𝒑𝒂 𝑷𝑶𝑳𝒀 𝑬𝑻 𝑺𝑴𝑶𝑻𝑻
𝟎−𝟕𝟎𝟎 𝒏𝒎   eq. 52 

where RC is the FPs recombination rate: RC = 0 - 80 % 

Once, V1 remaining concentrations for each RC value are estimated, corresponding S and W values 

can be calculated using one-trap trapping model (see Chap II.3.1.4).  

 𝑿 =
𝐶𝑉1𝜇𝑉1𝑋𝑉1−𝜆𝐿𝑋𝐿

𝐶𝑉1𝜇𝑉1− 𝜆𝐿
  eq. 53 

where X is given for S or W  

 𝐶𝑉1 is the estimated concentration of single vacancies 

           𝜇𝑉1is the specific trapping coefficient at single vacancies, 𝜇𝑉1 =(6 ± 3) × 1015 m-3.s-1 [159] 
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Figure 81: a) estimated S/SL value as a function of single vacancies concentration using the mean, maximum and minimum 
values of the specific trapping coefficient b) estimated S/SL versus W/WL (with the mean value of the specific trapping 

coefficient) using one-trap trapping model for different V-I recombination rates, from 0 to 80 %. Experimental S-W points are 
averaged value between 13-16 keV (HF: and LF:) 

The variation of S as a function of single vacancies concentration are presented in Figure 81.a for 

mean, maximum and minimum values of the specific trapping coefficient ( blue curve in Figure 81.a). 

The S values obtained for both fluences and various specific RC values 0, 50 and 80% are also plotted 

(colored spherules in Figure 81.a). Theoretically, if FPs recombination rate is less than 50 % during the 

irradiations, induced single vacancies concentration should be close to the saturation (> ~1026 m-3) i.e. 

the SW point should be close to the annihilation characteristics of V1 in S-W curve (green cross-circle in 

Figure 81.b). However, measured S values for both fluences (LF: 1 × 1019, and HF: 2 × 1019 cm-2) are 

much lower than the remaining estimated ones, even though 80 % of FPs recombined during the 

irradiation. The experimental S-W values for both fluences would correspond to a recombination rate 

from 88 % to 98 %, taking into account the error bar on the specific trapping coefficient (Figure 55.a) 
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for both fluences. It is not clear yet which is recombination rate RC in tungsten for the irradiation 

conditions we chose in our study. From Was et al the displacement efficiency under electron irradiations 

in Ni should be close to 100 % or in other words the recombination factor R should be close to 0 [210] 

The FP recombination rate RC depends on the FP density (damage dose), the SIA and V properties 

(migration energy), the irradiation temperature and damage rate and the concentration of sinks (solutes, 

grain boundaries, defects themselves ...) that could trap vacancies or interstitials. Ortiz et al. [211] 

calculated the total number of defects created for electron irradiations in Fe at a damage dose of 10-6 

dpa. Up to 90% of defects have been annihilated at 400 K. In tungsten the SIA has very low migration 

energy migration energy (< 0.2 eV [104,212,213]), whereas vacancy is immobile at room temperature. 

As SIA is known to migrate in 1D pattern, that should lead to a relative lower recombination probability.  

De Backer et al. [214] showed that the R increases from 80 to 95 % for 3He 800 keV irradiated tungsten 

at RT with various fluences, ranging from 1017 to 5 × 1020 cm-2, i.e.  a range of damage dose from 0.019 

to 95 dpa (as calculated using SRIM with Edisp = 55.3 eV, K-P model). However, these conditions are 

unmatched with our experiments. Besides, Neely et al. [215] found approximately 30 % of resistivity 

recovery in 99.99 % pure W irradiated with 2.1 MeV electrons at 70 K and a fluence of 5 × 1017 e-.cm-2 

and the authors claimed that the recovery rate can be impacted by a non-negligible concentration of 

impurities. For summarizing the above, the evaluation of the recombination rate is still an open question 

in irradiated materials. As a consequence, we wonder if the lower S and higher W values measured in 

SPB-DB measurement are only due to recombination of FPs. 

To test this hypothesis, theoretical positron lifetime spectra were calculated assuming only single 

vacancies are detected by positrons, and their concentration at the end of the irradiations is the product 

of that expected from the damage dose and the recombination rate RC estimated just above from SPB-

DB experiments. In the following, we compare calculated spectra to experimental ones measured at 300 

K (see Figure 82). For both damage doses, LF and HF, it can be noticed that the theoretical spectra are 

different from the respective experimental ones. It can be clearly observed that the number of counts in 

the region included between 360 and 1400 ps is higher in the theoretical spectra than in the experimental 

ones. This confirms that a lifetime component with a value shorter than the lifetime of V1 and larger 

than the lifetime of the Lattice, included in the experimental spectra as they were extracted from the 

deconvolution fit. This comparison confirms that a new trap different from the pure single vacancy was 

detected by positrons. These traps have annihilation characteristics S and W which should tend to Lattice 

annihilation characteristics (SL, WL).  
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Figure 82 : Comparison of theoretical and experimental lifetime spectra for W irradiated with 2.5 MeV electrons at 323K. 
The theoretical spectra were calculated assuming only single vacancies are detected by positrons and that their 

concentration at the end of irradiation is the product of that expected from the damage dose by the recombination rate RC 
estimated just above from SPB-DB experiment. 

To sum up, the PALS measurements showed that at least three components can be extracted from 

experimental spectra of LF and HF damaged samples in the first 50 µm depth. The PALS measurement 

identified the single vacancies, which appeared in the spectra with a long lifetime component of about 

200 ps. this component is expected in our irradiation conditions, as they were performed at around 323 

K, at which the generated single vacancies are thermally immobile (< migration temperature of 523 K 

[131]). Unlike ion-irradiations, displacement cascades cannot be created because the maximum 

transferred energy to W atoms by 2.5 MeV electrons is about 100 eV less a factor of two than the 

displacement threshold energy of 55.3 eV [216]. Moreover, for a similar work on electron-damaged 

tungsten with comparable conditions (1.8 MeV, 8.2 × 1018 cm-2, RT), Igata et Sato [217] observed solely 

single vacancies by using FIM. As a consequence, the vacancy defect induced by electrons should be 

mainly isolated single vacancies. In contrast solely 30 % annihilation events occurred at V1, in our 

electron irradiated W samples. Moreover, beside this longest lifetime component another one with a 

value of about 122 and 135 ps for LF and HF, respectively can be also deconvolved from the 

experimental spectra with an intensity of more than 50%. It suggests that positrons annihilated at one or 

more states, namely defects X, which are different of the lattice and the pure single vacancy. PALS 

measurements at low temperature showed that these intermediate lifetimes could be related to shallow 

traps. We discuss in the following what could be the nature of these shallow traps considering i/ the 

lifetimes results and ii/ the Doppler broadening ones found in the literature.  

i/ First the values of the intermediate lifetime component are close to the calculated lifetimes for 

screw dislocation i.e. 130 ps [136] in tungsten, moreover a median lifetime of 150 ps was attributed to 
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vacancy-edge dislocation complex in BCC iron [218]. The experimental lifetime values within a range 

from 149 to 163 ps [141,143,144,146] were measured in the insufficiently annealed tungsten samples 

(Tannealing < 1000 °C), and these lifetimes were attributed to the annihilation of positrons at dislocations. 

It has to be noticed that the samples used for present work have been well-annealed, and the PALS 

measurement detected only one lifetime component in the pristine samples, around 105 ps being 

attributed to the tungsten Lattice. So no or a very few dislocations or other defects are present in the 

samples before irradiations.  

ii/ Moreover, Asplet et al. [172] employed the SPB-DB measurement to investigate the evolution 

of microstructure of laminated BCC iron samples as a function of a series of isochronal annealing of 1 

hour in high vacuum (10-7 mbar) from 100 to 500 °C with a step of 50 °C. An obvious shift was revealed 

on the S versus W curve after annealing at 573 K, suggesting a change in the detected annihilation states 

attributed to dislocation loops or vacancy-associated dislocation loops. PALS measurements and the use 

of a trapping model of two traps, allowed to determine the annihilation characteristics of these defects. 

The SW point corresponding to these traps, is located below the line corresponding to the annihilation 

of positrons as trapped at the single vacancy in iron in the S-W plot. The slope of the line corresponding 

to annihilation in such dislocations i.e. the R ratio is much lower (Rdis. = 1.19) than the one for single 

vacancy (RV1 = 1.85). The slope of the L1 line corresponding to the annihilation of positrons as trapped 

in pure single vacancy in tungsten is also RV1 = 1.85(3). Because of the microstructural similarity of the 

BCC iron and tungsten, similar trends should be expected in the annihilation characteristics of the 

dislocation or vacancy-associated dislocation. That means we should expect that the detection of such 

defects should shift SW points below the L1 line i.e. characteristic of positron annihilation in V1. 

However, in our work we can see that the SW points obtained for the electron irradiated samples are 

located on the V1 characteristic line, it suggests that such dislocation type defects are not detected by 

positrons.  

Moreover, in TEM observations no irradiation induced defects were observed even at the maximum 

magnification (very close to the atomic resolution) in different area of the thin parts of the electron 

irradiated sample (~ 30 nm thick). It means that if such defects would exist their density should be very 

low. This such low concentration is not in agreement with the annihilation fraction of positron at the X 

defects. 

Numerous works indicated that dislocation loops can be created by electron-irradiation even at RT. 

Amino et al.[209] operated TEM and identified the interstitial loops in e--irradiated tungsten thin foils 

at RT. The flux was very high of 3 × 1022 e-.cm-2. s-1 and the fluence as well (> 1 × 1021 e-.cm-2). The 

formation of SIAs loops was considered as a consequence of the high mobility of the SIAs even at RT, 

due to a commonly recognized low migration energy (< 0.2 eV), which had been determined in 

theoretical [104,212,213] and experimental [76,78,90] works. It follows that SIAs can meet each other 
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to agglomerate and form loops if their density is large enough. The expected density in our condition is 

about 5 × 1025 m-3 at the maximum -if no recombination is taken into account- it is considerably lower 

than the one expected when irradiation is performed at very high flux as it is the case for Amino et al. 

[209] experiments for which the flux is nine orders of magnitude higher (3 × 1022 e-.cm-2. s-1) and the 

fluence about 100 times greater (> 1 × 1021 e-.cm-2) compared to our irradiation conditions. In a similar 

e--irradiation experiment (1-3 MeV, 4 × 1021 cm-2) with TEM, Arakawa et al. [208] observed in tungsten 

the shrinkage of SIA clusters (dislocation loops), because a part of SIAs annihilates with radiation-

mobilized vacancies. However, regarding the vacancy-type dislocations, only Yi et al. [127] observed 

such defects in self-ion irradiated tungsten and Wan et al. [219] identified them in hydrogen-implanted 

BCC iron after post-irradiation annealing at 770 K. Therefore, the formation of the predominant 

dislocation loops under our experimental conditions is not favored and it is why no visible loops in our 

experiment.  

Therefore, we propose that the intermediate lifetime component found in our electron irradiated 

samples should be related to new vacancy defects generated during the irradiations which exhibit a low 

open volume to be in agreement with the short lifetime and the character of shallow trap with respect to 

the positron (see Figure 79.c).  

As shown in Figure 77.b, the SIMS analysis revealed that the samples contain high concentration 

of oxygen atoms fluctuating between 100 to 400 at. ppm, and with a heterogeneous distribution and the 

C concentration is low, equal or below the detection limit of 50 at. ppm. Meanwhile, the mean damage 

dose estimated by POLY et SMOTT program in the probed depth with fast positrons (~ 50 µm) is 3.74 

× 10-4 and 7.48 × 10-4 dpa for LF and HF, respectively. By assuming that the displacement efficiency of 

tungsten atoms is ε = 100 %, these damage doses correspond to 374 and 748 at. ppm for maximum 

concentration of single vacancies created by LF and HF. These values are of the same order of magnitude 

as the oxygen concentration in the samples and much higher than that of Carbon. Furthermore, according 

to the diffusion equation (see Figure 27), the single vacancies created have a diffusion length of 6.3 × 

10-9 nm, while that of an oxygen atom is about 1.3 µm in a second at 50 °C, so that the V1 is considered 

as immobile, but the oxygen atoms are quite mobile. And O atoms can travel several mm in the sample 

during the long irradiations. In some simulating works [110,111,125], the single vacancy can trap up to  

six oxygen atoms with binding energy of 3.04 eV to 11.21 eV [110] depending on the number of trapped 

oxygen atoms. Thus, it is reasonable to imagine that the oxygen atoms could be trapped at single 

vacancies forming stable impurity-vacancy complexes. In contrast to pure V1, the positron annihilation 

lifetime at the oxygen decorated V1 is expected to be reduced, as it has been predicted that the oxygen 

atom should be located in the first nearby octahedral position of pure V1 [110] In the V1-O1 complex, 

the lifetime was calculated at 168 ps using DFT [124]. 
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Overall, it seems to be difficult to unambiguously identify the nature of the defect X created after 

electron-irradiation. If 100 % of positron annihilated at identified states, the parameter τmod should be 

equal to the lifetime of the Lattice, i.e. τlattice, the demonstration is shown in Appendix. B. However, for 

both fluences, LF and HF, the calculated τmod equals ~50 ps and does not reach the tungsten Lattice 

lifetime (~105 ps). In addition, the annihilation fraction was calculated by eq. 50 at each states i.e. 

Lattice, defects X, and single vacancies (V1), and these fractions were used to calculate the average 

lifetimes of both measured pairs. The calculated value is shorter than that of the one obtained from the 

spectra deconvolution. These arguments suggest that the positrons did not annihilate at three states, in 

which the Lattice and V1 were confirmed states. In other word, the intermediate lifetime should 

correspond to a mix of several defects. Nonetheless, the limit of the deconvolution of the experimental 

spectrum was attained. It is impossible to extract another lifetime component that should be close to the 

intermediate one. Thus, the fit cannot distinguish two lifetimes with a difference shorter than 50 ps [220], 

which is probably the case for various decorated single vacancies. For instance, as reported in [124], the 

calculated lifetime of one single vacancy associated to one C, N, and O atom are 171, 170, and 168 ps. 

We have seen that the concentration of C in the electron irradiated samples is low (≤ 50 at. ppm) 

compared to the O one. Moreover, theoretical study on the vacancy-complexes, predict the formation of 

vacancy-type complexes made of several oxygen atoms and one single vacancy (On-V1). It should reduce 

the lifetime to a value between the one of the Lattice and single vacancies. So far, impurity-vacancy 

complexes are the most possible nature for the defect X. 

Therefore, to verify the hypothesis, a simulating work was carried on by collaborators from KTH 

Royal Institute of Technology.  By using an improved two-component density functional theory (DFT) 

they calculated the annihilation characteristics of various vacancy defects in tungsten12 including the 

oxygen complexes. The simulation work in the localized density approximation (LDA) indicated that 

one single vacancy can be decorated with at most six oxygen atoms, in agreement with other simulation 

works [110,111]. They calculated lifetime and S and W annihilation fractions for various decorated 

oxygen-vacancy complexes. Figure 83 shows, in the S/SL versus W/WL map, (a) the theoretical SW 

points, of V1 decorated with n (n = 1 to 6) atoms of oxygen and (b) the experimental data obtained in 

electron irradiated samples. The SW points for Lattice and V1, are also plotted together with the L1 line 

which is characteristic of annihilation in single vacancy. According to the simulation, the annihilation 

characteristics of the V1-O1 and V1-O2 complexes are close to the L1 line.  

In addition, as-shown in Table 17 the lifetimes of the oxygen-vacancy complexes lie between that 

of the Lattice and that of V1. A relatively high binding energy was found when the oxygen atom is 

located at first (1NN) and second (2NN) near neighbor of the vacancy, suggesting a stable configuration 

of the complexes. Taking the high mobility of the oxygen atoms in tungsten even at RT it suggests that 

                                                           
12  A co-authored paper submitted to Journal of Nuclear Materials 
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the defects X are mix of several oxygen atoms decorated vacancy-complexes. Moreover, these type of 

defects were identified as shallow traps for positrons in silicon [160]. This could explain the PALS 

spectrum measured at cryogenic temperatures (25 and 60 K) showing positron trapping in shallow traps 

with lifetimes of about 130 and 147 ps for LF and HF, respectively. Both lifetimes are included in the 

range of the calculated lifetimes for V1-On complexes between the one of the Lattice (105 (5) ps) and 

that of the single vacancy (195 (5) ps), spanning from 124 to 170 ps. (Table 17). 
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Figure 83 : a) LDA theoretical S-W curve of several oxygen correlated vacancy defects in tungsten in comparison with b) 

estimated Sx,Wx using two-trap model 

V1-On  Eb (eV) Lifetime (ps) V1-O1 Eb (eV) Lifetime (ps) 

O1 3 170 1 NN 3 170 

O2 5.9 142 2 NN 1.98 175 

O3 6.9 143 3 NN -0.12 197 

O4 8.6 130 4 NN 0.88 175 

O5 10.1 124 5 NN-2 0.08 193 

O6 11.9 132 5 NN-2 -0.35 195 

Table 17: Lifetime of the V1-ON complexes obtained from LDA simulation 

These comparisons suggest that the complexes V1-OX (x = 1, 2, or 3) are most favorable defects, in 

view of the heterogeneous of oxygen distribution detected by SIMS analysis. It has to be noticed that 

vacancy decoration with other undetected impurity atoms could be also detected with positrons. 

Yabuuchi et al. [124] reported a reduced positron lifetime from 168 to 200 ps for single vacancy 

associated with one LEs atom (H, C, N, O, P…). 
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Summary 

 The electron-irradiated tungsten samples with two fluences (LF: 1 × 1019 e-.cm-2, and HF: 2 × 1019 

e-.cm-2) at RT were characterized by SPB-DB, PALS, TEM and SIMS.  

Firstly, SIMS analysis detected a heterogeneous distribution of oxygen in contrast to carbon up to 

2 µm below the surface of the irradiated and pristine samples. For irradiated (PS#3) and pristine (PS#6) 

samples, the carbon concentration reaches the lowest detection limit of about 50 at. ppm with applying 

experimental conditions, while oxygen concentration fluctuated between 100 and 400 at. ppm in most 

cases. Furthermore, the collection of positively or negatively charged secondary particles with a mass 

from 0 to 250 a.m.u. confirmed that the oxygen is the main impurity in the 3N-Neyco samples. Moreover, 

it is interesting to note that the mass (200, 216, and 232 a.m.u.) which has the most intense signal 

coincides with the mass overlap of matrix element (W) and that of the main impurity (O) (WO, WO2, 

and WO3), so that the presence of oxides nanoparticles was speculated. 

Secondly, the SPB-DB measurements indicated that the detected defects are mainly single 

vacancies, and that their concentration increases with fluence. In parallel, the PALS measurements 

confirmed the positron annihilation at the single vacancies for both fluences, with a concentration of 

about 21 and 37 at. ppm estimated by using a two-trap model for LF and HF, respectively. This factor 

of two is consistent with the fluence ratio. Nevertheless, a lifetime component corresponding to an 

unidentified X defect with intensity greater than half was extracted from the PALS spectrum for both 

fluences. Furthermore, the X-defect trapping rate appears to be temperature dependent, as only one 

lifetime component was extracted from the spectrum acquired at 25 K and 60 K, indicating the X-defects 

could be a shallow trap for positron. Furthermore, the reference lifetime τmod calculated with a two-trap 

model for the RT measurements indicates that the experimental spectra should have more than three 

components. Among the possible shallow traps that could correspond the X defects, dislocations could 

be excluded because there are no visible defects in the TEM images as expected due to the irradiation 

conditions which should not favor their formation. The comparison of the experimental data with DFT 

simulations and SIMS analysis, suggests that the most probable nature of X-defect is the mixture of 

several types of vacancy-oxygen complex.  
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IV.2 The characterization of vacancy-type defects induced by self-

ion irradiations  

For Self-ion irradiation is used as an alternative method to simulate neutron irradiation. In this 

section, the effect of (1) irradiation conditions (temperature, fluence - or damage dose -, incident ion 

energy) and (2) sample purity on the defects distribution are studied. Different tungsten slabs were 

irradiated with W (self-ion) ions at different energies (1.2, 2, 20 MeV), temperatures (RT, 500 °C and 

700 °C) and fluences or damage doses in the range 0.0085 to 1.7 dpa. Thick damaged slabs and thin 

sheets are characterized using SPB-DB and TEM respectively. In addition, SIMS is also performed to 

better understand the evolution of RIDs.  

PART I: Identification of defects induced by 2 MeV self-ion irradiation and 

effect of fluence for irradiation at room temperature 

It has to be noticed that this part of the manuscript is based on the paper that has been published [221] 

in Journal of Nuclear Materials 558, 153373 (2022) ( https://doi.org/10.1016/j.jnucmat.2021.153373). 

IV.2.1 2 MeV self-irradiations  

A series of 2 MeV self-ion irradiated 3N-HP (99.95 wt. %, Plansee) samples were provided by the 

Culham Centre for Fusion Energy (CCFE) to characterize vacancy-type defects induced by 2 MeV self-

ions. The pristine stample was characterized by SPB-DB measurement (see detail in Table 11). The 

irradiations were carried out at the University of Helsinki with a series of fluences ranging from 1 × 1012 

to 2 × 1014 cm-2 at RT. According to the SRIM-2008 simulation performed in the K-P mode (Edisp = 55.3 

eV), these fluences correspond to maximum damage levels at the peak of the damage profiles (~75 nm) 

ranging from 0.0085 to 1.7 dpa. The self-ion irradiated samples were characterized by employing the 

SPB-DB measurement. 

