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While tungsten has emerged as a primary candidate for plasma-facing components in future fusion devices, the effects of electronic excitations on the irradiation damage behavior under high-energy irradiation remain unclear. In this work, using a two-temperature (2T-MD) model in molecular dynamics simulations, we investigated the effects of irradiation energy, irradiation temperature, electron density and the electron-phonon (e-ph) coupling activation time on the cascade dynamics in tungsten. The results showed that the electronic effect has significant impacts on the formation of irradiation defects, especially under high-energy irradiation. Compared with the results of classical molecular dynamics calculations, the numbers of peak and surviving defects calculated using 2T-MD model were significantly reduced under high-energy ion irradiation (∼150 keV). The number of peak defects increased with temperature, while the surviving defects showed a similar number. With the increase of electron density, the number of peak defects decreased. However, the number of surviving defects was almost unaffected by the electron density. The later the e-ph coupling activation time, the more the number of peak and surviving defects. The mechanisms were well explained by analyzing the local atomic and electronic temperatures. Our work provides valuable information for understanding the electronic effects on the primary radiation damage in tungsten.
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1 INTRODUCTION
The development of controlled deuterium-tritium fusion energy is considered to be a promising way to solve the energy problem [1]. In fusion devices, plasma facing materials (PFMs) are exposed to harsh environments such as irradiation from high-energy particles and extremely high temperatures [2–6]. Therefore, the key structural materials in nuclear fusion devices are one of the important factors in realizing the safe application in nuclear fusion reactors [7]. Tungsten (W) has a high melting temperature and thermal conductivity, and is considered as one of the main candidates for plasma facing materials in future fusion devices [8–11].
After high-energy particle irradiation, a large number of defects can be formed in the materials. Since the formation of point defects plays a significant role in the irradiation damage of material, it determines the growth and evolution behaviors of defects in the post-irradiation period. Therefore, it is important to study the formation processes and evolution mechanisms of defects in the early stage of irradiation damage. Classical molecular dynamics (CMD) have been widely used to investigate the formation processes and mechanisms of the defects. Liu et al. [12] studied the effects of primary-knock-on atom (PKA) energy, direction and irradiation temperature on the cascade processes of metal W using CMD methods, established a W displacement cascade database, and clarified the Frenkel pairs, the types and spatial distribution of defects. These results provide a significant reference for the prediction of defect behavior, mechanical and thermal properties of W under the neutron irradiation environment. Zhao et al. [13] studied the effect of temperature on the cascade processes in tungsten using CMD method. It was found that the irradiation resistance of W can be improved with the increase of the temperature.
However, classical molecular dynamics ignores the energy exchange between electronic subsystem and atomic subsystem [14, 15]. For the low-energy ion irradiation, CMD can reasonably describe the irradiation damage processes. But for the high-energy particle irradiation, it is urgent to consider the effect of electronic energy loss on the irradiation damage of materials because most of the energy is lost due to the excitation and ionization of target electrons caused by inelastic scattering. Duffy [16] and Rutherford [17] proposed a two-temperature molecular dynamics (2T-MD) model. This model describes the electron stopping power and electron-phonon (e-ph) interactions, and has been widely used to describe the influence of electronic energy loss on irradiation damage [18–21]. Zarkadoula et al. [18–20] investigated