Sample Shape Energy / Ion 

Tem

p 

(K) 

Flux 

(× 1010 cm-2.s-1) 

Fluence 

(cm-2) 

Damage dose at the 

peak = 70 nm 

10 × 10 × 0.5 

mm3 slab 

3N-HP 

(Plansee) 

2 MeV-W RT 

1.89  1 × 1012 0.0085 

2.10  1 × 1013 0.085 

2.18 5 × 1013 0.425 

2.26 1 × 1014 0.85 

2.38 2 × 1014 1.7 

Table 18 : Irradiation conditions of 2 MeV self-ion damaged samples, the value of the damage is at the peak (~70 nm) of the 

damage profile calculated by SRIM-2008 (K-P mode, Edisp = 55.3 eV). 

https://doi.org/10.1016/j.jnucmat.2021.153373
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IV.2.1.1. SPB-DB results in RT, 2 MeV self-irradiated samples 

The calculated damage profile is plotted in Figure 39 : the 2MeV-W ions generate defects until 300 

nm under the surface of the samples, which is included in the depth probed by slow positrons in tungsten 

(~700 nm). Figure 84 shows the comparison of the annihilation characteristics measured in the pristine 

sample with those of self-ion irradiated ones. 
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Figure 84: Evolution of the positron annihilation characteristics in a pristine sample and the damaged samples after 

irradiation with 2 MeV W ions at the fluences ranging from 1 × 1012 to 2 × 1014 cm-2 and at RT a) Low momentum fraction S, 

and b) high momentum fraction W as a function of the positron energy. (c) S versus W. The S, W values for the annihilation 

are in the Lattice (SL, WL), single vacancy (SV1, WV1), largest vacancy cluster (SMax, Wmin) are also plotted. The experimental 

data are plotted in solid symbols and the fitted curves using VEPFIT are given in continuous lines. (d) the S(z) and W(z) depth 

profiles were extracted from S(E) and W(E) using VEPFIT. 

 For the irradiated samples, the line shape parameter S increases and W decreases with increasing 

fluence of the self-ions, which means that positrons detect the vacancy-type defects created during the 

irradiations. For the sample irradiated at the lowest damage dose of 0.0085 dpa, no evident variation of 

the S (resp. W) is observed in the energy range between 0.5 and 8 keV before a monotonous decrease 

(resp. increase) up to the maximum energy of 25 keV. This damage profile showing a high damaged 

layer close to the surface and lower damage deeper is consistent with SRIM calculations. Furthermore, 

the VEPFIT program is used to better know the depth distribution of damage. To correctly fit these 

curves, a model with at least three homogeneous layers is required. In these fits the annihilation 

characteristics of the last layer, which is considered to be undamaged, have been fixed in agreement 
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with fitted values of the pristine sample values SLay(3) = 0.370, WLay(3) = 0.083, and the effective 

diffusion length LLay(3) was fixed to be 80 nm. Table 19 summarizes extracted characteristics for the 

first and second layers, including thickness, annihilation characteristics, SLay, WLay, and LLay, effective 

diffusion length and the annihilation characteristics SSurf and WSurf at the surface of the samples for the 

various damage doses. In this table, the ratio R= |(𝑆𝐿𝑎𝑦 − 𝑆𝐿)/(𝑊𝐿𝑎𝑦 −𝑊𝐿)| is also reported for the 

first layer. The thickness of the first layer is about 100 nm when the fluence remains lower than 5 × 1013 

cm-2 (~0.425 dpa at the peak of the damage profile). For the greater fluences, 1 × 1014 cm-2 (~0.85 dpa) 

and 2 × 1014 cm-2 (~1.7 dpa), the thickness of the first layer extends to about 170 nm. The fitted SLay(1), 

WLay(1) values of the first layer corresponds to the maximum damage induced for each damage dose. 

For the lowest damage level (~0.0085 dpa), the fitted annihilation characteristics of the most 

damaged layer Slay (1) and Wlay (1) are quite close to those of the single vacancies (SV1 = 0.417(1), 

WV1=0.057(1) [74]), suggesting that the majority of the positrons annihilated at single vacancies.  

Table 19: Annihilation characteristics SSurf and SSurf for surface, SLay(i), WLay(i), and LLay(i) for layers i = 1,2, extracted from the 

fitting of the S(E) and W(E) curves with the VEPFIT program using a three layers model for irradiated samples at different 

damage doses between 0.0085 and 1.7 dpa. 

As shown in Figure 52, the R slope value of the trend line extending from the Lattice point to 

another point relative to different type of defects in the S-W map (Figure 84.c) reveals the size of the 

defects. The R value for the single vacancy is RV1=1.85(3). Therefore, the fitted S, W values of the layer 

1 for each fluence was used to calculate R. Whatever the fluence or damage dose, R remains higher than 

RV1 indicating that vacancy clusters have been generated during the irradiations, these clusters are most 

probably formed in collision cascades since the irradiation was carried out at RT, at which temperature 

single vacancies are immobile, so that no clustering of V1. Following the increase of the fluence, from 

Damage dose (dpa) 0.0085 0.085 0.425 0.85 1.7 

Surface 
Ssurf 0.419 (1) 0.430 (1) 0.432 (1) 0.431 (1) 0.431 (1) 

Wsurf 0.057 (1) 0.054 (1) 0.053 (1) 0.054 (1) 0.054 (1) 

Layer 1 

SLay 0.418 (1) 0.432 (1) 0.438 (1) 0.440 (1) 0.440 (1) 

WLay  0.058 (1) 0.053 (1) 0.051 (1) 0.050 (1) 0.050 (1) 

R 1.96 (4) 2.10 (4) 2.15 (4) 2.15 (4) 2.15 (4) 

L+
Lay (nm) 14 (4) 5 (1) 5 (1) 6 (1) 6 (1) 

Thickness (nm) 100 (10) 93 (6) 105 (10) 135(35) 135 (35) 

Layer 2 

SLay 0.402 (2) 0.417 (2) 0.425 (3) 0.428 (5) 0.428 (7) 

WLay 0.067 (2) 0.059 (2) 0.057 (1) 0.054 (2) 0.054 (4) 

L+
Lay (nm) fixed 60 50 45 30 30 

Thickness (nm) 510 (10) 510 (20) 570 (10) 610 (65) 610 (65) 
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1 × 1012 cm-2 (~0.0085 dpa) to 5 × 1013 cm-2 (~0.425 dpa), the fitted annihilation characteristics in the 

first layer, an obvious increase (resp. decrease) of SLay(1) (resp. WLay(1)) was revealed. When the fluence 

rises to 1 × 1014 cm-2 (~0.85 dpa), no longer noticeable change of the SLay(1) and WLay(1) was observed. 

Then, they remain constant when the fluence increases again by a factor of two. The SLay(1) and WLay(1) 

saturated at around 0.440(1) and 0.050(1), respectively.  

Figure 85 illustrates the ratio of the low momentum parameter S extracted for the highest damaged 

region using VEPFIT to that of the Lattice , SLay(1)/SL for the 2 MeV tungsten irradiations at RT with 

various fluences as a function of the damage dose. This curve shows that the ratio of S/SL steeply raises 

at low damage levels and stabilized at around 0.5 dpa. Besides, the effective diffusion length LLay (1), is 

14(4) nm after the irradiation at the lowest damage level (~0.0085 dpa). It is much shorter than in the 

pristine sample (80(1) nm) indicating a high trapping rate of positrons at induced defects. While 

increasing the fluence, LLay(1) decreases to a quite low value of 4-6 nm, indicating the increase of the 

concentration of the defects. Then LLay(1) remains constant when the fluence reaches 1 × 1013 cm-2 

(~0.085 dpa) indicating the saturation of the S and W parameters. Meanwhile, the R value also increases 

slightly when the damage dose rises to 0.425 dpa, indicating that the proportion of the larger vacancy 

clusters increases with the damage dose, probably because of the overlap of collision cascades. Finally, 

the ratio R does not change from ~0.85 dpa as the value of SLay(1), WLay(1), and LLay(1). These values 

are equivalent to the one determined in 20 MeV self-ion irradiated tungsten samples with a mean damage 

level in the region probed by slow positrons around 1 dpa (3.7 × 1014 cm-2) and ~13 dpa (4.5 × 1015 cm-

2) at 90 K, which have been reported in the M. Sidibe’s thesis [126]. A similar saturation effect was also 

observed using deuterium exposure and release measurements [49].  
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Figure 85: Ratio of the fitted low momentum parameter S by VEPFIT in the most damaged layer and that of the lattice SL for 

2 MeV and 20 MeV self-irradiated tungsten at RT with various fluences   
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IV.2.1.2. Discussion on the evolution of S and W value with increasing damage dose  

We saw above that the S and W values obtained in the most damaged zone of self-ion irradiated 

tungsten samples vary with damage dose. The S, W values in the sample irradiated at the lowest damage 

dose (0.0085 dpa) are close to the annihilation characteristics of a single vacancy suggesting that single 

vacancies represent the majority of the induced vacancy-type defects. The concentration of these 

individual vacancies CV1 can be estimated from the effective diffusion length using a one trap trapping 

model where positrons can annihilate in only one type of defect, a single vacancy (see Chap I.3.2) 

assuming the positrons annihilates solely in one type of defect, i.e. single vacancy. CV1 can be calculated 

by using eq. 54. 

  𝐶𝑉1 =
𝜆𝐿

µ𝑉1
[(

𝐿+

𝐿𝑒𝑓𝑓
+ ) − 1]  eq. 54 

where Leff
+  is the effective diffusion length in the damaged layer, L+ is the intrinsic positron diffusion 

length (80-135 nm), λL the positron annihilation rate at Lattice (λL = 1/τL, τL = 105 ps), and 𝜇𝑉 the 

trapping coefficient of a positron at a single vacancy equals to (6 ± 3 ) × 10-15 m3.s-1 for tantalum (Ta, Z 

= 73) having close proton number to tungsten (Z = 74). For the lowest damage dose, the fitted effective 

diffusion length in the first layer is LLay(1) = 14 (4) nm. The concentration of single vacancies is 

evaluated at about 9.4 × 1025 m-3 by averaging the shortest and the longest intrinsic diffusion length.  

When the damage dose increases, the R ratio increases, and the LLay decreases, indicating that vacancy-

type defects were detected which trap positrons. The one-trap trapping model is no longer suitable to fit 

the induced vacancy-type defects, seeing the values of S and W become the results of annihilation of 

positrons trapped in a variety of vacancy defects, such as single vacancies, vacancy clusters and possibly 

at some dislocation type defects. As the TEM results presented in [221] which showed that the 

dislocation loops were generated in self-ion irradiated samples as it was already observed in literature 

(see [127]). Their density per unit area is estimated to be (3.94 ± 0.1) × 1013 loops/m² at 0.85 dpa. As it 

is explained in the paper [221], the fraction of positrons that could be trapped at dislocation loops is 

negligible and positron annihilation characteristics are only representative of vacancy defects, including 

single vacancies and vacancy clusters Vn. 

The value of the ratio R in the damaged layer reaches 2.15 at the maximum when the damage dose 

becomes greater than or equal to 0.425 dpa. This value corresponds to an intermediate value between 

the VN related ratio (RVN =│(Smax-SL)/(Wmin-WL) │=2.85) and the one of the single vacancy (RV1=│(SV1-

SL)/(WV1-WL) │= 1.85). It suggests that vacancy clusters Vn detected in the damaged layer are small 

and n is probably not larger than 5–7. When the damage dose is greater than 0.0085 dpa, positrons 

annihilate at either single vacancy defects or vacancy clusters Vn, where n varies from 2 to 5–7. The 

concentration of each type of defect cannot be determined because not only the specific values SVn, WVn 
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of vacancy clusters Vn are unknown but also because their corresponding annihilation fractions cannot 

be extracted. Nevertheless, the total positron trapping rate Ktot can be written as the sum of the trapping 

rate in single vacancies and the trapping rate in each type of vacancy clusters:  

  𝐾𝑡𝑜𝑡 = 𝐾𝑉1 + ∑ 𝐾𝑉𝑛
5−7
𝑛=2   eq. 55 

where KV1 and KVn are the positron trapping rates at the single vacancy and the vacancy clusters Vn, 

respectively. KV1 is the product of the trapping coefficient μV1 by the vacancy concentration CV1 and KVn 

= μVn × CVn and μVn can be considered as equal to n × μV1 when n remains smaller than 10 [159]. It 

follows that the total vacancy defect concentration 𝐶𝑉
𝑡𝑜𝑡, which is the sum of the concentration of isolated 

vacancies and that of vacancy clusters, could be estimated from the following equation  

 𝐶𝑉
𝑡𝑜𝑡 = 𝐶𝑉1 + ∑ 𝑛𝐶𝑉𝑛

5−7
𝑛=2 =

𝐾𝑡𝑜𝑡

µ𝑉
  eq. 56 

It is possible to extract from the effective diffusion length LLay obtained in the damaged layer the total 

vacancy defects concentration. As LLay can be written as follows:  

  𝐿𝑒𝑓𝑓
+ = √

𝐷+

𝜆𝐿+𝐾𝑉1+∑ 𝐾𝑉𝑛
5−7
𝑛=2

  eq. 57 

Where D+ is the intrinsic diffusion coefficient of positrons in tungsten (D+ = 1.26 × 10-4 m2.s-1 for 

tungsten [174]). Ktot could be estimated from the value of the effective diffusion length as it has been 

done just above for the lowest damage dose. However, the extraction of the effective diffusion length 

becomes difficult for damage dose higher than 0.0085 dpa. The obtained values range between 4 and 7 

nm and depend strongly on the annihilation characteristics of the second layer, in particular its thickness 

and the effective diffusion length. The concentration of vacancy defects cannot be determined, but it is 

possible to estimate a lower limit of 𝐶𝑣
𝑡𝑜𝑡 assuming that the effective diffusion length is equal to 6 nm 

obtained by VEPFIT program (see Table 19). In this case, 𝐶𝑣
𝑡𝑜𝑡 would be higher or about 5 × 1026 m-3 

for damage dose of 0.085 dpa. From 0.425 dpa, we have seen that PAS results detect a saturation when 

the dpa level increases indicating that the same type of vacancy defects were detected. Such saturation 

can be due to either the saturation of the induced damage or to the saturation of positron trapping at the 

detected type of defects. Moreover, the values of SLay(1) and WLay(1) and LLay (1) do not change for the 

highest damage doses larger or equal than 0.85 dpa and the RLay (1)= │(SLay(1)-SL)/(WLay(1)-WL) ratio 

remains also constant indicating that if the concentration of defects would increase with damage dose, 

the proportion of each ones would not evolve indicating a saturation state in the defects size distribution. 

In addition, it can be observed that the thickness of the highest damage region (layer 1) increases when 

the damage dose increases above 0.425 dpa and changes from approximately 100 nm for the lowest dpa 

levels to up to 170 nm for the highest ones. These results can be compared to the TDS inventory data 

[221], where overall deuterium content was found to be close, for the sample irradiated at 0.1 dpa (4.408 
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× 1019 D atoms.m-2) and for the sample irradiated at 0.85 dpa (3.564 × 1019 D atoms.m-2). It is known 

that hydrogen isotopes trapping (the number of atoms in each defect type) depends on the nature of the 

defects. From SPB-DB measurement, we know that the change on the distribution of the size of vacancy 

defects is inconspicuous between these two damage doses (0.085 and 0.1 dpa). The ratio R is 2.10 (4) 

for 0.085 dpa and reaches the saturation value of 2.15(4) for 0.85 dpa. It follows that the change in 

concentration of vacancy defects should be also insignificant if we consider the H-release is lower for 

the highest damage dose. It concludes that the concentration of vacancy defects reaches a saturation 

when irradiation induced damage becomes higher than 0.5 dpa. 

The formation of vacancy defects detected in SPB-DB is in agreement with MD simulations at least 

for low damage dose. MD simulations [69] showed that in collision cascades of 150 keV-W+ ions mainly 

single vacancies (approximately 70 %) are created together with some small clusters (about 28% with 2 

to 5 vacancies in) and a very low fraction of large clusters which depends on the empirical potential 

which is used. It has been also shown that the number of defects increases with the PKA energy, EPKA 

in metals and also in tungsten [222] and their size distribution is a power law for EPKA = 50 keV [66] 

which depends on EPKA. The fraction of larger vacancy clusters and their size increases with EPKA at 

least up to the cascade fragmentation energy threshold as it has been shown in Fe [223] The PKA energy 

spectrum induced in the region probed with the slow positrons (0-150 nm) by 2 MeV-W ions in tungsten 

is plotted in Figure 86. 
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Figure 86: PKA energy distribution spectrum as calculated using full-cascade option of SRIM-2008 and Edisp = 55.3 eV for 2 
MeV ions in the region probed by the slow positrons (0-150 nm). 
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In this Figure 86, the PKA energy ranges from the displacement energy threshold fixed at 55.3 eV 

in this calculation to about 1.9 MeV. We also marked the energy threshold (75 keV) determined for 

cascade fragmentation in tungsten [71]. About 3 % of PKA have energy higher than 75 keV. Above the 

fragmentation energy the defect size distributions should be the convolution of size defect distributions 

produced in individual subcascades and the subcascade size distribution [224]. It has also to be noticed 

that when subcascades are formed they can overlap and it can impact the size distribution. Sand et al. 

[72] showed that the size distribution deviate from the power law and a second slope appears in the scale 

law indicating a larger fraction of large vacancy clusters. 

Concerning the effect of ion fluence (or damage dose) on the defect distribution, the effect of pre-

damage was investigated in the MD calculations. It has been shown in Fe that the number of surviving 

defects decreases depending on the size distribution of defects present before the cascade and on EPKA 

[223] at least for low damage dose. It is still ambiguous what could be the effect of high pre-damage on 

the defects distribution. It can be concluded that the general tendency we observed in our experiments 

are in agreement with the MD calculations. i/ Vacancy clusters are created during collision cascades and 

survived ii/ their size increases with the ion fluence (or damage dose) at low dpa. The saturation effect 

will be discussed more in details in the Chap IV.2.2.2 when the SPB-DB results of 20 MeV self-ion 

irradiated samples will be compared to the 2 MeV ones.  
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PART II: Identification of defects induced by 20 MeV self-ion irradiation and 

effect of fluence for irradiation at room temperature (RT) 

IV.2.2 20 MeV self-irradiations  

To further study the induced vacancy-type defects, a couple of 3N-HP (99.95 wt. %, GP) and 6N-

XHP (99.9999 wt. %, Plansee (FZJ1)) tungsten samples were irradiated with 20 MeV self-ions with two 

fluences (4.10 × 1012 cm-2 and 1.10 × 1014 cm-2) at RT; the irradiation conditions are included in Table 

20. According to the SRIM-2008 simulations, in contrast to 2 MeV self-ion irradiation, the thickness 

damaged by 20 MeV self-ions extends from surface to ~2.25 µm, and the peak damage value shifts from 

70 nm to 1.34 µm, so that, the probed thickness by slow positrons is fully damaged with a more 

homogenous damage distribution. This section is concentrated on the investigation of the evolution of 

the vacancy-type defects induced by 20 MeV self-ion in tungsten by using SPB-DB measurement, and 

compare to that obtained of 2 MeV self-ions. 

Table 20 : Irradiation conditions of 20 MeV self-ion damaged samples, the damage is mean value in the first 700 nm of the 

damage profile calculated by SRIM-2008 (K-P mode, Edisp = 55.3 eV). 

  

Damage (dpa) Square Samples (7 × 7 mm-2) Irradiated by 20 MeV-W 

Mean value in 
the first 700 

nm 
Purity 

Flux 
(× 1010 cm-2.s-1) 

Fluence  (.cm-2) RT 

0.012 (3) HP 2.5 4.14 × 1012 

ZH-W-GP-343/1-C04 

ZH-W-GP-343/1-C06 

ZH-W-P-UHP-FZJ1-C05 

0.318 (8)  

HP 

2.8 1.09 × 1014 

ZH-W-GP-343/1-C08 

XHP 
ZH-W-P-UP-FZJ1-C09 

ZH-W-P-UHP-FZJ1-C10 



Chapter IV: Radiation-induced vacancy-type defects in tungsten: effect of irradiation conditions and 

sample purity.  

134 

IV.2.2.1. SPB-DB measurement in RT, 20 MeV self-irradiated samples  

Figure 87 shows the SPB-DB results for the samples irradiated with 20 MeV self-ions at RT with 

two fluences 4.10 × 1012 cm-2 and 1.10 × 1014 cm-2, corresponding to a mean damage level in the depth 

probed by slow positrons (~700 nm) of about 0.012 (downward triangle) and 0.318 dpa (upward 

triangle), respectively.  
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Figure 87: a, b) the annihilation characteristics S, W as a function of the positron energy E and c), S versus W plot in 3N-HP 

W samples (solid symbols) and 6N-XHP samples (open symbols), before irradiation (3N)  (6N) after irradiation at room 

temperature, 0.012 dpa (downward triangle (3N) (6N)), and 0.318 dpa (upward triangle (3N) (6N)). 

Comparing to the pristine samples (squares) with two purities (6N-XHP (open) and 3N-HP (solid)), 

the low momentum parameter S is higher and the high momentum one W is lower on the whole energy 

range for self-ion damaged samples, suggesting the generation of the vacancy-type defects after 

irradiation. When the energy increases up to 3 or 4 keV, S (and W) increases (decreases respectively) 

quickly first and then both S and W remain at plateau values for all the irradiation damage doses. The 

plateau value increases with damage dose but for one damage dose, both purities give the same or very 

close S and W parameters. The S(E) and W(E) curves were fitted with a homogeneous single-layer 

model by using VEPFIT. The fitted data are plotted as continuous lines, which superimpose with 

experimental data. Table 21 summarizes the annihilation characteristics in the damaged layer obtained 

from the fit. The values of S and W in the region probed by slow positrons (the first 700 nm under the 

surface) are equal to those of the plateau of S(E) and W(E) curves. They were plotted on the S-W curve 

(Figure 87.c). 
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Purity 
(wt.%) 

Tempe 
°C 

Damage 
dose 
(dpa) 

𝑆𝑠𝑢𝑟𝑓 𝑊𝑠𝑢𝑟𝑓 S W 
𝐿𝑒𝑓𝑓
+  

(nm) 
G-13 99.95  

0 
0.413 (3) 0.0608 (3) 0.367 (3) 0.0842 (3) 123 (3) 

J1-29 99.9999  0.403 (4) 0.0659 (4) 0.367 (3) 0.0861 (3) 100 (3) 

G-04 99.95 
RT 0.012 

0.414 (10) 0.060 (5) 0.417 (1) 0.0590 (6) 0.6 (2) 

J1-05 99.9999 0.414 (10) 0.060 (5) 0.417 (1) 0.0590 (9) 0.4 (2) 

G-08 99.95 
RT 0.318 

0.416 (4) 0.059 (2) 0.434 (1) 0.0528 (3) 1.4 (5) 

J1-10 99.9999 0.420 (11) 0.058 (1) 0.437 (2) 0.0516 (2) 2.0 (7) 

Table 21: Annihilation characteristics S,W of the fitted layer by VEPFIT for self-ion irradiated samples of two purities 6N-XHP 

(99.9999 wt.%) and 3N (99.95 wt.%) at RT with different damage doses (0.012 and 0.318 dpa) in contrast to pristine 

samples.  

The S, W points measured for the lowest damage dose (0.012 dpa) are very close to the single 

vacancy point as it is the case for 2 MeV self-irradiation at the lowest damage level of 0.0085 dpa. For 

the highest damage dose (0.318 dpa), S, W points are clearly above the L1 line characteristic of 

annihilation of positrons as trapped in single vacancy. In Figure 87.c, the S, W points for 0.012 and 

0.318 dpa are linked to the one of the tungsten Lattice (red star) by blue lines D2 and D3, respectively. 

The slope R2 of the trend line D2 (R2 = 1.97) exceeds slightly that of the single vacancies one (RV1 = 

1.85), i.e. L1. It means that the detected defects are mostly related to small vacancy clusters Vn, in which 

the majority are single vacancies in the sample irradiated to a damage level of about 0.012 dpa. The D3 

line is located between the line L1 and L2 which is characteristic of annihilation at the largest vacancy 

clusters ever detected (see Figure 84). Its slope R3 (R3 = 2.12) is also much lower than the RVN (RVN = 

2.8) or the slope of the L2line, indicating that intermediate sized vacancy clusters are detected at 0.318 

dpa as it is also the case for 2 MeV self-ion irradiations. The estimated effective diffusion length 𝐿𝑒𝑓𝑓
+  

of positrons in the damaged region (see Table 21) is extremely short (< 2 nm), indicating efficient 

positron trapping. It has to be noticed that in 20 MeV self-ion irradiations the damage evolves slightly 

in the probed region (see Figure 37.d) and it leads to plateau values for S and W for both fluences. 

Moreover, for the damage doses investigated here the S and W plateau values are very close to the 

annihilation characteristics of the sample surface. It is particularly true for the lowest damage dose 

(0.012 dpa). It follows that it is very difficult to extract correct values of the effective diffusion length 

of the damaged layer. The values indicated in the Table 21 are not reliable for the lowest damage dose 

and very questionable for the highest one. Therefore, these values cannot be used for estimation of 

vacancy concentration as it has been done in the case of 2 MeV self-ion irradiated samples. 

IV.2.2.2. Discussion on the saturation of damage in self-ion irradiated tungsten 

In the following, the SPB-DB results obtained in both 2 and 20 MeV self-ion irradiated tungsten 

are compared and discussed. 

First of all, the SPB-DB results of 2 and 20 MeV self-ion irradiated samples revealed the detection of 

vacancy clusters with a proportion which increases with damage dose when a saturation of low 
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momentum S and high momentum W in the damaged region when the damage dose is higher than 0.425 

dpa. In Figure 88, the results obtained in the samples irradiated with 20 MeV-W ions at the damage dose 

0.012 and 0.318 dpa are plotted together with the 2 MeV self-ion irradiated ones. Other data obtained 

in samples self-irradiated at 20 MeV and RT have been also added. The ratio of the low momentum 

parameter S for the damaged region to that of the Lattice, S/SL is plotted as a function of damage dose 

on the left (Figure 91.a) and as a function of the high momentum ratio W/WL on the right (Figure 88.b) 

for the 2 MeV and 20 MeV tungsten irradiations at RT with various fluences as a function of the damage 

dose. These new data confirm the saturation of the S and W annihilation characteristics at a damage dose 

around 0.5 dpa.  
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Figure 88: a) the ratio of the fitted low momentum parameter S extracted by VEPFIT in the most damaged layer and that of 

the lattice SL for 2 and 20MeV self-irradiated tungsten at RT with various fluences, the pink rectangular marks the observed 

saturation damage level, from 0.1 to 0.28 dpa in self-irradiated tungsten with TDS and TGS technique [225–227], b) the S/SL 

versus W/WL. The data obtained for 20 MeV irradiations at 0.028, 0.1 dpa1 dpa et 13 dpa are extracted from previous 

studies [126]. 

Such saturation can be a result of either the saturation of the radiation-induced defects (RID) or the 

saturation of the positron trapping at the distinct types of defects yielding equivalent annihilation 

characteristics. As discussed above (see Chap IV.2.1.2) the analysis of the 2 MeV self-ion irradiated 

samples suggests that the concentration of vacancy defects reaches a saturation when irradiation induced 

damage becomes higher than 0.5 dpa. As shown in Figure 94, (see Chap IV.2.3.1), when the irradiation 

was carried out at high temperatures, the SPB-PB still enables to detect larger vacancy clusters, thus, 

the saturation should be related to the distribution of the defects induced in the sample.  

  A similar saturation has been observed in numerous studies of 20 MeV self-ion irradiated tungsten. 

Reza et al. [226] employed transient grating spectroscopy (TGS), to measure the thermal diffusivity in 

comparable self-ion irradiated tungsten (20 MeV, RT) with damage doses ranging from 10-4 to 10 dpa 

(calculated using SRIM-2008 in the K-P mode and with Edisp = 68 eV, corresponding to 1.23 × 10-4 to 

12.3 dpa when using the displacement threshold energy we chose in this work Edisp = 55.3 eV). The 

thermal diffusivity is found to decrease with increasing damage dose, and becomes constant above 0.1 
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(0.12 for TDE = 55.3 eV) dpa at a value 55 % lower than the initial one. The thermal diffusivity depends 

on the impurities in the samples and on the defects introduced during irradiation. They estimated that 

the amount of Frenkel pairs responsible of the thermal diffusivity at 0.1 dpa is 2400 at. ppm or about 

1.5 × 1026 m-3. It means that about 1 × 1026 m-3 vacancies could contribute to the thermal diffusivity 

decrease. This number can be compared to the total vacancy concentration 𝐶𝑣
𝑡𝑜𝑡 roughly estimated from 

SPB-DB measurements in tungsten samples 2 MeV self-irradiated at a damage dose of 0.085 dpa (see 

Chap IV.2.1.2). In this damage dose (0.085 dpa) 𝐶𝑣
𝑡𝑜𝑡 should be higher or about 5 × 1026 m-3. This value 

is in the same order of magnitude as the concentration estimated from the thermal diffusivity 

measurement. Nevertheless, the five times higher factor found in the SPB-DB estimation could be due 

to the fact that in our estimation we took into account the presence of vacancy clusters whereas Reza et 

al. [226] only consider point defects (PDs) as electron scattering centers.  

Ogoronikova and Gann [225] have studied the deuterium (D) concentration which is trapped in 20 

MeV self-irradiated tungsten using thermal desorption spectroscopy (TDS). They observed a saturation 

of the D release -attributed to a saturation of the introduced amount of deuterium- at ~0.45 dpa, a damage 

dose calculated using SRIM-2008 in the K-P mode with Edisp = 90 eV. This damage dose should 

correspond to approximately ~0.8 dpa when using the displacement energy threshold of 55.3 eV. In 

contrast, in a similar TDS work realized by R. Hoen et al. [227], a saturation was found in 12.3 MeV-

W self-ion irradiated tungsten at ~0.2 dpa (SRIM-2008, K-P, Edisp = 90 eV) corresponding to 

approximately ~0.3 dpa when using the displacement energy threshold, we chose (Edisp = 55.3 eV).  

As a result, the saturation of the damage has been observed by different techniques in self-irradiated 

tungsten at RT, varying from 0.1 to 0.8 dpa after normalizing the damage dose at the displacement 

threshold energy we used in the present work (Edisp = 55.3 eV). In our study the saturation threshold is 

between 0.425 and 0.85 dpa. In a rough analysis of these data, we can consider that our results are in 

agreement with the ones found in the literature, if we take into account the inaccuracy of the fluence 

measurement during irradiation that can reach about 25%. The saturation is observed at higher damage 

dose (about 0.5 dpa) in our study compared to the one of Reza et al [226] (about 0.1 dpa). It could be 

due to the fact that PAS (SPB-DB) and the S and W values are not only sensitive to the concentration of 

defects but also to their nature and specifically to their size. As we already showed, the R ratio -which 

increases with the size of vacancy clusters- slightly increases when damage dose changes from 0.085 

dpa (R = 0.210(4)) to 0.425 dpa (R = 0.215(4)) indicating that for damage dose in this range the size of 

the vacancy clusters still slightly increases.  

It is also interesting to notice that the curve of the relative value of S/SL low momentum ratio as a 

function of damage dose are superimposed for both energies 2 and 20 MeV (see Figure 88.a). In the 

same way, the S/SL, W/WL points (see Figure 88.b) are very close for close damage doses except for the 

lowest one. It should be noted that the damage dose corresponds to the mean values in the positron 
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probed depth (~0-700 nm) for 20 MeV self-ion irradiated samples and to the maximum value at the peak 

(~70 nm) of the damage profile for 2 MeV ones. That means that in the case of 20 MeV irradiations, 

positron probe much more along the tracks of ions, whereas for the 2 MeV ions they probe the cascade 

region. It suggests that damage created along the tracks of ions is close to the one which is created at the 

end of the range of the ions. Moreover, it should be noted that this saturation does not depend on the 

irradiation energy. The PKA spectrum (see Figure 89) calculated using SRIM-2008, in full-cascades 

option using Edisp = 55.3 eV in positron-probed region for 20 MeV tungsten ions (0-700 nm) is compared 

to that of 2 MeV (0-150 nm).  
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Figure 89: PKA energy distribution spectrum as calculated using full-cascade option of SRIM-2008 and Edisp = 55.3 eV in the 
0-150 nm and 0-700 nm for 2 and 20 MeV ions, respectively. 

The PKA energy is slightly lower for 20 MeV (the half of PKA have an energy  P1/2(20 MeV) = 

280 eV) than for 2 MeV (P1/2(2 MeV) = 430 eV) ions. Nevertheless, the fraction of PKA with energy 

larger than the cascade fragmentation (75 keV) is very close (~2-3 %) for both energies. It follows that 

the size of defects clusters should be slightly lower in the track region of 20 MeV ions than in the highest 

damaged region of the 2 MeV self-ion irradiated samples at least for low damage dose, which could 

explain why the S is slightly lower and W slightly higher for 20 MeV irradiations than for 2 MeV for 

close irradiation damage dose remaining lower than 0.5 dpa (see Figure 90.a). 
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Figure 90: a) Ratio of the fitted low momentum parameter S by VEPFIT in the most damaged layer and that of the lattice SL 

for 2 and 20 MeV self-ion irradiated tungsten at RT with various fluences, the pink rectangular marks the observed 

saturation damage level, from 0.1 to 0.28 dpa in self-irradiated tungsten with TDS and TGS technique [225–227], b) 

Variation of vacancy content in tungsten as a function of canonical dpa (c-dpa) predicted by simulations performed using 

the creation-relaxation algorithm (CRA) for two different interatomic potentials [228]. The values are normalized to the 

asymptotic high dose vacancy content, which for the Marinica potential [229] is close to 5 % and for the Mason potential 

[105] is close to 2 % C) visualization of insertion of the Frenkel pairs simulation using CRA for 0.05 dpa (top) and 0.3 dpa 

(bottom) [230]. 

Furthermore, a similar trend, indicating that the vacancy content in the tungsten exposed to 

irradiation increases as a function of dose and reaches saturation at a dose above approximately 0.5 dpa, 

was also found in direct atomistic simulations of highly irradiated tungsten and iron performed using 

the creation-relaxation algorithm (CRA) [228]. This simulation approach assumes a uniform spatial 

probability distribution of generation of Frenkel pairs (FP), where at each step of execution of the 

algorithm, a randomly chosen atom is displaced to a random location within the simulation cell. Then 

the energy of the cell is relaxed using MD. The Figure 90.b is extracted from [221] and shows the 

vacancy content evolution as a function of damage dose for two different interatomic potentials 

(developed by Mason and Marinica). It increases quickly first and then remains constant from about 0.5 

dpa. The concentration of vacancy defects at the saturation level is about 2 % and 5 % for the Marinica 

and Mason potentials, respectively. In PAS (SPB-DB) we estimated a vacancy concentration higher 
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than approximately 0.8 % for the 0.085 dpa irradiated sample that means at damage dose lower than the 

saturation of about 0.5 dpa. These theoretical results are in good agreement with our PAS measurements. 

It has to be noticed that this saturation is also found in the interstitials type defects distribution. These 

calculations showed that SIA loops are created and accumulated when the FP dose increases up to be 

transformed into dislocation lines. An equilibrium phase is reached and made of a dislocation lines 

network in which vacancy clusters are incorporated (see Figure 90.c). 

This saturation was also found in other materials, such as in Eurofer steel at a damage level of about 

0.25 dpa [231], while another study [232] found a rapid saturation (below 0.1 dpa) in Fe-Cr alloy but a 

decrease of deuterium concentration in Eurofer at 1 dpa compared to 0.1 dpa. Moreover, Kanzaki et al. 

[233]  have observed saturation of the production of the defects in gold irradiated with 400 keV Xe ions 

with a fluence of about 1.5 × 1011 cm-2 at 300 and 473 K, by performing TEM observations. Combining 

to the theoretical works, the origin of the saturation was argued as a result of the competition of point 

defects recombination and cascades overlapping [234], giving rise to shrinkage of generated vacancy 

clusters, this phenomenon was found in BCC iron by Agarwal et al. [235]. Overall, such saturation as a 

function of the damage dose might be expected for all the materials. 

Finally, we conclude above that the S and W parameters for irradiation at RT are very similar for 

both material sets 3N-HP and 6N-XHP. The concentration of C and O was measured in both types of 

self-ion irradiated samples (0.02, 0.04 dpa, RT). The values remain low for both elements in both 

materials 3N-HP and 6N-XHP. It is at the detection limit for C (about 50 at. ppm) for both materials and 

the O concentration is slightly higher in 3N-HP (about 100 at. ppm) than in 6N-XHP (about 70 at. ppm) 

(see Appendix. D). Moreover, Calder et al. [236] investigated the effect of the presence of C with 

concentration in the range from 0 to 1 at.% in the Fe MD simulation box. Neither change on the number 

of defects nor the cluster fraction produced in collisions cascades were discerned. Only a significant 

fraction of single defects is trapped in C in the cascade process. Nevertheless, this fraction remains lower 

that 5 % for a C concentration of 1000 at. ppm. Thereby, it suggests that even though for less pure 

samples the trapping of vacancy defects at impurities should play an insignificant role at RT because of 

the low mobility of vacancy defects (see Figure 27). 
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Summary 

In these sections, we compared SPB-DB measurements in tungsten samples, which were self-

irradiated with 2 MeV and 20 MeV ions at RT. An equivalent evolution of low momentum S and high 

momentum W fractions was revealed in the damaged regions. S increased and W decreased when the 

damage dose increases up to saturation values. This saturation is reached when damage dose is in the 

range from 0.425 to 0.85 dpa. Under such irradiations vacancy defects are created and their size 

distribution varies with the damage dose up to the saturation. At the lowest damage level (~0.0085 dpa), 

a few small vacancy clusters were detected by positrons in the first 100 nm under the surface, which is 

composed mainly of single V1 vacancies as predicted by collision cascades MD simulations. Their 

concentration was estimated at about 9.4 × 1025 m-3. When damage dose increases to the value of 0.085 

dpa, small vacancy clusters Vn containing about 5-7 vacancies were clearly detected and the total 

concentration of vacancies (V1 or in Vn clusters) should have a minimum value of 5 × 1026 m-3.  

In addition, these experimental results were compared to other experimental studies which confirm 

saturation of the defect density for damage dose between 0.1 to 0.8 dpa depending on the technique 

which is used for damage characterization (TGS, D exposure and TDS). Modelling (CRA) also predicted 

such saturation for a damage dose threshold of about 0.5 dpa. This saturation showed that an 

‘equilibrium’ microstructure is formed when damage dose reaches this threshold value, which could be 

due to competition between defect recombination, cascades overlapping, and agglomeration of self-

interstitials loops. This ‘equilibrium’ microstructure is made of vacancy defects (single (V1) and clusters 

(Vn)) dispersed in interstitial-type dislocations network. 
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PART III: Identification of defects induced by 20 MeV Self-ion irradiation and 

Effect of irradiation temperature and tungsten purity on the defects distribution 

In this third part, we focused on the effect of irradiation temperature and material purity on the 

distribution of induced defects by self-ion irradiation in tungsten. A series of irradiations were performed 

using 20 MeV and 1.2 MeV ions at two dpa levels 0.02 and 0.04 dpa in two sets of samples with two 

different purities (3N-HP and 6N-XHP) at the same time for 20 MeV beam (see Table 22). Two 

irradiation temperatures were chosen 500 and 700 °C because they are above the value at which 

migration of single vacancy is expected and just below the maximum value that could be reached in the 

irradiation system. The list of all the samples irradiated at high temperatures (500 and 700 °C) and at 

both damage doses (0.02 and 0.04 dpa) is summarized in Table 22. 

It should be noticed that a part of the data and discussion is extracted from the paper [201] we 

published in Journal of Nuclear Materials 556, 153175. https://doi.org/10.1016/j.jnucmat.2021.153175. 

Table 22 : Irradiation conditions of 20 MeV self-ion damaged samples with low damage level (0.02, and 0.04 dpa) at high 

temperatures (500, and 700°C), the damage is the mean value in the first 700 nm of the damage profile calculated by SRIM-

2008 (K-P mode, Edisp = 55.3 eV). 

  

Damage 
(dpa) 

Square Samples (7 × 7 mm-2) Irradiated by 20 MeV-W 

Mean Purity 
Flux 

(× 1010 cm-

2.s-1) 

Fluence 
(cm-2) 

500°C 
Flux 

(× 1010 cm-2.s-1) 
Fluence  
(cm-2) 

700°C 

0.020 (5) 

HP 

2.77 7.48×1012 

ZH-W-GP-343/1-C05 

2.34 7.43×1012 

ZH-W-GP-343/1-C02 

XHP 
ZH-W-P-UHP-FZJ1-C11 ZH-W-P-UHP-FZJ1-C03 

ZH-W-P-UHP-FZJ1-C06 ZH-W-P-UHP-FZJ1-C04 

0.04 (1) 

HP  

1.49×1013 

ZH-W-GP-343/1-C01   

XHP 
2.22 ZH-W-P-UHP-FZJ1-C01   

 ZH-W-P-UHP-FZJ1-C02   

https://doi.org/10.1016/j.jnucmat.2021.153175
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IV.2.3.1. SPB-DB results in 500 and 700 °C 20 MeV self-irradiated samples   

Firstly, the effect of the temperature on the evolution of the distribution of the induced vacancy-

type defects was studied by employing SPB-DB measurement. A set of 3N-HP (99.95 wt.%, GP) and 

6N-XHP (99.9999 wt.%, Plansee (FZJ1)) samples was self-ion irradiated to a low fluence (7.4 × 1012 

W+. cm-2) to cumulate a damage dose of about (0.01, 0.02 and 0.04 dpa) in the slow positron sensitive 

region (~700 nm). The results will be presented into separate sections: firstly, we will show the effect 

of irradiation damage dose and temperature in 3N-HP samples, and then, the effect of the purity on the 

SPB-DB results. 

a) Effect of irradiation and temperature fluence in the 3N-HP samples 

Figure 91 exhibits the SPB-DB results for the 3N-HP samples irradiated at 500 °C, for both damage 

doses 0.02 (Low Damage, LD) and 0.04 (High Damage, HD) dpa and compared to the irradiation at 

0.01 dpa and RT. It is not surprising that the distribution of the induced vacancy-type defects differs for 

the irradiations performed at high temperatures (500 °C). 
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Figure 91: a, b) Annihilation characteristics S, W as a function of the positron energy E and c), S versus W plot in 3N-HP W 

samples (solid symbols), before irradiations (3N) after irradiation at 500 °C , 0.02 dpa (purple downward triangle (3N) 

and 0.04 dpa (magenta upward triangle (3N)) 

For positron energies above 2 keV, the line shape parameters S (and W) are strongly higher (and 

lower respectively) in the samples irradiated at 500 °C for both fluences compared to the ones irradiated 

at RT. It suggests a drastic change in the vacancy defects distribution when the irradiations are performed 
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at high temperature. After fitting with a single-layer model by operating the VEPFIT program, a 

homogenous distribution of vacancy clusters was confirmed. The annihilation characteristics extracted 

in the first 700 nm under the surface are reported in the Table 23. The fitted values of the S versus W 

are plotted in Figure 91.c.  

The SW points for both damage doses 0.02 and 0.04 dpa are located at the lower left part of the S 

versus W plot, close to the L2 line characteristic of the largest vacancy clusters detectable by using the 

SPB-DB measurement. The ratio of R (R= |(𝑆 − 𝑆𝐿)/(𝑊 −𝑊𝐿)|) is much higher for irradiation at 

500 °C (R ≈ 2.6) compared to RT irradiation (R ≈ 2.0). It indicates that larger vacancy clusters are 

detected for irradiations at 500 °C. The effective diffusion length of positron 𝐿𝑒𝑓𝑓
+  was found to be about 

17 nm for 500 °C, which is a short value and indicates a high trapping rate of positrons even though  

𝐿𝑒𝑓𝑓
+ (500 °C) is longer compared to samples irradiated at RT (about less than 1 nm). It suggests that the 

concentration of the vacancy defects becomes lower when irradiation temperature is higher. All these 

observations reveal that the size of the induced clusters is close to the maximum detectable (~1 nm) with 

the technique for the irradiations at 500 °C compared to RT. It is noteworthy that the fitted values of the 

S (and W) are slightly greater (and lower respectively) in the samples irradiated at the highest damage 

dose 0.04 dpa. As shown on the S-W plot, in Figure 91.c, the trend line connecting the fitted 

characteristics from the Lattice point go through the extracted SW point for the HD dose (0.04 dpa) and 

the LD one (0.02 dpa), which suggests probably the defection of the same type of defects, and the 

concentration of detected defects is greater for 0.04 dpa. In addition, the effective diffusion length of 

positron 𝐿𝑒𝑓𝑓
+  was adjusted to about 3-5 nm for HD (0.04 dpa), compared to about 17 nm for LD (0.02 

dpa), indicating higher positron trapping in HD samples and consequently a higher concentration of 

vacancy clusters in HD samples. Furthermore, the cluster size is evidently larger for irradiation at high 

temperature (500 °C) than those formed during the irradiations at RT. 

Figure 92 exhibits the SPB-DB results for the 3N-HP samples irradiated at the damage dose of 0.02 

dpa, for both temperatures 500 and 700 °C compared to the irradiation at 0.01 dpa and RT. As for the 

fluence, the irradiation temperature impacts the damage induced in the 3N-HP samples. Even if the 

damage depth distribution remains homogeneous in the region probed by slow positrons the S and W 

plateau values change. The annihilation characteristics extracted in the first 700 nm under the surface 

using single-model VEPFIT fitting are reported in the Table 23. A slight shift in the S and W values is 

observed for irradiation at 700 °C compared to 500 °C. As for the larger damage dose, irradiation at 

higher temperature (700 °C) induces the formation of larger vacancy defects. 

To summarize, 20 MeV self-ion irradiations 0.02 dpa in 3N-HP samples leads to the formation of 

vacancy clusters in the damaged region. Larger clusters are observed when the temperature increases 

from RT to 700°C. For HD samples (0.04 dpa) at 500 °C, the same type of defects was detected but their 

concentration is greater by comparing LD samples. 
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Figure 92 : a, b) Annihilation characteristics S, W as a function of the positron energy E and c), S versus W plot in 3N-HP W 
samples (solid symbols), before irradiations  (3N), after irradiation at RT , 0.02 dpa (blue), 500 °C , 0.02 dpa  (purple), 

and 700 °C , 0.02 dpa  (red) 
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Figure 93: a, b) Annihilation characteristics S, W as a function of the positron energy E and c) 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 (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).  
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b) Effect of the sample purity 

To verify the effect of the sample purity, several 6N-XHP (99.9999 wt.%, Plansee (FZJ1)) samples 

were also irradiated together with the 3N-HP samples using the following conditions: at 0.02 dpa and 

both temperatures 500 and 700 °C, and at 0.04 and 500 °C. The SPB-DB results for 6N-XHP samples 

are represented in Figure 93 in comparison to the 3N-HP ones for irradiations at 0.02 dpa and both 

temperatures 500 and 700 °C. 

As for the 3N-HP samples, the S(E) and W(E) curves form plateaus for the highest positron energy 

range (>12 keV) in the 6N-XHP samples. A single-layer model allows to fit the S(E) and W(E) curves 

by operating the VEPFIT program. The fitted value of the S versus W is plotted in Figure 93.c, and the 

annihilation characteristics extracted in the first 700 nm under the surface are reported in the Table 23 

The damage depth distribution is homogeneous in the region probed by slow positrons. As for the 3N-

HP samples these irradiation conditions induced vacancy clusters in the damaged region and irradiation 

at higher temperature (700 °C) leads to slightly larger vacancy defects than for 500 °C.  

Table 23: Annihilation characteristics S,W of the fitted layer by VEPFIT for self-ion irradiated samples of two purities 6N-XHP 

(99.9999 wt.%) and 3N-HP (99.95 wt.%) at RT, 500 °C, and 700 °C with different damage levels (0.012, 0.02 and 0.318 dpa) 

in contrast to pristine samples. 

The most interesting result in this comparison is the obvious difference in S and W values obtained 

for samples of different purity. Clearly higher S values and lower W values are obtained for the 6N-

XHP samples compared to the 3N-HP ones for both irradiation temperatures 500 and 700 °C. The ratio 

R is also slightly higher for the 6N-XHP samples compared to the 3N-HP ones, while the effective 

diffusion length  𝐿𝑒𝑓𝑓
+  remains short of about 13-17 nm for both purities. It suggests that larger vacancy 

clusters are detected in the purest samples (6N-XHP) than in the 3N-HP ones. It is also interesting to 

notice that no difference was observed when irradiations were performed at RT. The same S and W 

values and depth distribution were found for both purities (see Chap IV.2.2.1).This difference is also 

observed when irradiation is performed at 500°C for higher damage dose (0.04 dpa) as shown in Figure 

94. Larger vacancy defects are detected for the purest material 6N-XHP, compared to 3N-HP. 

Sample 
Purity 
(wt.%) 

Tempe 
°C 

Damage 
level 
(dpa) 

𝑺𝒔𝒖𝒓𝒇 𝑾𝒔𝒖𝒓𝒇 S W R 
𝑳𝒆𝒇𝒇
+  

(nm) 

G-13 99.95  
0 

0.413 (3) 0.0608 (3) 0.367 (3) 0.0842 (3)  123 (3) 

J1-29 99.9999  0.403 (4) 0.0659 (4) 0.367 (3) 0.0861 (3)  100 (3) 

G-04 99.95 
RT 0.012 

0.414 (10) 0.060 (5) 0.417 (1) 0.0590 (6) 1.97 (12) 0.6 (2) 

J1-05 99.9999 0.399 (10) 0.070 (5) 0.417 (1) 0.0590 (9) 1.97 (12) 0.4 (2) 

G-08 99.95 
RT 0.318 

0.416 (4) 0.059 (2) 0.434 (1) 0.0528 (3) 2.12 (8) 1.4 (5) 
J1-10 99.9999 0.420 (11) 0.058 (1) 0.437 (2) 0.0516 (2) 2.13 (9) 2.0 (7) 

G-05 99.95 
500 °C 0.02 

0.424 (5) 0.058 (1) 0.459 (2) 0.0482 (2) 2.54 (9) 17 (1) 
J1-15 99.9999 0.426 (6) 0.057 (1) 0.473 (2) 0.0430 (2) 2.56 (9) 17 (2) 

G-01 99.95 
500 °C 0.04 

0.430 (9) 0.055 (1) 0.468 (2) 0.0451 (2) 2.57 (9) 3.1 (5) 
J-01 99.9999 0.439 (7) 0.052 (1) 0.479 (2) 0.0418 (2) 2.63 (8) 4.7 (6) 

G-02 99.95 
700 °C 0.02 

0.418 (5) 0.059 (1) 0.456 (2) 0.0506 (2) 2.63 (10) 14 (2) 
J-03 99.9999 0.411 (5) 0.061 (1) 0.469 (2) 0.0463 (2) 2.68 (9) 12.8 (8) 
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  Figure 94: a, b) Annihilation characteristics S, W as a function of the positron energy E and c), S versus W plot in 3N-HP6N-

XHP W samples (solid symbols) and 6N-XHP samples (open symbols), before irradiations (3N) (6N) after irradiation at 

500 °C , 0.02 dpa (purple downward triangle (3N) (6N)), and 0.04 dpa (magenta upward triangle (3N) (6N)). 

Furthermore, to verify that the annihilation characteristics differs with purity, other 6N-XHP 

samples (500 °C, 0.02 dpa) were irradiated in a second series. The SPB-DB result for the new irradiated 

samples were plotted in Figure 95. The sample J11 (orange upward open triangle) exhibits the same 

S(E) and W(E) curves as those measured for the first 500 °C irradiation series (sample J15 -purple 

upward open triangle in Figure 95), giving similar values of S, W and 𝐿𝑒𝑓𝑓
+ . Nevertheless, it is interesting 

to notice that another 6N-XHP sample J16 irradiated in the second series, shows different annihilation 

characteristics (-pink upward open triangle in Figure 95). First for the lowest positron energy range (<12 

keV approximately), the parameter S (resp. W) is quite lower (resp. greater) than the one obtained in all 

other samples. Then S (resp. W) increases (resp. decreases) while remaining lower (resp. higher) than 

the values measured in the 3N-HP sample G05. At positron energy of 12 keV, a second increase 

(decrease respectively) step is observed which goes on up to 20 keV where the S(E) and W(E) curves 

overlap with those of the G05. Therefore, a model with two layers has to be used to fit the S(E) and 

W(E) curves of J16 and describe the distribution of the defects in this sample.  
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Figure 95 : a, b) Annihilation characteristics S, W as a function of the positron energy E and c): 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 (3N) (6N) after irradiation at high temperatures (upward triangle (3N) (6N), plotted 

in purple for irradiation performed at 0.02 dpa, 500 °C 

The fitted annihilation characteristics for the 6N-XHP J11 and J15 samples irradiated in the second 

series are reported in Table 24 in comparison with the results of the samples 3N-HP sample G05 and 

6N-XHP samples J15 irradiated in the first series. Compared to fitting results of other samples, J16 

contains an additional first layer of about 200 nm thick with lower S and higher W than all other values 

obtained. The S and W values extracted in the second layer are close to the data obtained in G-05. It 

confirms that the distribution of annihilation states is different in the 6N-XHP sample, J16 than the ones 

obtained for the others 6N-XHP samples. Much smaller vacancy clusters are detected in this special J16 

sample than in the others of the same 6N-XHP batch. 

Table 24 : The annihilation characteristics S,W of the fitted layer by VEPFIT for self-ion irradiated samples of two purities 6N-

XHP (99.9999 wt.%) and 3N (99.95 wt.%) at 500 °C with a damage levels of 0.02 dpa 

 
Purity 
(wt.%) 

Temp 
°C 

Damage 
level 
(dpa) 

𝑺𝒔𝒖𝒓𝒇 𝑾𝒔𝒖𝒓𝒇 Slay1 W lay1 
𝑳𝒆𝒇𝒇
+  

(nm) 

Laye
r 

(nm) 
Slay2 W lay2 

𝑳𝒆𝒇𝒇
+  

(nm) 

G-05 99.95 

500  0.02 

0.424(5) 0.058(1) 0.459(2) 0.0482(2) 17(1)     

J1-15 

99.9999 

0.426(6) 0.057(1) 0.473(2) 0.0430(2) 17(2)     

J1-11 0.437(6) 0.053(1) 0.473(1) 0.043(1) 14(2)     

J2-16 0.414(5) 0.062(1) 0.449(5)  0.051(1) 13(1)  200 
0.463 

(5) 
0.047 

(1) 
13 
(1) 



Chapter IV: Radiation-induced vacancy-type defects in tungsten: effect of irradiation conditions and 

sample purity. 

149 

In summary, for irradiations performed at low damage dose (0.02 dpa) and high temperature (500 

and 700 °C), the SW points are well above the single vacancy line L1, clearly indicating that large 

vacancy clusters were formed. Furthermore, it was found that the S,W points for the irradiation 

performed at 500 and 700 °C are very close, although, for the 700 °C irradiation, the data are closer to 

the L2 line suggesting the detection of largest vacancy clusters. However, it is difficult to distinguish 

them from those get at 500 °C, considering the measurement discrepancy for these samples. Finally, and 

more remarkably, at the same irradiation temperature and damage dose, the S,W 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 S,W points in the 

samples irradiated at the same damage level (0.02 dpa) for 500 °C and 700 °C, which will be denoted 

L3 (see Figure 95.c). When extending this line toward larger S and lower W, it joins the SVN, WVN point 

corresponding to annihilation at the largest vacancy clusters detected in tungsten (20-30 vacancies 

clusters). When L3 is extended to another extremity i.e. the lower S and larger W. the line does not 

coincide with the Lattice point but it intersects at two-thirds of the line L1, which links the single vacancy 

point with the Lattice one. As shown in Table 23, the estimated effective diffusion length 𝐿𝑒𝑓𝑓
+  of 

positrons in the damaged region is quite short (<17 nm) for all irradiation conditions and tungsten 

purities.  

  𝐾𝐷 = 𝜆𝐿 [(
𝐿+

𝐿𝑒𝑓𝑓
+ )

2

− 1]   eq. 58 

From eq. 58, we can deduce a high trapping rate K of positrons of about 1 x 1012 s-1 for the mean 

value of the estimated effective diffusion length 𝐿𝑒𝑓𝑓
+  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 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 i/ that 

positrons detected either mainly vacancy clusters with a diameter smaller than that of VN –i.e. 1 nm- or 

ii/ that positrons are trapped and annihilate at different vacancy defects, i.e. the vacancy clusters VN and 

defects for which the annihilation characteristics S-W are not yet known but which should be located on 

the L3 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.  

It has to be noticed that for the J16 sample both S-W points (for the first and second layers) are still 

located on the L3 and that the one for the first layer is closer to the L1 line. It suggests that the number 
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of vacancies in vacancy clusters is lower, so that more Dx could trap positrons in the J16 than in the 

J11 and J15 and specially in the first layer. We will discuss about the vacancy clusters formation and 

the existence of Dx defect and its possible origin in the last paragraph (see the Chap IV.1.5) 

IV.2.3.2. TEM observations in 1.2 MeV self-irradiated samples 

To complement SPB-DB characterization on the vacancy-type defects, several 3N-HP and 6N-

XHP thin foils (~60nm) were in-situ irradiated with 1.2 MeV-W ions with a comparable damage dose 

as the 20 MeV irradiations at 500 and 700 °C. The TEM observations of the foils were performed using 

two instruments. A JEOL ARM200F field emission gun microscope operating at 200 kV and equipped 

with double spherical aberration correctors was used for the irradiation at 500 °C. The thin lamellae 

irradiated at 700 °C were observed with a Philips CM20 also operating at 200 kV. It should be noted 

that the size of the vacancy-type defects varies with instrumental parameters, and might also differs from 

one device to another. Therefore, the comparison was only accomplished for the images acquired under 

the identical conditions (acceleration voltage, magnification…) from the same device.  

The Fresnel contrast method (see Chap II.3.4.2) was used to identify the cavities. Figure 96 shows 

the typical over-focused images (+300 nm) of the 3N-HP and 6N-XHP tungsten lamellae damaged by 

1.2 MeV self-ion to ~0.02 dpa at 500 °C. For the samples irradiated at 700 °C, the over- and under-

focused images were recorded in several adjacent zones in the same grain. Figure 96.c-h exhibits the 

cavities which were counted in 4 TEM-shots (Figure 96. c-f)  for 3N-HP and 2 TEM-shots (Figure 96.g-

h) for 6N-XHP to obtain a reliable statistical analysis. For the 3N-HP lamella irradiated at 500 °C, 

because of a low contrast quality, an area (red mask) on the left side of image shown in Figure 96.a in 

which the cavities are difficult to be identified, so that, this part was removed for calculating the 

volumetric density. The apparent size distribution of the cavities, i.e. the number of the cavities versus 

the apparent diameter, was plotted and overlapped on the corresponding TEM-shot in Figure 96. For the 

3N-HP lamella, irradiated at 500 °C and 700 °C, respectively, 491 and 479 cavities were identified, and 

1015 (500 °C) and 346 (700 °C) cavities for the 6N-XHP one. Table 25 summarizes the average value 

of the apparent diameters of the identified cavities, obtained by a Gaussian fitting of the size distribution 

(dash line).The centroid of the Gaussian distribution was considered as the average value of the apparent 

diameter of the cavities. The density of the identified cavities in 3N-HP and 6N-XHP for both irradiation 

temperatures was also determined, for which the volume of the probed region was roughly calculated 

by multiplying the effective analyzed surface by the measured or estimated thickness. The corresponding 

errors on the diameter and density were estimated by using eq. 45 and eq. 46 in Chap II.3.4.2. For the 

irradiation at 500 °C, the density of the cavities was comparable for both purities of about 1.6 ± 0.5 × 

1024 m-3. The density is still close for both purities when the irradiation temperature increased to 700 °C, 

whereas decreased by approximately a factor of two (0.65 ± 0.5 × 1024 m-3) comparing to the case of 

500 °C. Regarding the diameter, a mean apparent size of about 0.97 nm was determined for the 3N-HP 
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lamella for both irradiation temperatures, which was slightly smaller than that of the 6N-XHP one (1.13 

- 1.22 nm for 500 °C and 700 °C, respectively). 

Furthermore, a greater fraction of cavities with a diameter above 1 nm was identified in the 6N-

XHP lamellae (82 % for 500 °C and 87 % for 700 °C), in contrast to 22 % and 36 % for the 3N-HP ones 

at 500 and 700 °C, respectively. Figure 97.a-b shows the distribution of the cavities i.e. the number of 

identified cavities versus apparent diameter of the lamella irradiated to ~0.02 dpa at 500 (Figure 97.a) 

and 700 °C (Figure 97.b). It is clear that for both irradiation temperatures, the cavities were identified 

in 6N-XHP lamellas having larger apparent size. Besides, assuming that the cavities formed a spherical 

shape, the local swelling due to cavities was roughly estimated by dividing the volume of the identified 

cavities by the total analyzed volume, which is approximately of about 0.1 % in 6N-XHP lamella 

irradiated at 500 °C and 0.04 % in 3N-HP one irradiated at 700 °C, with a larger local swelling in 6N-

XHP lamellae for both temperatures. 

Table 25: Mean diameters of cavities observed by TEM and their density in irradiated 3N-HP and 6N-XHP samples and the 

measured or evaluated thickness 

 

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 (1024 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 
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Figure 96: 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). 
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Figure 97: Histogram of the apparent size of cavities in 3N-HP and 6N-XHP tungsten lamellas irradiated at a) 500 °C and b) 

700 °C to ~0.02 dpa.  

IV.2.3.3. SIMS measurements 

On the one hand, both SPB-DB and TEM identified larger cavities (or vacancy clusters) in 6N-

XHP than in 3N-HP samples at 500 and 700 °C, for 0.02 dpa, as well for the 500 °C, 0.04 dpa only for 

SPB-DB. On the other hand, according to the literatures presented in Chap.I.3.4, both carbon and oxygen 

were identified to be able to create complexes with point defects such as vacancies. In the following, 

SIMS is used to measure the depth profile of these two light elements in various self-irradiated samples. 

Figure 98 shows the SIMS analysis of carbon (C) and oxygen (O) in the tungsten slabs with 

different purities 3N-HP (orange) and 6N-XHP (green) after self-ion irradiation to 20 MeV at 500 °C 

with two damage doses (0.02 (a-b) and 0.04 dpa (c-d)). Each samples were analyzed in three random 

positions, denoted crater 1 to 3. The depth profiles corresponding to each of the craters are plotted using 

different types of line. The depth of each crater is measured three times by using a contact profilometer 
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(DEKTAK in GEMAC). The details of these measurements were summarized in Appendix A. The mean 

value of these depths is used to calibrate in depth the SIMS signal for each crater. Most of the craters 

have a mean depth of at least 2000 nm.  
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Figure 98 : Carbon and oxygen depth profiles for two purities (6N, green and 3N, orange) self-ion irradiated samples with a 

damage dose of 0.02 dpa at 500°C, (a-b, e-f), 0.04 dpa at 500°C (c-d) measured using SIMS at three random positions 

(crater 1 to 3) and plotted with different types of line. In the graph g) the C depth profiles measured in J16 are plotted in 

linear scale and in the depth range from surface to 1200 nm. 

Overall, the carbon profiles decrease from a quite high value at the surface probably due to the 

presence of dust on the surface, then exhibit a smooth plateau for most case. After the reduction of the 

analysis area (seeing the case in Figure 77), the C concentration is reduced to a lower plateau, suggesting 

the analysis reached the detection limit (DL). The O profiles first decline slowly for few ones, and it is 

interesting to notice that instead of reaching a plateau, they fluctuate in a certain range of concentration 

that depend on the sample. To correlate the SIMS analysis to SPB-DB experiment, the mean value of 

the C and O concentration is extracted from the depth profiles in the depth range from 100 to 800 nm. 

These mean values and the minimum and maximum ones were reported in Table 26. The first 100 nm 

was discarded for avoiding the influence of the C and O dust on the sample surface. 

For the samples irradiated at 0.02 dpa and 500 °C, a greater concentration of C and O was found in 

3N-HP sample G05 than in the 6N-XHP sample J11. In particular, in the case of O, the concentration 

in the region from 100 to 800 nm of the three craters varied from a minimum value of about 105 to a 

maximum one of about 3000 at. ppm, leading to a mean value of 1200 at. ppm in G05 against a mean 

concentration of 114 at. ppm, (between 58 and 576 at. ppm) in J11. The C concentration has a slightly 

higher mean value in G05 of about 106 at. ppm (56-434 at. ppm) than in J11 at around 70 at. ppm (from 

52 to 85 at. ppm). In addition, an extreme high quantity of carbon was surprisingly found in J16, with a 

mean value of about 1.3 × 105 at. ppm, which is equivalent to 13 atomic percent of carbon. If we discard 

the first 50 nm close to the surface, the C concentration is still enormous in the first 600 nm, then it 

decreases when secondary ions collected from depths of the sample, first slowly and then more quickly 

up to about 1000 or 2000 nm depending on the crater. Moreover, the oxygen depth profiles show also a 

high concentration of oxygen in the first 100 to 200 nm depending on the crater. If we discard the first 

50 nm close to the surface the O concentration decreases from about 3000 or 50000 at. ppm to about 

100 at. ppm plateau value reached at about 200 or 600 nm depth depending on the crater. Thus, it 



Chapter IV: Radiation-induced vacancy-type defects in tungsten: effect of irradiation conditions and 

sample purity.  

156 

suggests that the presence of the carbon and/or oxygen could be at the origin of the difference in the 

annihilation characteristics obtained between J11 and J16: that will be discussed in details later.  

Sample 
Irradiation 

conditions 

Depth 

(nm) 

Mean concentration (min: max) 

(at. ppm)  

Carbon Oxygen 

G05 (HP -99.95%  

Goodfellow) 

0.02 dpa 

W+ 500 °C 

100-800 

106 [56 : 434] 1200 [105 : 3000] 

J11 (XHP -99.9999% 

Plansee M192 FZJ) 
70 [52 : 85] 114 [58 : 576] 

J16 (XHP -99.9999% 

Plansee M192 FZJ) 

100-350 (1.7 [0.8 : 2.5]) × 105 3400 [64 : 57200] 

100-800 

(1.3 [0.3 : 2.5] × 105 546 [53 : 20400] 

G01 (HP -99.95%  

Goodfellow) 0.04 dpa 

W+ 500 °C 

75 [53 : 406] 432 [114 : 1926] 

J01 (XHP -99.9999% 

Plansee M192 FZJ) 
61 [38 : 90] 67 [38 : 114] 

Table 26 : Mean concentration and extreme values ([minimum : maximum] given in this order in brackets) of carbon and 

oxygen in self-irradiated (0.02 and 0.04 dpa at 500°C) 3N-HP (99.95 wt.%  Goodfellow) and 6N-XHP (99.9999 wt.%  from 

Plansee M192 set material supplied by FZJ) samples.  

Concerning the samples irradiated at 0.04 dpa and 500 °C, the difference of concentration between 

O and C is less pronounced than in the case of the lowest damage dose (0.02 dpa). The mean value of 

the three craters is five times greater for oxygen than for carbon ([O] = 432 at. ppm and [C]=75 at. ppm) 

for the 3N-GP sample. On the one hand, as shown in Figure 98.d the O concentration in the bulk of the 

G01 is obviously greater than in the 6N-XHP J01 sample. the profiles of crater 2 of J01 differ from the 

crater 1 and 3, after checking into details, the C and O profiles of crater 2 in J01 exhibit a similar 

tendency, a monotonous decrease from ~3000 at. ppm at 0 nm depth until the plateau at about 400 nm 

(dashed line in insert graph of Figure 98.c-d). This special feature differs completely with other craters 

of J01, it might to be that the primary ions (Cs+) bombarded firstly on some particles of carbon-oxide 

dust before attaining the sample. Hence, if we reject the analysis of crater 2, a quite low value is 

measured for the averaged C and O concentration ([C]=61 at. ppm, [O]=67 at. ppm). 

If we put aside the specific case of the sample J16 which was contaminated at the surface, it is 

possible to extract the following major trends. It is easy to define an average value in the case of the 

carbon for the 6N-XHP J01 and J11 samples, because the depth profiles measured in the three (or two 

for J11, see discussion abovementioned) craters of these both samples are mainly homogeneous and 

reproducible. It can be also noticed that the concentrations are very close in both samples. So we can 

conclude that the average concentration can be considered as representative of the concentration in the 

volume probed by slow positron (approximately 3 mm in diameter and 700 nm in depth). So, we propose 

that the average concentration for carbon is about 65 at. ppm (see Table 27), a value close to the detection 

limit of the SIMS technique for this element. However, it is more complicated for oxygen: the depth 
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profiles show heterogeneous distribution. The oxygen concentration remains low in general of about 

100 at. ppm in 6N-XHP samples (excepted the special case of J16).  

X 
at. ppm 

3N-HP  6N-XHP 

   Average value  Average value 

H 910 a   Ud  

C 460 a 
106 [56 : 434] b G-05 

75 [53 : 406] b G-01 
~ 90 

70 [52 : 85] b J11 

61 [38 : 90]b J01 
~ < 65 

N 130 a   Ud  

O 345 a 
1200 [105 : 3000] b G-05 

432 [114 : 1926] b G-01 
No  

min 100/max 3000 
114 [58 : 576] b J11 

67 [38 : 114] b J01 
~ 100 

a provided concentration by supplier corresponding to detection limits, b measured values by SIMS   

Table 27: Maximum values of H, C, N and O concentrations as given by the supplier (Goodfelow) for the 3N-HP material. No 

data for the 6N-XHP ((Ud: undetectable by LA-ICP-MS). The mean concentration and extreme values ([minimum: maximum] 

given in this order in brackets) of carbon and oxygen in self-irradiated (0.02 and 0.04 dpa at 500°C) 3N-HP (99.95 wt.% 

Goodfellow) and 6N-XHP (99.9999 wt.% from Plansee M192 set material supplied by FZJ) samples.  

Besides, the situation is much more complex for the 3N-HP. It is difficult to determine the 

concentration of carbon and oxygen in these tungsten samples due to the heterogeneous distribution 

revealed by SIMS measurements. It is less complicated for carbon, the main heterogeneity is observed 

close to the surface and could be attributed to close surface soiling. So the average concentration of 

carbon in the 3N-HP samples is estimated at approximately 90 at. ppm. In the case of oxygen, it is not 

possible to extract an average value, but if we make the integral of the different depth profiles, it is 

obvious that the concentration of oxygen is largely higher in 3N-HP than in 6N-XHP and relatively low 

concentrations were detected in 6N-XHP samples (see Table 27) 

To summarize, the concentration of carbon and oxygen were measured in the 3N-HP and 6N-XHP 

self-irradiated tungsten samples. Even if some depth profiles differ from a crater to another and that 

some of them are heterogeneous, a larger concentration was found in the 3N-HP samples than in the 

6N-XHP ones, especially in the case of oxygen. It is also obvious that the concentration of carbon is 

more heterogeneous in the 3N-HP sample. The concentrations found using SIMS in the 3N-HP samples 

are in agreement with the detection limit provided by the supplier (Goodfellow) for carbon (Table 27) 

It is not so clear for oxygen; the minimum value is lower than the detection limit but SIMS highlights 

also high heterogeneity with high local concentration. The amount of matter which has been analyzed 

is too low to be able to extrapolate the global concentration and compare it to the supplier’s value. It has 

to be noticed that J16 presents C-enriched layer (~13 at. % at the surface) with a close to constant 

concentration in the depth range from a few nm to about 1000-2000 nm. This layer is also rich in O and 

its concentration profile decreases from approximately 200 nm and then from 600 nm to reach a low 

value close to the detection limit. It has to be noticed that the same C-enriched layer has been observed 

in other samples prepared in unsatisfactory conditions due to the furnace pollution (see Chap.III.2). 
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IV.2.3.4. Discussion  

Characterization of 20 MeV self-ion irradiated tungsten unveiled several effects on the distribution 

of the detected defects: the irradiation temperature and the purity of samples for high temperature 

irradiations (500, and 700 °C) affect the distribution. These effects are discussed in the following.  

a) Irradiation temperature effect on the vacancy size distribution 

The SPB-DB measurements revealed the formation of vacancy-type defects in self-ion irradiated 

tungsten at low damage doses (LD) of 0.01 to 0.02 dpa. Their distribution changes (migration, 

agglomeration…) when irradiation is performed at high temperatures (500, 700 °C). The S-W 

characteristics were quasi-identical for the samples (3N-HP and 6N-XHP) irradiated at RT (see 

downward blue triangles in Figure 99, situated slightly above the line L1, near the characteristic point 

(SV1, WV1) of the single vacancy, suggesting the detected RID are mainly single vacancies. For the 

samples irradiated at high temperatures (500, 700 °C), the S-W characteristics approached the line L2 

corresponding to the annihilation of positrons in the largest clusters which have been detected in 

tungsten (SVN, WVN), containing more than 20 - 30 vacancies -or with a diameter equal to or greater than 

about 0.8 nm-, indicating the formation of large vacancy clusters. They have a size even superior to the 

ones induced by a 16 times higher damage dose at RT. Close annihilation characteristics (purple and red 

upward triangle in Figure 99) were found for irradiation at 500 and 700 °C showing that positrons 

detected vacancy clusters with close size, even if the slight difference could be due to the presence of 

some larger vacancy clusters for 700 °C.  

Additionally, TEM observations confirmed that large clusters or cavities with a mean diameter of 

about 1 nm are formed at these high temperatures depending on the purity of samples. And slightly 

larger cavities were observed for irradiation at 700 °C. It is however interesting to note that the S-W 

characteristics measured at high temperature don’t reach the (SVN, WVN) point characteristic of such large 

vacancy clusters. It suggests that positron detect smaller defects. The cavities size distribution extended 

from about 0.7 nm for 500 °C to 1.8 nm for 700 °C. Even if it is difficult to predict precisely the number 

of vacancies in a cavity of given size we could rely on the Mason et al. [105]: they calculated the 

formation energy of several configurations of vacancy clusters i.e. Vn with n ranging from 1 to 15. Most 

vacancy clusters with stable configurations have mainly 2D open volume. It follows that the volume of 

a cavity with a diameter of 0.7 nm should most probably correspond to a number of vacancies of about 

12 to 15. Troev et al. [133] showed that the positron lifetime should not be very distinguishable for 

vacancy clusters of 15 to more than 30 vacancies. Some new results from Yang et al13 that should be 

published soon show also that, as expected, S and W are also very close for such clusters. It follows that 

the contribution of the cavities which are observed using TEM to the positron S and W values should be 

                                                           
13 Submitted to Journal of Nuclear Materials 
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mainly a fraction of the (SVN, WVN) characteristics. Furthermore, we also observed that the SW points in 

the samples irradiated at this low damage dose (0.02 dpa) for 500 °C and 700 °C follow a straight line 

L3, which joins the (SVN, WVN) point and tends to the two-thirds of the L1 straight line segment. This 

indicates that positrons are trapped and annihilate at different vacancy defects, i.e. the vacancy clusters 

VN and the DX defects for which the annihilation characteristics S-W are not yet known but which should 

be located on the L3 line. 

The formation of the large cavities was expected. On the one hand, MD simulations [69] showed 

that in collision cascades of 150 keV-W+ ions mainly single vacancies (approximately 70 %) are created 

together with some small clusters (about 28 % with 2 to 5 vacancies in) and a very low fraction of large 

clusters which depends on the empirical potential which is used. On the other hand, Mason et al. [105] 

reported DFT calculations of the migration energy Em for small vacancy clusters. Em is 1.76 eV for the 

single vacancy V1 close to the value of 1.66 eV [81]. Interestingly, it is lower for the V3 cluster (Em (V3) 

= 1.14 eV). It follows that such small vacancy defects including the single vacancy are mobile at 500 °C. 

As it has been already shown, the temperature of the irradiations is far above the temperature at which 

the migration of the single vacancies can be triggered (523 K, for 1 hour annealing duration) [131]. It 

means that some of the vacancies can interact and agglomerate to form larger clusters where some new 

vacancies can be bound to make clusters growing with ion fluence (or damage dose). It is what we 

observed in SPB-DB measurement: the positrons detected larger clusters when the damage dose is 

increased by a factor of two (at 0.04 dpa). What is not clear is if the size distribution of these defects 

shift to larger size or if there is a maximum size that can be reached for one temperature and only their 

fraction increases with the damage dose. It would be interesting to perform TEM observations in samples 

irradiated with increasing damage doses at the same temperature. Therefore, the migration of the small 

vacancy defects (V1 and V3) should be the most important reason for which the larger vacancy clusters 

were formed during the HT irradiations. As a consequence, whatever the purity of the samples, for a 

damage dose below or equals to 0.02 dpa, a significant agglomeration of the vacancies was revealed 

after irradiation at HT (500, 700 °C).  



Chapter IV: Radiation-induced vacancy-type defects in tungsten: effect of irradiation conditions and 

sample purity.  

160 

0.04 0.05 0.06 0.07 0.08 0.09

0.36

0.38

0.4

0.42

0.44

0.46

0.48

0.5

0.52

High momentum parameter W

L
o
w

 m
o
m

e
n

tu
m

 p
a
r
a
m

e
te

r
 S

 

L1

(Smax,Wmin)

(SL,WL)

L2

(SV1,WV1)

    dpa     Temp°C   3N-HP   6N-XHP

---------------------------------------------------------

     0                                   

   0.01       RT                    

   0.32       RT                    

   0.02       500                   

   0.02       500 (J16)                Layer 1

   0.02       500 (J16)                Layer 2

   0.02       700                   

   0.04       500                   

L3

Dx?

 

Figure 99 : Fitted annihilation characteristics S versus W for the pristine sample and damaged samples with 0.01 dpa, 0.32 
dpa at RT, and 0.02 dpa at 500 and 700 °C with a single-layer model by using VEPFIT program 

b) Effect of purity on the size of vacancy clusters  

The SPB-DB measurement showed that a large fraction of positron annihilates as trapped at 

vacancy clusters when irradiation is performed at 500 (0.02 and 0.04 dpa) and 700 °C (0.02 dpa). TEM 

observations confirmed the presence of cavities for the irradiation at 0.02dpa and HT (500, 700 °C). As 

we showed above, the formation of the vacancy clusters or cavities is initiated in the collision cascades 

and their growth is probably a result of the migration of small vacancy clusters (V1, V3) and of their 

agglomeration which becomes favorable at the used irradiation temperatures considering the migration 

energy of the single vacancy (𝐸𝑚
𝑉1 = 1.66 eV [81]). We also see above that the S-W obtained in samples 

irradiated at HT (500 and 700 °C) correspond most probably to annihilation of positron in different traps: 

the vacancy clusters VN as observed using TEM and a defect Dx. which has annihilation characteristics 

somewhere along the L3 line. It can be concluded that the positrons are sensitive to a defect Dx that could 

not be detected in TEM. 

The differences between the SPB-DB results obtained in 3N-HP and 6N-XHP samples can be 

interpreted by a lower fraction of annihilation in the vacancy clusters VN in 3N-HP than in 6N-XHP 

samples. In other words, a larger fraction of the annihilation in Dx was revealed in 3N-HP samples, and 

the nature of these defects Dx is discussed in the following.  

First, since the two techniques SPB-DB and TEM 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 

(Light Elements) in the samples, such as H, C, N and O considering their properties in tungsten and their 

strong interactions with vacancy-type defects (see the Chap I.3.4). As shown in Table 28, since the 6N-
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XHP was analyzed by LA-ICP-MS by FZJ, the quantity of the LEs could not be detected. However, the 

SIMS analysis indicated low concentration of C and O in the J11 and J01. An average concentration of 

about 65 at. ppm close to the detection limit for the carbon and about 100 at. ppm for oxygen was found 

in the depth probed by slow positrons (~700 nm).  

Concerning the concentration of LEs in the 3N-HP sample, the supplier suggested a higher 

concentration of LEs that ranges between 130 to 910 at. ppm, within in particular 460 at. ppm of carbon 

and 345 at. ppm of oxygen considered as detection limit i.e. the maximum value. The SIMS 

concentration for C is about 100 at. ppm, in G-05 and 75 at. ppm in G-01 whereas that of the oxygen is 

much more heterogeneous and higher varying from 100 to 3000 at. ppm. It follows that the concentration 

of C and O is higher in the less pure (3N-HP) samples than in the purest ones (6N-XHP). 

Furthermore, these LEs have quite low migration energy in tungsten, especially for O (Em(O) = 

0.17 eV [125] and Em(C) = 1.46 eV [119]) which explains their high mobility under the irradiation 

conditions performed in present work (500 and 700 °C). Additionally, they can be associated firmly 

with single vacancies forming the V-LE complexes owing to their high binding energy. Thus, the 

formation of V-LE complexes could be expected 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. According to the simulation work, 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 center of the vacancy close to 

an octahedral site [111,117,121]. The dissociation energies Edis of the complexes were calculated by 

adding the migration energy of the most mobile species with the binding energy of the complex (see Edis 

values in Table 28). A relative high value of the dissociation energies was obtained for carbon (3.39 eV), 

nitrogen (3.21 eV), and oxygen (3.22 eV), in contrast to that of the hydrogen, only 1.4 eV. Consequently, 

for the cases of one single vacancy decorated with one atom of C, O, and N, the complexes should be 

stable even at high temperature (500, and 700 °C) whereas the V-H complexes should be dissociated. 

However, such complexes cannot be detected by TEM because of their size. Nonetheless, the positrons 

should be sensitive to these defects, because the LE atoms should not be trapped in the center of the 

vacancies and leave a few open volumes in the crystalline structure where the electron density should 

be lower than in the Lattice.  

We found in Chap IV.2.3.1, that the SDx, WDx point should be located on the straight line L3 which 

joins the SVN, WVN point corresponding to annihilation at the largest vacancy clusters detected in tungsten 

(20-30 vacancies clusters) and which tends to two-thirds of the L1 line segment -characteristic of 

annihilation in single vacancy- from the Lattice point. The annihilation characteristics SDx and WDx of 

these complexes should be different from those of pure single vacancies and manifested by a lower S 

and higher W seeing a higher electronic density as compare to an empty single vacancy. It follows that 
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the SDx, WDx point should be located in the lower part of the L3 line, below the annihilation point of 

single vacancy.     

X 
Concentration (at. ppm) 𝑬𝒎

𝑿  𝑬𝒃
𝑽𝟏−𝑿𝟏  𝑬𝒅𝒊𝒔𝒔

𝑽𝟏−𝑿𝟏  

3N-HP 6N-XHP (eV) (eV) (eV) 

H 910 a  Ud 0.21 (TIS-TIS) [118] 1.24 [237] 1.45 

C 460 a ~ 90 b ~ < 65 b 1.46 (TIS-OIS)
 

[82] 1.93 [82] 3.39 

N 130 a  Ud 0.73 (TIS-OIS)
 

[121] 2.48 [110] 3.21 

O 345 a 1200 [105 : 3000] b ~ 100b 0.17 (TIS-TIS) [111] 3.05 [111] 3.22 

a provided concentration by supplier corresponding to detection limits, b measured value by SIMS 

Table 28: Minimum value of elementary composition of the 3N-HP and 6N-XHP sample (Ud: undetectable by LA-ICP-MS), 

and the most favorable calculated value of migration energy 𝐸𝑚
𝑋1 of element X and its binding energy 𝐸𝑏

𝑉𝟏−𝑋1  with a tungsten 

single vacancy. The most favorable inter-site migration (TIS: tetrahedral interstitial site, OIS: octahedral interstitial site). The 

dissociation energy of the V1-X1 complex is  𝐸𝑑𝑖𝑠𝑠
𝑉𝟏−𝑋1  =  𝐸𝑚

𝑋1 + 𝐸𝑏
𝑉1−𝑋1 where i is the most mobile species between V and X.  

Furthermore, 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 a 

part of single vacancies which would have migrated and joined the vacancy clusters, contributing to 

their growth, in the less pure tungsten (3N-HP), as it had been shown in carbon-doped Fe for the V-C 

complex [122]. In addition, by employing positron measurement 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, Asoka-Kumar et al. [238] and Rementeria et al. [188] demonstrated the C trapping at 

vacancies on the electron momentum distribution. The carbon effect was more pronounced at around 10 

× 10-3 m0c, which is included in the high momentum (W) region of present SPB-DB measurement. 

The nature of the complexes cannot be determined in the present study, and the determination of 

the number of LE atoms in the complexes is still challenging. In comparison with the theoretical works, 

they could be V-Cn, V-Nn, V-On, or V-C-H without excluding some more complex clusters made of 

more than one vacancy for which the properties are not known. Nevertheless, the number of bound LEs 

in the complexes should be low enough to make positron trapping at V-LE complexes still possible. If 

we consider the density of observed cavities in TEM of about (1.6 ± 0.5) × 1024 m-3 corresponding to 

the largest vacancy cluster being detected by SPB-DB, i.e. VN, the trapping coefficient of the positron 

at these defects is of about 1.6 × 10-13 m3.s-1 in 0.02 dpa irradiated samples as given in reference [159]. 

Then, the trapping rate KVN can roughly be estimated to around 1 × 1011 s-1. From the total trapping rate 

estimated from the positron effective diffusion length, the trapping rate at defects Dx is about 5 × 1011 s-

1. Considering that the trapping coefficient at defects Dx should be close to that of single vacancies (µV 

= 6 ± 3 × 10-15 m-3.s-1 [159]), the concentration of Dx could be roughly estimated at about 7 × 1025  m-3  

(i.e. about 1105 at. ppm). It is interesting to notice that these roughly estimated values are of the same 

order of magnitude as the total concentration of C and O in the 3N-HP samples. 
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Figure 100 : SPB-DB results in self-irradiated (0.02dpa, 500°C) 3N-HP (99.95 wt.%  Goodfellow) and 6N-XHP (99.9999 wt.% 

from Plansee M192 set material supplied by FZJ) samples. 

For the special case of the 6N-XHP sample J16, in which about 13 at. % C and about 1 at. % O 

were found by SIMS measurement of 3 random craters, the fitted SPB-DB measurement indicated that 

the damage depth distribution is made of at least two layers (the first one is about 200 nm thick) with 

different concentration and/or size of the defects. Moreover, the S (and W) values in these both layers 

are lower (higher) than the ones obtained in the clean 6N-XHP J11 sample and the corresponding S-W 

points belong to the line L3. It suggests that the growth of vacancy clusters could have been also impeded 

in this contaminated sample as it has been observed in the 3N-HP samples. By comparing the SPB-DB 

results in Figure 100 with SIMS profiles shown in Figure 101, it appears that the concentration of carbon 

and oxygen is much higher close to the surface in J16 compared to J11. We can conclude that the 

presence of these elements have an impact on the evolution of the vacancy defects. if we look more into 

details and compare the S-W values obtained in the J16 with the one measured in the 3N-HP G-05 and 

the concentrations of C and O measured in the region probed by slow positrons (0-700 nm): The 

concentration of C is about 147700 at. ppm in J16 and 100 at. ppm in G-05 and that of O varies from 

100 to 3000 at. ppm in J16 and from 200 to 1000 at. ppm in G-05. It follows that the S and W values 

should be more affected by the presence of C and O in the J16 than in G-05. Moreover, it is noteworthy 

that the largest vacancy clusters proportion is the lowest in the first layer from 0 to approximately 200 

nm in J16 that means in the region where the oxygen concentration is the highest whereas the C 

concentration remains almost constant in the total thickness probed by the slow positrons (0-700nm). It 

suggests that oxygen could be the main origin of the limitation in the vacancy clusters growth. 
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Figure 101 : SIMS results in the probed region of the slow positron in self-irradiated (0.02dpa, 500°C) 3N-HP (99.95 wt.%  

Goodfellow) and 6N-XHP (99.9999 wt.% from Plansee M192 set material supplied by FZJ) samples. 

It is difficult to conclude on the precise origin of the vacancy cluster growth limitation observed in 

the less pure tungsten samples. One of the reasons is that the distribution of the C and O is not 

homogeneous. Moreover, the SIMS analysis remains a more localized characterization technique 

compared to SPB-DB. The analyzed area using SPB-DB is of about 3 mm2, and in contrast the SIMS 

analyzes are localized in area of about 9 × 10-4 mm2, i. e. 20 times smaller than the sputtering areas (blue 

squares in Figure 103).  

   

Figure 102: a) Optical micrograph of the J11, b) G05, and c) J16 

 

Figure 103: In-scale sketch of the irradiated area analyzed by SIMS and SPB-DB 



Chapter IV: Radiation-induced vacancy-type defects in tungsten: effect of irradiation conditions and 

sample purity. 

165 

However, from the data we have obtained on these samples the most probable origin could be the 

O decoration of vacancy defects. If we come back to the results obtained in the electron irradiated 

samples in which the type of the induced defects is more simple, we showed that O decorated vacancy 

defects are detected in addition with the pure single vacancies. It is more difficult to completely rule out 

the effect of carbon for these self-irradiations carried out at 500 °C. Compared to the electron irradiations 

performed at about 50 °C for which only oxygen is mobile, in the self-irradiations the temperature was 

much higher and allowed the migration of vacancies and C atoms. Even if the C concentration is low 

Vehanen et al. [122] showed that an effect on vacancy distribution is slightly detectable for about 70 at. 

ppm in Fe.  

Summary 

In this chapter, the irradiation of tungsten by various types of particles was investigated. In the first 

section, the 2.5 MeV electron-irradiated tungsten (Neyco 99.95 wt.%) with LF (1 × 10 19 cm-2) and HF 

(2 × 10 19 cm-2) were analyzed by PAS, SIMS and TEM. For both fluences, the SPB-DB measurements 

indicate the generation of the single vacancies (V1) at the near surface region (~800 nm). However, the 

PALS measurement revealed a new defect X at which near 60 % of positrons annihilated, in contrast to 

merely ~30 % positrons annihilated at the pure V1 corresponding to a concentration of about 1.3 and 2.4 

× 10 18 cm-3 by using a two-trap trapping model for LF and HF, respectively. Moreover, no defects were 

observed by TEM, even the dislocation loops. The SIMS analysis indicated that the concentration of the 

oxygen atom is at the same order of the magnitude as that of the V1. The calculation of the two-trap 

model proved that defect X is probably a mix of several defects. By combining these experimental data 

with some DFT results, the defect X was considered as the mixture of a decorated V1 with one or two 

oxygen atoms. 

SPB-DB measurements in tungsten self-irradiated at RT with 2 and 20 MeV ions and different 

damage doses showed saturation of the defect concentration at about 0.5 dpa (SRIM-2008 K-P, Edisp = 

55.3 eV) for both energies. The PKA spectrum is close for both energies. It means that whatever the 

primary or overlapped RIDs, they reached a saturation when the irradiation occurred at RT with a 

damage dose high enough. This saturation was considered as the consequence of the recombination of 

the FPs and the cascade overlapping as in the case of BCC iron. In addition, this saturation effect should 

be expected for all the materials according to other published works. 

Meanwhile, 20 MeV self-ion irradiations were also carried out at high temperatures (500 °C, and 

700 °C) in the samples with two different purities (3N-HP, 99.95 wt.%, 6N-XHP, 99.9999 wt.%). These 

samples were analyzed using SPB-DB. An effect of temperature and purity were clearly recorded. When 

irradiation is performed at high temperatures (500, and 700 °C), the vacancy clusters generated during 

the irradiation (~0.02 dpa) are larger than those detected for irradiation at RT probably because 
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migration of vacancies is possible and can allow growth of the vacancy clusters. Moreover, the 

formation of the largest defects was found in the purest samples (6N-XHP). The tungsten thin foils were 

in-situ irradiated with 1.2 MeV-W, at such flux, fluence and temperature that could allow to get same 

defect distribution than in 20MeV self-irradiation. The TEM observations confirmed the formation of 

the largest vacancy defects in the 6N-XHP samples irradiated at high temperature (500 and, 700 °C). In 

addition, SIMS measurements in the irradiated samples revealed heterogeneous distribution of carbon 

and oxygen at the near surface depth for whole analyzed samples specially for oxygen. The measured C 

and O concentrations are higher in less pure 3N-HP samples than in the ultrapure 6N-XHP ones in the 

depth region probed by positrons (0-700 nm). In addition, PAS revealed a heterogeneous distribution of 

the defects in carbon and oxygen contaminated ultrapure sample in contrast with non-contaminated 

sample of the same batch irradiated under the same conditions. A high oxygen concentration was also 

detected in the first 600 nm under the surface in this contaminated sample. To sum up, it seems that the 

presence of the LEs (C and most probably O) impeded the agglomeration of the vacancies. Based on the 

annihilation characteristics found in these less pure samples and on the theoretical properties of oxygen 

and carbon which predict strong interactions between LEs and vacancies we propose that oxygen 

decorated vacancy defects are at the origin of the limited vacancy agglomeration in less pure material.  
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General conclusion 

Controlled fusion is considered as one of the solutions to nowadays energy and environmental 

issues. With this in mind, the ITER project, a new generation of tokamak, was launched, to demonstrate 

the energy production capability of these fusion reactors. Not only numerous technological obstacles 

remain to be overcome, but materials research is also one of the key issues in achieving the production 

of the energy with fusion. Tungsten, the most promising PFM, has been selected to cover the divertor, 

a very critical component in ITER, and is being considered for the inner wall of the future TOKAMAKs. 

This material will have to withstand the high heat flux and energetic particles bombardment. Tungsten 

has several suitable properties of major importance to withstand these extreme operating conditions, 

namely efficient thermal conductivity, low sputtering rate and a very high melting temperature. However, 

the degradation of some properties has been found when exposed to conditions close to those expected 

in TOKAMAK. The degradation was proved to be related to the microstructural evolution of the material 

induced by exposure to energetic products of the fusion reactions and to the plasma. These exposures 

induce defects in materials and their accumulation and transformation lead to this microstructure 

evolution. Hence, the investigation of the behaviors of radiation-induced defects is essential to better 

recognize the origin of different degradations and to be able to predict the evolution of the material 

during its operation and lifetime. Some fundamental properties of the single vacancy and of some 

vacancy clusters in tungsten were revealed experimentally and their evolution was described in different 

steps related to these fundamental properties. Preliminary results showed that the evolution of vacancy 

clusters varies for samples from two batches of different purity. It was also pointed out that many 

theoretical studies predict that light elements (LEs: hydrogen, helium, nitrogen, carbon and oxygen) 

interact strongly with defects, especially vacancies, but that little experimental work has been done.  

Therefore, the aim of this thesis is to carry out several experimental studies to better understand 

these potential interactions and their consequences on the microstructure of irradiated tungsten. 

Tungsten samples of different purities (99.95 to 99.9999 wt.%) were irradiated under different 

conditions: i/ electron irradiations to introduce countable point defects, ii/ self-ion irradiations to create 

similar defects to those induced by neutrons. By taking into account their complementary detection limit 

in terms of defect size, PAS and TEM were used to characterize the vacancy-type defects for sizes 

ranging from single vacancies to larger clusters (~2 nm). In addition, SIMS and NRA were used to 

quantify the light elements (LEs). Both structural and chemical results were correlated to highlight 

various effects on the radiation induced defects distributions.  

The quality of as-annealed pristine samples was checked by SPB-DB and PALS measurement. The 

majority of the samples have Lattice-like annihilation characteristics suggesting that they contain a low 

concentration of defects. Consequently, they are suitable for the investigation of the radiation induced 

defects. However, the quantitative analysis (SIMS, and NRA) indicated that a part of prepared samples 
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presents a carbon-enriched layer of about up to ~2 µm with a maximum concentration of about ~20 

at. %. This C-enriched can be identified by the special morphology (‘cotton-like’) of the surface, which 

contains innumerable small dark dots (‘sesame like’) when observed using an optical microscope. 

Systematic SIMS and NRA analysis were performed in samples annealed at high temperature (1700 °C) 

with varying times. Contamination is proven to come from an external source to the samples. New 

annealing performed after replacing the sample holder (a tungsten plate) with a purer material and of 

the furnace components, the ‘cotton-like’ surface disappeared, indicating that contamination has been 

reduced. Moreover, it seems that the C-enriched layer has an effect on the annihilation characteristics. 

On the one hand, electron irradiations were first carried out with two fluences at RT. The PALS 

measurements revealed that between the sample surface and a depth of about 50 μm, the concentration 

of single vacancies is about twice as high in the sample irradiated at high fluence (HF), compared to that 

detected in low fluence (LF) irradiated samples. These results are in agreement with the calculated 

damage profile (see Chap. II.2.1). Nevertheless, a shorter positron lifetime than that of the pure single 

vacancy is highlighted. This shows that positron trapping has occurred in an unknown defect X for 

which the annihilation is dominant unlike the other two annihilation states (Lattice and pure simple 

vacancies). Moreover, the positron trapping rate at the X-defect appears to be favored at cryogenic 

temperature (25 and 60 K), at which a single lifetime component can be extracted from the lifetime 

spectra with a value of approximately 131 ps (25 K) and 147 ps (60 K). Direct TEM observations of the 

samples irradiated in the present study, showed that neither dislocation loops nor small vacancy clusters 

were formed in the HF-irradiated lamella. In addition, the SIMS analysis detected a non-negligible 

concentration and heterogeneous distribution of oxygen atoms in the samples, which is highly mobile 

even at RT in tungsten. Also, the estimated annihilation characteristics for the X-defect are similar to 

those calculated for single vacancies decorated with a different number of oxygen atoms. Finally, using 

the two-trap trapping model, we confirmed that the PALS spectrum contains more than three 

annihilation states when measured at RT. Accordingly, the most probable nature of the X-defect is the 

mixture of several types of oxygen vacancy complexes. 

On the other hand, the evolution of the distribution of vacancy-induced defects was investigated in 

tungsten samples of different purities (99.95 wt.%, and 99.9999 wt.%) self-irradiated under various 

conditions (energy of the W ions, temperature, fluences). 

Firstly, the self-irradiated samples with 2 MeV and 20 MeV ions at RT were studied using SPB-

DB. The size of the induced vacancy defects grows with increasing damage dose, up to a saturation 

reached at about 0.5 dpa. This result is in correlation with new modelling results. It is also interesting to 

note that the distribution of the defects induced by 2 and 20 MeV ions at RT are equivalent probably 

because fragmentation of the collision cascades and the overlapping of the created subcascades drive 

this microstructural evolution.  
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Secondly, 20 MeV self-irradiations at high temperatures (HT, 500, and 700 °C) with a mean 

damage level of about 0.02 dpa in the region between 0 - 700 nm in the samples was compared to the 

ones carried out at RT (0.01 and 0.04 dpa). The SPB-DB measurements showed that compared to RT-

irradiations, larger vacancy clusters were formed after self-ion irradiation at HT, and that the cluster size 

is close for 500 and 700 °C. It can be explained by the agglomeration of small vacancy clusters (V1 and 

V3) that becomes mobile when the temperature increases. In addition, the purity of the samples affects 

the vacancy-defect distribution. Smaller clusters were revealed for 3N-HP samples than those induced 

in the 6N-XHP samples which were both irradiated at the same time. A similar result was also obtained 

for samples irradiated at 500 °C with a damage dose of 0.04 dpa. Moreover, the TEM observations 

confirmed the PAS results: for the same irradiation conditions (a damage dose of 0.02 dpa, at HT -500, 

and 700 °C-), the voids with the largest mean diameter were observed in ultrapure 6N-XHP lamellas 

compared to the less pure 3N-HP samples. The SIMS analysis of the irradiated samples revealed 

heterogeneous distribution of carbon and oxygen at the near surface depth for all the analyzed samples 

especially for oxygen. The measured C and O concentrations are higher in less pure 3N-HP samples 

than in the ultrapure 6N-XHP ones in the depth region probed by positrons (0-700 nm). In addition, PAS 

revealed a heterogeneous distribution of the defects in carbon contaminated ultrapure sample (presenting 

a C-enriched layer in the first 1-2 µm depth) in contrast with non-contaminated sample of the same batch 

irradiated under the same conditions. A high oxygen concentration was also detected in the first 600 nm 

under the surface in this contaminated sample, which is unavoidable self-pollution for metals. To sum 

up, it seems that the presence of the LEs (C and O) impeded the agglomeration of the vacancies. Based 

on the annihilation characteristics found in these less pure samples and on the theoretical properties of 

oxygen and carbon which predict strong interactions between LEs and vacancies we propose that oxygen 

decorated vacancy defects seems the most likely reason for the limited vacancy agglomeration in less 

pure materials.   
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Perspectives 

Different perspectives can be proposed as a result of this work both experimentally and in terms of 

simulation.  

From an experimental point of view, the following investigations would complement the present 

work: 

By combining the PAS and SIMS results of the electron and self-ion irradiations, it seems that 

oxygen atoms have a major influence on the distribution of vacancy defects, probably because oxygen 

decorated vacancy-complexes are formed and limit growth of vacancy clusters. To further investigate 

these types of defects, other characterizations with high-resolution techniques have to be planned.  

 Atom Probe Tomography can provide a 3D-distribution of the O atoms, which can be used 

to check the O concentration dissolved in the tungsten irradiated at 500 or 700 °C, and also 

to access the nature of the local heterogeneities, which might be related to oxide 

nanoparticles in the pristine samples.  

 High resolution scanning TEM might directly observed decorated cavities or small vacancy 

clusters. 

It would be also interesting to perform some annealing studies after electron irradiations in samples 

containing a controlled concentration of oxygen to check the dissociation of the decorated vacancy 

complexes. 

Because the consequences on the macroscopic properties of tungsten is the major question for 

TOKAMAK applications it would be also important to continue studies on the evolution of the 

microstructure at high damage dose. It would be of major importance to investigate how the irradiation 

temperature would have an effect on the damage saturation we highlighted at RT. Moreover, such 

microstructural studies should be combined with characterizations able to give macroscopic information 

such as swelling for example.  

Alongside these additional experimental studies, theoretical ones should be also useful to better 

understand the effect of impurities and irradiation temperature on the RIDs: 

 the calculation of annihilation characteristics and trapping coefficients of various Vn-LEsm 

complexes could help to better identify and quantify these defects.  

 The calculation of the migration properties of such complexes should allow to check if 

there are immobile at room temperature as the V-C is in iron.  

 In addition, the calculations of the S and W annihilation characteristics of various vacancy clusters 

in combination with the development of fitting method based on trapping model and complementary 

TEM observations, should be used to better quantify the different vacancy clusters, especially the 

smallest ones in self-irradiated samples. 
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Chapitre V: Résumé du manuscrit 

V.1 Introduction  

Dans le contexte actuel de besoin de développer des solutions alternatives pour répondre à la 

demande énergétique croissante, la production d’énergie par la fusion thermonucléaire est envisagée 

comme une des meilleures solutions eu égard à la disponibilité du combustible et au faible impact sur 

l’environnement de cette technologie. Cependant, la mise au point de réacteurs fusion capables de 

produire de l’énergie passe par des études préliminaires. Parmi les verrous encore présents, la prévision 

du comportement des matériaux dans les conditions extrêmes (haute température, irradiation avec des 

particules de haute énergie et exposition au plasma de fusion) qu’ils subiront dans les tokamaks est une 

question clé. Elle passe par une meilleure connaissance de l’évolution de la microstructure (ou 

comportement des défauts) des matériaux sous irradiation.  

Le tungstène, un des matériaux les plus prometteurs, a été sélectionné pour couvrir le composant 

critique du TOKAMAK, le « divertor », afin de faire face aux conditions extrêmes. L’irradiation dans 

le TOKAMAK génère divers types de défauts -lacunes, interstitiels, dislocations…- qui modifient la 

microstructure des matériaux et leurs propriétés macroscopiques. Des irradiations avec des neutrons de 

fission ont montré la formation de boucles de dislocation, d’amas lacunaires et de précipités dans le 

tungstène dont les proportions dépendent des conditions d’irradiation [44,132]. Des défauts similaires 

ont été aussi observés dans le tungstène auto-irradié (irradié avec des ions de tungstène). Donc, l’auto-

irradiation est souvent utilisée pour simuler l’irradiation aux neutrons.  

En dehors des défauts intrinsèques, les atomes d’impuretés ont aussi des incidences sur l’évolution 

de la microstructure du tungstène, par exemple, les éléments Rhénium et Osmium générés par la 

transmutation induite par les neutrons, forment des précipités [49]. Ces précipités diminuent le 

gonflement mais augmentent la dureté du matériau. En parallèle de l’irradiation aux neutrons, 

l’exposition au plasmas composé d’hélium (produit de la réaction de fusion) et d’hydrogène 

(combustible) provoque la formation de bulles et d’une mousse (« fuzz ») à la surface du tungstène 

[18,27]. De plus, à part ces deux sources d’impuretés, les éléments légers ne doivent pas être ignorés. 

En effet divers résultats théoriques prévoient une interaction forte entre l’oxygène, le carbone et l’azote 

et les défauts lacunaires [239,240]. Pourtant peu de résultats expérimentaux ont été publiés sur ce sujet 

[24,124]. 

 Sur le plan théorique, la position d’occupation la plus favorable dans la matrice de tungstène est 

en site interstitiel octaédrique OIS pour le carbone et l’azote, et en site interstitiel tétraédrique TIS pour 

l’hydrogène et l’oxygène, vu que l’énergie de formation est relativement plus faible. De nombreux 

résultats théoriques prédisent des interactions entre les LEs et les défauts ponctuels (DP). Par exemple, 
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Castin et al. [109] ont démontré l'effet du carbone sur l'évolution des boucles du type interstitiel dans le 

tungstène auto-irradié, en combinant la simulation OKMC et les techniques de caractérisation (SIMS et 

TEM). La Table 3 résume les propriétés des atomes LE (H, C, N, O) prédits par les simulations dans la 

matrice de tungstène [22–30]. Ces résultats indiquent que les atomes LEs préfèrent occuper le site 

interstitiel octaédrique (OIS) ou tétraédrique TIS à proximité des monolacunes (V1) dans la matrice de 

tungstène. En outre, les énergies de liaison entre les atomes LE et V1 sont élevées, ce qui suggèrent que 

les LEs ont tendance à être piégés dans des monolacunes. Une monolacune peut piéger plusieurs atomes 

LEs. Par exemple, une seule V1 peut piéger jusqu'à 12 atomes d'hydrogène [33], 4 atomes de carbone 

[82], 6 atomes d'azote [110] et 6 atomes d'oxygène [111]. Becquart et al. [104] et Heinola et al. [103] 

ont démontré que la présence de carbone dans la lacune stabilise la formation de bilacunes 2NN dans le 

tungstène en accord avec [112], et la présence d'atomes de H augmente également la stabilité des 

bilacunes [113] avec une énergie de liaison supérieure à celle du complexe V1-H [114]. Le nombre 

d'atomes H piégés dans V1 diminue avec l'augmentation de la température, le nombre maximum 

recommandé est de douze [115]. Parallèlement, les complexes LE-lacunes ont également été étudiés 

dans d'autres métaux BCC. Barouh et al. [64] ont prédit que le complexe de trilacunes (V3) décoré par 

un atome LE (X), c'est-à-dire V3X, est le soluté le plus mobile dans le fer BCC [64]. Il a également été 

découvert que les complexes lacune-oxygène interagissent avec les atomes d'hydrogène dans le 

vanadium [241]. Par ailleurs, les atomes de H piégés dans une monolacune diminuent avec 

l'augmentation des atomes de C piégés [112], c'est-à-dire que V1, et les complexes V1-C1, V1-C2 et V1-

C3 peuvent piéger 12, 8, 5 et 3 atomes de H, respectivement. 

Sur le plan expérimental, Vehanen et al. [122] ont utilisé la spectroscopie d'annihilation de positons 

pour caractériser les défauts lacunaires dans du fer (BCC) dopés au carbone irradié aux électrons. Ils ont 

démontré que des complexes carbone-lacune (V-C) sont formés au stade III (200 K, lié à la migration 

de V) en raison du piégeage des lacunes par les atomes de carbone. Ces complexes V-C empêchent la 

migration et/ou agglomération des lacunes jusqu'à environ 450 K quand la dissociation du complexe V-

C  a été observée. Ils ont également montré qu'à ~350 K, les atomes de carbone deviennent mobiles et 

peuvent être piégés dans les complexes V-C. Plus le nombre d'atomes de carbone est élevé dans le 

complexe, V-Cn plus le piégeage des positons dans le défaut devient difficile. Cependant, dans le 

tungstène, seuls Amarendra et al. [123] ont supposé la formation de complexes carbone-lacune dans le 

tungstène recuit. Et Yabuuchi et al. [124] ont évoqué la formation de complexes hydrogène-lacunes 

dans le tungstène irradié aux électrons, sans réussir à quantifier les atomes de C et H. Par conséquent, 

d'autres études expérimentales sont nécessaires pour mieux comprendre la formation des complexes 

LEs-lacunes et leur effet sur l'évolution des défauts. 

Par conséquent, l’objectif de ce travail est d’étudier l’effet des conditions d’irradiation et l’impact 

des interactions avec les atomes LEs sur la distribution des défauts lacunaires. Pour cela des irradiations 

dans différentes conditions ont été effectuées. Des irradiations aux électrons ont été utilisées afin de 
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produire des défauts simples. Des irradiations aux ions W+ (auto-irradiations) ont été réalisées afin de 

simuler l’endommagement généré par les particules produites par la fusion dans le TOKAMAK. Cette 

étude combine plusieurs techniques de caractérisation : la microscopie électronique à transmission 

(TEM) pour les défauts les plus gros, la spectroscopie d'annihilation de positons (PAS), spécialement 

adaptée pour caractériser les petits défauts lacunaires, et la spectrométrie de masse des ions secondaires 

(SIMS) pour analyser les éléments légers. Ces études ont mis en évidence certains effets des conditions 

d’irradiation (particule incidente, dose d’endommagement, température) et des éléments légers sur 

l’évolution de la microstructure du tungstène sous irradiation. 

V.2 Matériaux et Méthode  

Des échantillons de tungstène de pureté différente (3N-HP : 99,95 wt. % et 6N-XHP : 99,9999 

wt. %) polis et recuits à haute température ont été irradiés dans diverses conditions : i/ irradiations aux 

électrons de 2.5 MeV pour introduire des défauts ponctuels quantifiables sur de grandes profondeurs 

(>100µm), ii/ auto-irradiations avec des ions de différentes énergies de 1.2, 2 et 20 MeV pour créer des 

défauts similaires à ceux induits par les neutrons sur de faibles profondeurs entre environ 100 et 1600 

nm respectivement. La nature et la distribution des défauts induits par irradiations (RID) ont été 

caractérisées par PAS et TEM. Pour sonder les défauts par PAS plusieurs techniques ont été utilisées : 

i/ un accélérateur de positons lents (0.5-25 keV) couplé à un spectromètre d’élargissement Doppler 

(SPB-DB) qui permet de sonder les défauts près de la surface (0-700 nm dans W) et plus adapté pour 

caractériser les zones endommagées près de la surface, ii/ un spectromètre de temps de vie (PALS) 

couplé à des sources de positons rapides pour caractériser les 50 premiers µm sous la surface. En outre, 

des techniques d'analyse chimique quantitative (SIMS, NRA) ont été utilisées pour révéler la distribution 

et quantifier les atomes LEs (ex : C et O). L’analyse SIMS des éléments carbone et oxygène dans le 

tungstène a été calibrée sur des échantillons W implantés avec des ions C et O à plusieurs fluences. Les 

distributions de C et O ont été corrélées avec les comportements des défauts obtenus par PAS et TEM.  

V.3 Irradiation aux electrons 

Des échantillons (3N-HP, carrés (Neyco) et disques (Goodfellow)) de tungstène irradiés aux 

électrons de 2.5 MeV avec deux fluences (FF : 1 × 1019 e-.cm-2, et HF : 2 × 1019 e-.cm-2 correspondant 

aux doses d’endommagement de 3.74 × 10-4 et 7.47 × 10-4 dpa respectivement telles que calculées avec 

les codes POLY&SMOTT) à RT, ont été caractérisés par SPB-DB, PALS, TEM et SIMS.  

Tout d'abord, l'analyse SIMS a détecté une distribution hétérogène de l'oxygène en contraste avec 

celle du carbone jusqu'à 2 µm sous la surface des échantillons irradiés et vierges. Pour l’échantillon 

irradié (PS#3) et vierge (PS#6), la concentration de carbone ne dépassait pas la limite de détection 

inférieure d'environ 50 at. ppm, tandis que la concentration d'oxygène fluctuait entre 100 et 400 at. ppm 
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dans la plupart des cas. La collection des ions secondaires chargés positivement ou négativement avec 

une masse de 0 à 250 a.m.u. a confirmé que l'oxygène est la principale impureté dans les échantillons 

3N-Neyco. De plus, il est intéressant de noter que les masses (200, 216, et 232 a.m.u.) qui présentent les 

signaux les plus intenses coïncident avec les espèces contenant l'élément de matrice (W) et l'impureté 

principale (O) (WO, WO2, et WO3). De ce fait, la présence de nanoparticules d'oxydes dans le matériau 

vierge a été spéculée. 

Deuxièmement, les mesures SPB-DB ont indiqué que les défauts détectés sont principalement des 

monolacunes, et que leur concentration augmente avec la fluence, mais pour les deux fluences, la 

concentration des monolacunes est inférieure à la celle estimée par les codes POLY& SMOTT. En 

parallèle, les mesures PALS ont confirmé l'annihilation de positons dans les monolacunes pour les deux 

fluences, avec une concentration d'environ 21 et 37 at. ppm estimée en utilisant un modèle à deux pièges 

profonds pour FF et HF, respectivement. Ce facteur environ deux est en accord avec le rapport des 

fluences. Néanmoins, une composante de temps de vie d’environ 135 à 147 ps (pour FF et HF 

respectivement) correspondant à un défaut X non identifié, avec une intensité supérieure à 50 %, a été 

extraite du spectre PALS pour les deux fluences. En outre, le taux de piégeage des défauts X semble 

dépendre de la température, car une seule composante de temps de vie a été extraite des spectres PALS 

acquis à 25 K et 60 K, ce qui indique que les défauts X pourraient être un piège à positons peu profond. 

De plus, le temps de vie de référence calculée τmod indique que les spectres expérimentaux correspondent 

à un nombre de composantes plus grand (> 3) que celui qui peut être extrait. Les observations TEM 

montrent que dans les conditions d’irradiation utilisées dans ce travail (faible flux d’électrons) aucun 

défaut de type boucle de dislocation n’est visible. Cela écarte la possibilité d’attribuer les défauts X à ce 

type de piège peu profond. Les résultats de temps de vie et d’élargissement Doppler ont été comparés 

avec des caractéristiques d’annihilation théoriques calculées par DFT pour différents types de défauts 

lacunaires y compris des complexes lacune-oxygène14. La corrélation entre les résultats PAS et l’analyse 

SIMS nous a permis de conclure que la nature la plus probable des défauts X est le mélange de plusieurs 

types de complexes lacune-oxygène. 

V.4 Auto-irradiations (ions W) 

V.4.1 2 et 20 MeV-W+ à RT 

Les échantillons (3N fournis par Goodfellow et Plansee et 6N par FZJ) de tungstène ont été irradiés 

aux ions W+ à RT avec deux énergies différentes (2 MeV, 20 MeV) et une série de fluences allant de 

1012 à 2 × 1014 cm-2 ce qui correspond aux doses d’endommagement (calculées avec le code SRIM, 

l’option « Kinchin-Pease» et l’énergie de déplacement Ed = 55. 3 eV) comprises entre 0.0085 et 0.318 

                                                           
14 A co-authored paper submitted to Journal of Nuclear Materials 
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dpa (Table 7). Les mesures SPB-DB des échantillons irradiés à deux énergies montrent une évolution 

équivalente des fractions d’annihilation de faible moment S et de fort moment W dans les régions 

endommagées. i.e. S augmente et W diminue lorsque le niveau d'endommagement augmente, avant 

d’arriver à une saturation. Cette saturation est atteinte, lorsque le niveau d'endommagement est compris 

entre 0,425 et 0,85 dpa. Les valeurs de S et W montrent que des défauts lacunaires ont été générés par 

l’irradiation et que leur distribution en taille varie en fonction du niveau d’endommagement jusqu'à la 

saturation. Au plus faible endommagement (~0,0085 dpa), principalement des monolacunes V1 ont été 

détectées par les positons dans les 100 premiers nm sous la surface, avec une concentration d'environ 

9,4 × 1025 m-3. Lorsque le niveau d’endommagement augmente jusqu'à ~0,085 dpa, de petits amas 

lacunaires Vn contenant environ 5 à 7 monolacunes ont été détectés et la concentration totale minimale 

de lacunes (V1 et celles dans les amas Vn) a été estimée à 5 × 1026 m-3. Ces résultats confirment les 

simulations MD (Dynamique Moléculaire) [69] qui montrent que dans les cascades de collisions 

générées par des PKA de 150 keV, ce sont principalement des monolacunes (environ 70 %) qui sont 

créées, ainsi que quelques petits clusters (environ 28 % avec 2 à 5 lacunes) et une fraction très faible de 

cavités qui dépend du potentiel empirique utilisé.  

Ces résultats ont été comparés à d'autres études expérimentales qui confirment la saturation de la 

densité de défauts pour une dose d’endommagement comprise entre 0,1 et 0,8 dpa. Cette valeur seuil 

dépend de la technique utilisée pour la caractérisation des dommages (TGS [226] exposition D et TDS 

[225]). La modélisation (CRA, Creation-Relaxation Algorithm [228]) a également prédit une telle 

saturation pour un seuil d’endommagement d'environ 0,5 dpa. Ces simulations ont montré qu'une 

microstructure "d'équilibre" se forme lorsque la dose d'endommagement atteint cette saturation. Cet 

équilibre serait le résultat de la compétition entre la recombinaison des défauts ponctuels et le 

chevauchement des cascades et l'agglomération des boucles d'auto-interstitiels. Cette microstructure 

"d'équilibre" est constituée de défauts lacunaires (monolacune (V1) et amas lacunaires (Vn)) dispersés 

dans un réseau de dislocations de type interstitiel15. 

De plus, il faut noter que cette saturation ne dépend pas de l'énergie d'irradiation. Le spectre en 

énergie des PKA –Primay Knocked Atoms ou premier atome choqué- générés par collisions entre les 

ions incidents et les atomes de la cible irradiée (Figure 89), a été calculé avec le code SRIM-2008, et 

l’option ‘full-cascades’ pour une énergie seuil de déplacement fixée à Ed = 55,3 eV. Il faut noter que ces 

spectres sont proches pour les deux énergies d’irradiation.  

                                                           
15 Un papier a été soumis à Journal of Nuclear Materials 
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V.4.2 1,2 et 20 MeV-W+ à 500 °C et 700 °C 

Les échantillons (3N-Goodfellow, et 6N-FZJ Plansee) de tungstène ont été irradiés aux ions W de 

1.2 et 20 MeV à 500 et 700 °C avec une série de fluences allant de 1012 à 1014 cm-2 (Table 7). Les mesures 

SPB-DB ont mis en évidence que la distribution des défauts détectés dépend de i/ la température 

d'irradiation et ii/ de la pureté des échantillons pour les irradiations à haute température (HT, 500 et 

700°C).  

V.I.1 Effet de la température  

Les mesures SPB-DB sur les échantillons 3N ont révélé la formation de défauts lacunaires dans le 

tungstène auto-irradié avec de faibles doses d’endommagement 0,02 dpa. Pour les échantillons irradiés 

à haute température HT, (500, 700 °C), les caractéristiques S-W montrent que les positons s’annihilent 

dans de gros amas lacunaires dont la taille semble proche de celle des VN les plus gros détectés dans le 

tungstène (SVN, WVN), contenant environ 20 - 30 lacunes ou plus -soit un diamètre ≥ 0,8 nm-. Leur taille 

est même supérieure à celle induite par un niveau d’endommagement 16 fois plus élevé à RT. Des 

caractéristiques d'annihilation très proches ont été trouvées pour l'irradiation à 500 et 700 °C, montrant 

que des amas lacunaires de taille proche ont été générés aux deux températures, même si une légère 

différence des valeurs S et W pourrait être due à la présence de quelques plus gros amas lacunaires à 

700 °C.  

De plus, les observations TEM ont confirmé que des cavités sont formées à ces hautes températures 

et leur distribution en taille dépend de la température. Des cavités légèrement plus grandes ont été 

observées pour l'irradiation à 700 °C. Leur diamètre varie de 0.5 à 1.45 nm pour les irradiations à 500°C 

pour une taille moyenne de 0.97 ± 0.19 nm. Ces tailles de cavités correspondent à des clusters de lacunes 

VN (dont le diamètre est supérieur ou égal à 0,8 nm) ou plus gros. Cependant il est intéressant de noter 

que les caractéristiques S-W mesurées à haute température n'atteignent pas le point (SVN, WVN). Cela 

suggère que les positons détectent des défauts plus petits que VN. Nous avons vu plus haut que les calculs 

MD prédisent la formation de clusters lacunaires dans les cascades de collisions. Cependant la fraction 

des grosses cavités dans ces calculs reste très faible par rapport aux densités obtenues en TEM. Mason 

et al. [105] ont calculé, par DFT, l'énergie de migration Em pour les petits clusters de lacunes : Em est de 

1.76 eV pour la monolacune V1, proche de la valeur de 1.66 eV [81]. Il est intéressant de noter que Em 

est encore plus faible pour la tri-lacunes V3 (Em(V3) = 1.14 eV). Il s'ensuit que ces petits défauts 

lacunaires, V1 et V3 sont mobiles à 500 °C, comme il a déjà été montré (523 K) [131]. Cela signifie que 

certaines lacunes peuvent interagir et s'agglomérer pour former des amas lacunaires et faire croître les 

clusters avec la fluence des ions (ou l’endommagement). C'est ce que nous avons observé dans la mesure 

SPB-DB : les positons ont détecté une fraction de grosses cavités plus importante lorsque le niveau 

d’endommagement est augmentée d'un facteur 2 (à 0,04 dpa). Par conséquent, la migration des petits 
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défauts lacunaires (V1 et V3) devrait être à l’origine de la formation des plus grosses cavités pendant les 

irradiations à HT.  

V.I.2 Effet de la pureté 

Différentes distributions de défauts ont été observées après auto-irradiations à HT (500 et 700°C) 

dans les échantillons 6N-XHP et 3N-HP. Les mesures de SPB-DB et TEM ont détecté les plus gros 

amas lacunaires dans les échantillons 6N-XHP. Nous avons vu plus haut que les caractéristiques S-W 

obtenues dans les échantillons irradiés à HT correspondent très probablement à l'annihilation de positons 

dans différents pièges : les plus gros amas lacunaires VN tels qu'observés en TEM et un défaut inconnu 

Dx. Nous pouvons conclure que les positons sont sensibles à un défaut Dx qui ne peut être détecté en 

TEM. Ce résultat peut être interprété par une fraction d'annihilation plus faible dans les plus grosses 

cavités VN dans les échantillons 3N-HP que dans les échantillons 6N-XHP. En d'autres termes, une 

fraction d'annihilation plus importante dans les Dx a été révélée dans les échantillons 3N-HP. La nature 

de ces défauts Dx est discutée dans la suite.  

Tout d'abord, étant donné que les deux techniques SPB-DB et TEM montrent que l'agglomération 

de petites lacunes a été entravée dans les échantillons les moins purs (3N-HP), il est raisonnable de 

s’intéresser aux impuretés de type éléments légers LEs tels que H, C, N et O, étant données leurs 

propriétés dans le tungstène et leurs fortes interactions avec les défauts lacunaires (voir la section I.3.4). 

Comme le montre la Table 28. La quantité de LEs n'a pas pu être détectée dans les analyses par LA-

ICP-MS effectuées dans les 6N-XHP par FZJ. Nos analyses SIMS indiquent une faible concentration 

de C et O dans les échantillons auto-irradiés J11 et J01. Une concentration moyenne d'environ 65 at. 

ppm proche de la limite de détection pour le carbone et d'environ 100 at. ppm pour l'oxygène a été 

détectée dans la profondeur sondée par les positrons lents (~700 nm).  

En ce qui concerne les échantillons 3N-HP, leur fournisseur a suggéré une concentration plus élevée 

de LEs, variant entre 130 et 910 at. ppm, avec en particulier 460 at. ppm de carbone et 345 at. ppm 

d'oxygène considérés comme une valeur maximale. La concentration obtenue par SIMS reste faible et 

est d'environ 100 at. ppm pour le C, dans G-05 et 75 at. ppm dans G-01. Cependant celle de l'oxygène 

est beaucoup plus hétérogène et plus élevée variant de 100 à 3000 at. ppm. Il s'ensuit que la concentration 

en C et en O est plus élevée dans les échantillons les moins purs (3N-HP) que dans les plus purs (6N-

XHP). 

De plus, ces LEs ont une énergie de migration assez faible dans le tungstène, ils sont donc mobiles 

aux températures d'irradiation utilisées dans ce travail (500 et 700°C). De plus, ils peuvent être fortement 

liés à des lacunes simples et former les complexes V-LE en raison de leur énergie de liaison élevée 

comme nous l’avons vu dans nos études d’irradiations aux électrons. Ainsi, nous pouvons supposer que 

de tels complexes V-LE se forment sous irradiation dans le tungstène lorsque la température d'irradiation 
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est suffisamment élevée pour faciliter la migration des LEs ou des monolacunes, ce qui est le cas pour 

les deux espèces à partir de 500 °C. Selon les travaux de simulation, le site d'occupation le plus favorable 

pour les atomes de C, N et O se trouve à proximité d'une monolacune, à une distance d'environ 1,3 Å du 

centre de la lacune, près d'un site octaédrique [111,121,241]. Les énergies de dissociation Ediss des 

complexes V-LE ont été calculées en sommant l'énergie de liaison du complexe avec l'énergie de 

migration de l’espèce la plus mobile (voir les valeurs Ediss dans la Table 28). Une valeur relativement 

élevée a été obtenue pour les complexes lacune-carbone V-C (3,39 eV), lacune-azote, V-N (3,21 eV) et 

lacune-oxygène, V-O (3,22 eV), contrairement au complexe lacune-hydrogène, uniquement 1,4 eV. Par 

conséquent, les complexes lacune-C, O et N, devraient être stables même à haute température (500 et 

700 °C) alors que les complexes V-H devraient être dissociés. Ces complexes ne peuvent pas être 

détectés par TEM en raison de leur taille alors que les positons devraient y être sensibles. En effet les 

atomes LE ne devraient pas être piégés au centre des lacunes et devraient ainsi laisser des volumes libres 

dans la structure cristalline où la densité électronique devrait être plus faible que dans le réseau (Lattice) 

et ainsi permettre aux positons de s’y piéger et de s’y annihiler.  

Nous avons constaté que le point SDx, WDx devrait être situé sur la ligne L3 qui rejoint le point SVN, 

WVN correspondant à l'annihilation dans les plus gros amas lacunaires détectés dans le tungstène (20-30 

monolacunes) et qui tend vers les deux tiers de la ligne L1 - caractéristique de l'annihilation dans une 

monolacune. Les caractéristiques d'annihilation SDx et WDx de ces défauts devraient être différentes de 

celles de la lacune pure et se manifester par un S plus faible et un W plus élevé avec une densité 

électronique plus élevée par rapport à la monolacune pure.  

De plus, la formation de ces complexes V-LE pourrait être plus efficace dans le matériau le moins 

pur (3N-HP) que dans le plus pur (6N-XHP). Ces complexes pourraient empêcher la migration d'une 

partie des monolacunes qui auraient migré et rejoint les autres lacunes, contribuant à leur agglomération  

dans les échantillons 3N-HP, comme cela qui a été montré dans le Fe dopé au carbone pour le complexe 

V-C [122].  

La nature des complexes ne peut être déterminée dans la présente étude, et la détermination du 

nombre d'atomes LE dans les complexes est encore un défi. En comparaison avec les travaux théoriques, 

ils pourraient être V-Cn, V-Nn, V-On, ou V-C-H sans exclure certains amas lacunaires plus complexes 

composés de plusieurs lacunes dont les propriétés ne sont pas encore connues. Néanmoins, le nombre 

de LEs liés dans les complexes devrait être suffisamment faible pour que le piégeage des positons dans 

ces complexes soit possible. Considérant que la densité des cavités observées en TEM d'environ 1.6 ± 

0.5 × 1024 m-3 correspondant au plus grosses cavités détectés par SPB-DB, c'est-à-dire VN, le taux de 

piégeage KVN peut donc être estimé à environ 1 × 1011 s-1 dans des échantillons irradiés à 0.02 dpa 

comme indiqué dans [159]. Connaissant le taux de piégeage total estimé à partir de la longueur de 

diffusion effective des positons, le taux de piégeage dans les défauts Dx est d'environ 5 × 1011 s-1. Si l'on 
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considère que le coefficient de piégeage des défauts Dx reste proche de celui des lacunes pures (µV = 6 

± 3 × 10-15 m-3.s-1 [159]), la concentration de Dx peut être estimée grossièrement à environ 7 × 1025 m-3 

(c'est-à-dire environ 1105 at. ppm). Il est intéressant de noter que ces valeurs approximatives sont du 

même ordre de grandeur que la concentration totale d’O dans les échantillons 3N-HP.   

II. Conclusion générale 

Des échantillons de tungstène de puretés différentes (99,95 à 99,9999 % en poids) ont été irradiés 

dans diverses conditions : i/ irradiation aux électrons pour introduire des défauts ponctuels quantifiables, 

ii/ auto-irradiations pour créer des défauts similaires à ceux induits par les neutrons. En tenant compte 

de la complémentarité de leur limite de détection en termes de taille des défauts, les techniques PAS et 

TEM ont été utilisées pour caractériser les défauts de type lacunaire, de la monolacune aux plus gros 

amas lacunaires détectables (~2 nm). En outre, les techniques SIMS et NRA ont été utilisées pour 

quantifier les éléments légers (LEs) dans les échantillons. Les distributions de défauts et chimiques ont 

été corrélées pour mettre en évidence différents effets sur la distribution des défauts induits par les 

irradiations.  

La qualité des échantillons préparés a été vérifiée par des mesures SPB-DB et PALS. La majorité 

des échantillons présentent des caractéristiques d'annihilation proches de celles du réseau parfait 

(Lattice), ce qui suggère qu'ils contiennent une faible concentration de défauts. Par conséquent, ils sont 

adaptés à l'étude des défauts induits par des irradiations. Cependant, l'analyse quantitative (SIMS, et 

NRA) a indiqué qu'une partie des échantillons préparés présente une couche enrichie en carbone dont 

l’épaisseur et la concentration peuvent atteindre jusqu'à ~2 µm et ~20 at. % respectivement. Cette couche 

enrichie en C peut être identifiée par une morphologie particulière de la surface, qui contient 

d'innombrables petits points sombres, lorsqu'on l'observe au microscope optique. Des analyses SIMS et 

NRA systématiques ont été réalisées sur des échantillons recuits à haute température (1700 °C) avec des 

durées de recuit différent (de 1 à 4 h). Il est à noter que la contamination provient d'une source externe 

aux échantillons. Lors d'un nouveau recuit effectué après le remplacement du porte-échantillon (pour 

une plaque de tungstène plus pure) et le nettoyage des composants du four, la surface " cotonneuse " a 

disparu, ce qui indique que la contamination a été réduite. De plus, il semble que la couche enrichie en 

C ait un effet sur les caractéristiques d'annihilation.  

Les défauts induits sous diverses conditions d’irradiation ont été étudiés dans les échantillons de 

pureté différente. Les résultats principaux de ces études se déclinent en deux branches principales.  

D'une part, dans les échantillons irradiés aux électrons avec deux fluences à RT, les mesures PALS 

ont révélé qu'entre la surface de l'échantillon et une profondeur d'environ 50 μm, la concentration des 

monolacunes induits par l’irradiation est environ deux fois plus élevée dans l'échantillon irradié à haute 

fluence (HF) par rapport à celle détectée dans les échantillons irradiés à faible fluence (FF). Ces résultats 
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sont en accord avec le profil d'endommagement calculé (voir Chap. II.2.1). Néanmoins, une composante 

de temps de vie de positons plus longue que celle du réseau (Lattice) et plus courte que celle de la 

monolacune est détectée. Ceci montre que les positons ont été piégés dans un défaut inconnu X dans 

lequel l'annihilation est dominante contrairement aux deux autres états d'annihilation (Lattice et 

monolacune pure). De plus, le taux de piégeage des positons dans ce défaut X semble être favorisé à la 

température cryogénique (25 et 60 K), à laquelle une seule composante de temps de vie peut être extraite 

des spectres de temps de vie avec une valeur d'environ 131 ps (25 K) et 147 ps (60 K). Ni des boucles 

de dislocation ni des petites cavités n'ont été observées en TEM. En outre, l'analyse SIMS a détecté une 

concentration non négligeable d’oxygène avec une distribution hétérogène dans ces échantillons. Cet 

élément léger est très mobile même à la température ambiante dans le tungstène selon les données 

théoriques (Figure 27). De plus, les caractéristiques d'annihilation estimées pour le défaut X sont proches 

de celles calculées pour des monolacunes décorées avec un nombre variable d'atomes d'oxygène. Enfin, 

en utilisant le modèle de piégeage à deux pièges, nous avons confirmé que les spectres du temps de vie 

contiennent plus de trois états d'annihilation lorsqu'ils sont mesurés à température ambiante. Par 

conséquent, la nature la plus probable du défaut X est le mélange de plusieurs types de complexes de 

lacunes-oxygène. 

D'autre part, l'évolution de la distribution des défauts lacunaires a été étudiée dans des échantillons 

de tungstène de différentes puretés (99,95 % en poids et 99,9999 % en wt.%) auto-irradiés dans 

différentes conditions (énergie des ions W, température, fluences). 

Tout d'abord, les échantillons auto-irradiés avec des ions de 2 MeV et 20MeV à la température 

ambiante ont été étudiés à l'aide de SPB-DB. La taille des défauts lacunaires induits augmente avec le 

niveau d’endommagement, et atteint une saturation à environ 0,5 dpa. Ceci est en corrélation avec les 

résultats récents de modélisation. Il est également intéressant de noter que la distribution des défauts 

induits par des ions W+ de 2 et 20 MeV à RT est très proche, ceci est probablement dû à la distribution 

en énergie des atomes de reculs qui reste très proches pour les deux énergies. 

Deuxièmement, dans les échantillons auto-irradiés à 20 MeV à haute température (HT, 500 et 

700 °C) pour une dose d’endommagement moyen d'environ 0,02 dpa dans la région entre 0 et 700 nm, 

les mesures SPB-DB ont montré que, par rapport aux irradiations à RT, des plus gros amas lacunaires 

se sont formés à HT, et que leur taille est proche pour 500 et 700 °C. Cela peut être expliqué par 

l'agglomération de petits défauts lacunaires (V1 et V3), qui deviennent mobiles lorsque la température 

augmente. De plus, la pureté des échantillons impacte la distribution des défauts lacunaires. Pour des 

échantillons qui ont été irradiés en même temps, des plus petits amas lacunaires ont été révélés dans les 

échantillons 3N-HP par rapport à ceux induits dans les échantillons 6N-XHP. Un résultat similaire a 

également été obtenu pour les échantillons irradiés à 500 °C à 0,04 dpa. De plus, les observations TEM 

ont confirmé les résultats PAS : pour les mêmes conditions d'irradiation (une dose d'endommagement 



Chapitre V: Résumé du manuscrit  

204 

de 0.02 dpa, à HT -500, et 700 °C-), les plus grosses cavités ont été observées dans les lames minces 

6N-XHP par rapport aux échantillons 3N-HP. L'analyse SIMS des échantillons irradiés a révélé une 

distribution hétérogène du carbone et de l'oxygène pour tous les échantillons analysés, en particulier 

pour l'oxygène. La concentration mesurée de C et en particulier celle de l’O sont plus élevées dans les 

échantillons 3N-HP que dans les échantillons 6N-XHP dans la région sensible aux positons (0-700 nm). 

De plus, le PAS a révélé une distribution hétérogène des défauts dans un échantillon 6N-XHP contaminé 

en carbone par rapport à l'échantillon non contaminé du même lot irradié dans les mêmes conditions. 

Une forte concentration d'oxygène a également été détectée dans les premiers 600 nm sous la surface 

dans cet échantillon contaminé. En résumé, il semble que la présence des LEs (C et O) ait empêché 

l'agglomération des lacunes. En se basant sur les caractéristiques d'annihilation trouvées dans ces 

échantillons moins purs, et sur les propriétés théoriques de l'oxygène et du carbone qui prédisent de 

fortes interactions entre les LEs et les lacunes, nous proposons que les défauts de lacunes décorées par 

l'oxygène empêchent l'agglomération des lacunes dans les matériaux moins purs. 

III. Perspectives  

Différentes perspectives peuvent être proposées à la suite de ce travail, tant sur le plan expérimental 

que sur celui de la simulation.  

Du point de vue expérimental, les investigations suivantes nous semblent intéressantes pour 

compléter ce travail : 

Les résultats PAS et SIMS sur les échantillons irradiés aux électrons et celles aux ions W, suggèrent 

que les atomes d'oxygène ont une influence majeure sur la distribution des défauts lacunaires induits par 

les irradiations à haute température. Probablement, des complexes lacunaires décorés avec des atomes 

d’oxygène sont formés, empêchant l’agglomération des amas lacunaires. Pour approfondir 

l’investigation de ce type de défauts, d'autres techniques de caractérisation présentant une plus haute 

résolution doivent être réalisées.  

 En particulier la sonde atomique tomographique devrait permettre d’obtenir la distribution 

en 3D des atomes d'oxygène, et ainsi de vérifier la concentration d'oxygène dissous dans 

le tungstène irradié à 500 ou 700 °C, et aussi de déterminer la nature des hétérogénéités 

locales, qui pourraient être liées aux nanoparticules d'oxyde dans les échantillons vierges.  

 La microscopie électronique à transmission à balayage (STEM) pourrait permettre 

directement d'observer les cavités décorées ou les petits amas lacunaires. 

Il serait également intéressant de réaliser des recuits après irradiation électronique dans des 

échantillons contenant une concentration contrôlée d'oxygène pour vérifier la dissociation des défauts 

lacunaires décorés. 
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Comme l’évolution des propriétés macroscopiques du tungstène est une des questions majeures 

pour les applications TOKAMAK, il serait également important d’étendre ces études sur l'évolution de 

la microstructure du tungstène à des doses d’endommagement plus élevées. Il serait nécessaire d'étudier 

Comment la température d'irradiation impacte la saturation des dommages que nous avons mis en 

évidence à RT. De plus, ces études de la microstructure devraient être combinées avec des techniques 

de caractérisation qui sont capables de donner des informations macroscopiques, le gonflement par 

exemple.  

En parallèle de ces études expérimentales, des études théoriques devraient également être réalisées 

pour mieux comprendre l'effet des impuretés et de la température d'irradiation sur les défauts induits par 

l'irradiation : 

 Le calcul des caractéristiques d'annihilation et des coefficients de piégeage de divers défauts 

lacunaires décorées Vn-LEsm pourrait aider à mieux identifier et quantifier ces défauts.  

 Le calcul des propriétés de migration de tels complexes devrait permettre de vérifier s'ils sont 

immobiles à température ambiante, comme le V-C l'est dans le fer.  

De plus, les calculs des caractéristiques d'annihilation de S et W de divers amas lacunaires en 

combinaison avec la méthode d'ajustement basée sur le modèle de piégeage, et des observations 

microscopiques (TEM), pourraient permettre de mieux quantifier les différentes tailles d’amas 

lacunaires, notamment les plus petits amas dans les échantillons auto-irradiés. 
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Appendix  
 

A. SIMS craters 

 2.5 MeV electron irradaition 

Ps#3 Total crater depth  
Total sputtering 

time 

Sputtering rate 

V1 V2 

  nm s nm.s-1 nm.s-1 

C1 

1572 
1000 1.3 - 1163 

1355 

C2 

1449 
1400 1.04 2.23 1855 

1798 

C3 

804 
1600 0.57 - 946 

978 

C5 

558 
1398 0.80 - 1406 

1376 

 

Ps#6 Total crater depth 
Total sputtering 

time 

Sputtering rate 

V1 V2 

  nm s nm.s-1 nm.s-1 

C1 

2732 
1000 0.86 2.12 1085 

1805 

C2 

1340 
1200 1.09  1294 

1297 

C3 

639 
1000 0.63  594 

663 
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Figure 104: Craters (150 × 150 µm2) of SIMS analysis on the sample irradiated to 2.5MeV with a fluence of 2.1019 cm-2 (Ps3) 
at RT and a pristine one (Ps6) in of the same batch. 

PS3 PS6 

  

Crater 1 (1.5 × 10-9 mbar ) Crater 1 (1.4 × 10-9 mbar ) 

  

Crater 2 (1.4 × 10-9 mbar ) Crater 2 (1.4 × 10-9 mbar ) 

  

Crater 3 (1.4 × 10-9 mbar ) Crater 3 (1.4 × 10-9 mbar ) 
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 20MeV self-ion irradaition 0.02 dpa 500°C 

J1-C11 
XHP 

Crater depth (nm) Sputtering time Sputtering rate 

  nm s nm/s 

O1 
3227 

2004 1.59 3179 
3182 

O2 
2895 

2004 1.49 3054 
3035 

O6 
4463 

3204 1.42 4628 
4554 

 

J2-C16 
XHP 

enriched in 
carbon 

Crater depth (nm) Sputtering time Sputtering rate 

 nm s nm/s 

O1 
3991 

2408 1.59 3964 
3758 

O2 
5065 

3408 1.49 5137 
5122 

O6 
5691 

1418 1.42 5675 
5821 

 

G-C05 
HP  

Crater depth (nm) Sputtering time Sputtering rate 

  nm s nm/s 

O1 
3227 

2004 1.59 3179 
3182 

O2 
2895 

2004 1.49 3054 
3035 

O6 
4463 

3204 1.42 4628 
4554 
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J1-C11 J2-C16 G-C05 

   

Crater 1 (7.40 × 10-10 mbar ) Crater 1 (6.60 × 10-10 mbar) Crater 1 (7.10 × 10-10 mbar) 

   

Crater 2 (7.50 × 10-10 mbar) Crater 2 (6.60 × 10-10 mbar) Crater 2 (7.00 × 10-10 mbar) 

   

Crater 3 (7.60 × 10-10 mbar) Crater 3 (7.20 × 10-10 mbar ) Crater 3 (7.10 × 10-10 mbar) 

Figure 105 : Craters (150 × 150 µm2) of SIMS analysis on the sample self-irradiated to 20MeV at 500°C 0.02 dpa  
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 20MeV self-ion irradaition 0.04 dpa 500°C 

G-C01 J-C01 

  

Crater 1 (7.20 × 10-10 mbar ) Crater 1 (7.50 × 10-10 mbar ) 

  

Crater 2 (7.40 × 10-10 mbar ) Crater 2 (7.30 × 10-10 mbar ) 

  

Crater 3 (7.30 × 10-10 mbar ) Crater 3 (7.80 × 10-10 mbar) 

Figure 106 : Craters (150 × 150 µm2) of SIMS analysis on the sample self-irradiated to 20MeV at 500°C 0.04 dpa  
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B. Demonstration of τmod = τL 

Trapping model of One deep trap: 

If annihilation occurs 100 % in the Lattice and at one deep trap defect denoted d1. In other word the 

sum of the annihilation fraction in both states equals to1: 𝜂𝐿 + 𝜂𝑑 = 1. 

{  

𝑑𝑛𝐿(𝑡)

𝑑𝑡
= −(𝜆𝐿+ 𝑘𝑑)𝑛𝐿(𝑡)

𝑑𝑛𝑑(𝑡)

𝑑𝑡
= −𝜆𝑑𝑛𝑑(𝑡)+ 𝑘𝑑𝑛𝐿(𝑡)

𝑛𝐿(0)=1 and 𝑛𝑑(0)=0
⇒               {  

𝑛𝐿(𝑡) = 𝑛𝐿(0)𝑒
−
𝑡
𝜏1

𝑛𝑑(𝑡) = 𝐼2(𝑒
−
𝑡
𝜏1 + 𝑒

−
𝑡
𝜏2)

 

With 𝜏1 =
1

𝜆𝐿+𝑘𝑑
 , 𝜏2 =

1

𝜆𝑑
 and 𝐼1=1 − 𝐼2 , 𝐼2 =

𝑘𝑑

𝜆𝐿−𝜆𝑑+𝑘𝑑
 

𝐼

𝜏𝑚𝑜𝑑
=
𝐼1
𝜏1
+
𝐼2
𝜏2

 

=
(𝜆𝐿 − 𝜆𝑑)(𝜆𝐿 + 𝑘𝑑) + 𝑘𝑑𝜆𝑑

𝜆𝐿 − 𝜆𝑑 + 𝑘𝑑
 

=
𝜆𝐿
2 + 𝜆𝐿𝑘𝑑 − 𝜆𝐿𝜆𝑑 − 𝑘𝑑𝜆𝑑 + 𝑘𝑑𝜆𝑑

𝜆𝐿 − 𝜆𝑑 + 𝑘𝑑
 

=
𝜆𝐿(𝜆𝐿 − 𝜆𝑑 + 𝑘𝑑)

𝜆𝐿 − 𝜆𝑑 + 𝑘𝑑
 

𝐼

𝜏𝑚𝑜𝑑
= 𝜆𝐿 =

1

𝜏𝐿
 

Trapping model of two independent deep-traps: 

If annihilation occurs 100 % in the Lattice and at two deep traps, defect 1 denoted d1, and defect 2 

denoted d1. In other word the sum of the annihilation fraction in both states equals to1: 

𝜂𝐿 + 𝜂𝑑1 + 𝜂𝑑2 = 1. 

{
 
 

 
 
𝑑𝑛𝑏(𝑡)

𝑑𝑡
= −(𝜆𝐿+ 𝑘𝑑1 + 𝑘𝑑2)𝑛𝐿(𝑡)

𝑑𝑛𝑑1(𝑡)

𝑑𝑡
= −𝜆𝑑1𝑛𝑑1(𝑡)+ 𝑘𝑑1𝑛𝐿(𝑡)

𝑑𝑛𝑑2(𝑡)

𝑑𝑡
= −𝜆𝑑2𝑛𝑑2(𝑡)+ 𝑘𝑑2𝑛𝐿(𝑡)

𝑛𝐿(0)=1 and 𝑛𝑑1,2(0)=0
⇒                 

{
 
 

 
 𝑛𝐿(𝑡) = 𝑒

−
𝑡

𝜏1

𝑛𝑑1(𝑡) = 𝐼2(𝑒
−
𝑡

𝜏1 + 𝑒
−
𝑡

𝜏2)

𝑛𝑑2(𝑡) = 𝐼3(𝑒
−
𝑡

𝜏1 + 𝑒
−
𝑡

𝜏3)

 with three 

lifetime components 𝜏1 =
1

𝜆𝐿+𝑘𝑑1+𝑘𝑑2
 , 𝜏2 =

1

𝜆𝑑1
 and 𝜏3 =

1

𝜆𝑑2
  and their intensities 𝐼1=1 − 𝐼2 − 𝐼3 , 

𝐼2 =
𝑘𝑑1

𝜆𝐿+𝑘𝑑1+𝑘𝑑2−𝜆𝑑1
 and 𝐼3 =

𝑘𝑑2

𝜆𝐿+𝑘𝑑1+𝑘𝑑2−𝜆𝑑2
 

𝐼

𝜏𝑚𝑜𝑑
=
𝐼1
𝜏1
+
𝐼2
𝜏2
+
𝐼3
𝜏3

 

To simplify the calculation, we put 𝜆1 = 𝜆𝐿 + 𝑘𝑑1 + 𝑘𝑑2 

𝐼

𝜏𝑚𝑜𝑑
=
𝐼1
𝜏1
+
𝐼2
𝜏2
+
𝐼3
𝜏3

 

𝐼

𝜏𝑚𝑜𝑑
=
𝜆1(𝜆1 − 𝜆𝑑1)(𝜆1 − 𝜆𝑑2) − 𝜆1𝑘𝑑1(𝜆1 − 𝜆𝑑2) − 𝜆1𝑘𝑑2(𝜆1 − 𝜆𝑑1)

(𝜆1 − 𝜆𝑑1)(𝜆1 − 𝜆𝑑2)
+

𝜆𝑑1𝑘𝑑1
(𝜆1 − 𝜆𝑑1)

+
𝜆𝑑2𝑘𝑑2
(𝜆1 − 𝜆𝑑2)
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=
𝜆1(𝜆1 − 𝜆𝑑1)(𝜆1 − 𝜆𝑑2) − 𝜆1𝑘𝑑1(𝜆1 − 𝜆𝑑2) − 𝜆1𝑘𝑑2(𝜆1 − 𝜆𝑑1)

(𝜆1 − 𝜆𝑑1)(𝜆1 − 𝜆𝑑2)
+

𝜆𝑑1𝑘𝑑1
(𝜆1 − 𝜆𝑑1)

+
𝜆𝑑2𝑘𝑑2
(𝜆1 − 𝜆𝑑2)

 

=
𝜆1(𝜆1 − 𝜆𝑑1)(𝜆1 − 𝜆𝑑2) − 𝜆1𝑘𝑑1(𝜆1 − 𝜆𝑑2) − 𝜆1𝑘𝑑2(𝜆1 − 𝜆𝑑1) + 𝜆𝑑1𝑘𝑑1(𝜆1 − 𝜆𝑑2) + 𝜆𝑑2𝑘𝑑2(𝜆1 − 𝜆𝑑1)

(𝜆1 − 𝜆𝑑1)(𝜆1 − 𝜆𝑑2)
 

=
𝜆1(𝜆1 − 𝜆𝑑1)(𝜆1 − 𝜆𝑑2) − (𝜆1 − 𝜆𝑑1)(𝜆1 − 𝜆𝑑2)𝑘𝑑1 − (𝜆1 − 𝜆𝑑2)(𝜆1 − 𝜆𝑑1)𝑘𝑑2

(𝜆1 − 𝜆𝑑1)(𝜆1 − 𝜆𝑑2)
 

= 𝜆1 − 𝑘𝑑1 − 𝑘𝑑2 

= 𝜆𝐿 =
1

𝜏𝐿
 

Trapping model of n independent deep-traps: 

{
 
 

 
 
𝑑𝑛𝑏(𝑡)

𝑑𝑡
= −(𝜆𝐿+ 𝑘𝑑1 +⋯+ 𝑘𝑑𝑛)𝑛𝐿(𝑡)

𝑑𝑛𝑑1(𝑡)

𝑑𝑡
= −𝜆𝑑1𝑛𝑑1(𝑡) +⋯𝑘𝑑1𝑛𝐿(𝑡)

…
𝑑𝑛𝑑𝑛(𝑡)

𝑑𝑡
= −𝜆𝑑𝑛𝑛𝑑𝑛(𝑡)+ 𝑘𝑑𝑛𝑛𝐿(𝑡)

𝑛𝐿(0)=1 and 𝑛𝑑1,2(0)=0
⇒                 

{
 
 

 
 𝑛𝐿(𝑡) = 𝑒

−
𝑡

𝜏1

𝑛𝑑1(𝑡) = 𝐼2(𝑒
−
𝑡

𝜏1 + 𝑒
−
𝑡

𝜏2)
…

𝑛𝑑𝑛(𝑡) = 𝐼𝑛+1(𝑒
−
𝑡

𝜏1 + 𝑒
−
𝑡

𝜏𝑛)

 with three 

lifetime components 𝜏1 =
1

𝜆𝐿+𝑘𝑑1+𝑘𝑑2
 , 𝜏2 =

1

𝜆𝑑1
 and 𝜏3 =

1

𝜆𝑑2
  and their intensities 𝐼1=1 − ∑ 𝐼𝑖

𝑁+1
2 , 

𝐼2 =
𝑘𝑑1

𝜆𝐿+𝑘𝑑1+⋯+𝑘𝑑𝑛−𝜆𝑑1
 and 𝐼𝑛+1 =

𝑘𝑑𝑛

𝜆𝐿+𝑘𝑑1+⋯+𝑘𝑑𝑛−𝜆𝑑𝑛
 

According to the recurrence method, the relation of  
𝐼

𝜏𝑚𝑜𝑑
=

1

𝜏𝐿
 until n independent deep-traps. 
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C. SIMS profile of 12C in samples J33 and J34 
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Figure 107: SIMS profile of 12C of the samples J33 obtained by two random craters and the surface aspect acquired by using 
optical microscope before annealing experiment with various exposure times 
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Figure 108: SIMS profile of 12C of the samples J34 obtained by two random craters and the surface aspect acquired by using 
optical microscope before annealing experiment with various exposure times 
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D. SIMS profie of 12C and 16O in 3N-HP and 6N-XHP samples 

ZH-W-GP-343/1-C08 
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ZH-W-P-UHP-FZJ1-C09 
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Figure 109: SIMS profile of 12C and 16O of the samples irradiated to 20 MeV-W 0.32 dpa at RT GP-08 (annealed to 600 °C, 
from 100 °C with a step of 50 °C/1h) and J1-C09 (as-damaged).obtained by different random craters



 

 

  



 

 

Zhiwei Hu 

Effet de la pureté sur l’évolution de la microstructure du tungstène 
sous irradiation  

Le réacteur thermonucléaire expérimental international (ITER) est une étape essentielle dans le 
développement de la technologie de fusion pour la production d'énergie. Le tungstène (W) est l'un des 
matériaux les plus adaptés pour recouvrir le divertor, composante critique d'ITER et la première paroi 
de DEMO (réacteur démonstrateur). Il devra résister à l'exposition au plasma et à l'irradiation des 
particules produits lors de la fusion (neutrons de 14,1 MeV et particules alpha de 3,5 MeV), qui génèrent 
des défauts à l’échelle atomique. L'évolution de ces défauts conduit à la dégradation des propriétés du 
tungstène, ce qui peut avoir un impact sur le fonctionnement du réacteur. L'objectif de ce travail est 
d'étudier l'évolution des défauts lacunaires induits par l'irradiation d'électrons et d’ions de tungstène 
(atomes de reculs générés par les interactions du tungstène avec les produits de la fusion). En utilisant 
la spectroscopie d'annihilation de positrons (PAS), un nouveau défaut lacunaire X avec une fraction 
prédominante a été révélé après irradiation aux électrons avec deux fluences (1 et 2×1019 cm-2) à 
température ambiante (Tamb). En combinant la microscopie électronique à transmission (TEM) et la 
spectroscopie de masse des ions secondaires (SIMS), il apparait que ces défauts X pourraient être des 
lacunes décorées avec des atomes d'oxygène. Des échantillons de tungstène irradiés avec des ions W 
de 2 MeV et 20 MeV à Tamb ont été caractérisés par PAS. Lorsque l’endommagement atteint 0,5 dpa, 
la taille des défauts n’évolue plus pour les deux énergies. Des irradiations avec des faibles doses 
d’endommagement (0,01 à 0,04 dpa) ont été réalisées à différentes températures (RT, 500 °C, et 700 
°C). À 500 °C ou plus, la combinaison de PAS, TEM et SIMS montre que l'agglomération des petites 
lacunes a été limitée dans les échantillons les moins purs (99,95 wt.%) par rapport aux ultra-purs 
(99,9999 wt.%), très probablement par les impuretés d'éléments légers (C et O). 

Mots clés : tungstène, irradiation, défauts lacunaires, PAS, TEM, SIMS 

The effect of the purity on the microstructural evolution of the 
tungsten under irradiation 

The International Thermonuclear Experimental Reactor (ITER) is an essential step in the development 
of fusion technology for energy production. Tungsten (W) is one of the most suitable materials to cover 
the divertor, a critical component of ITER and the first wall of DEMO (Demonstrator Reactor). It will have 
to withstand exposure to the plasma and irradiation by the particles produced during fusion (14.1 MeV 
neutrons and 3.5 MeV alpha particles), which generate defects on an atomic scale. The evolution of 
these defects leads to the degradation of the tungsten properties, which can have an impact on the 
operation of the reactor. The objective of this work is to study the evolution of vacancy defects induced 
by the irradiation with electrons and tungsten ions (recoil atoms generated by the interactions of tungsten 
with the fusion products). Using positron annihilation spectroscopy (PAS), a new vacancy defect X with 
a predominant fraction was revealed after electron irradiation with two fluences (1 and 2×1019 cm-2) at 
room temperature (RT). Combining transmission electron microscopy (TEM) and secondary ion mass 
spectroscopy (SIMS), it appears that these X defects could be vacancies decorated with oxygen atoms. 
Tungsten samples irradiated with 2 MeV and 20 MeV W ions at RT were characterized by PAS. When 
the damage reaches 0.5 dpa, the size of the defects no longer changes for both energies. Irradiations 
with low damage doses (0.01 to 0.04 dpa) were performed at different temperatures (RT, 500 °C, and 
700 °C). At 500 °C or higher, the combination of PAS, TEM, and SIMS shows that the agglomeration of 
small vacancies was limited in the less pure samples (99.95 wt.%) compared to the ultrapure ones 
(99.9999 wt.%), most likely by the light element impurities (C and O). 

Keywords: tungsten, irradiation, vacancy-type defect, PAS, TEM, SIMS 
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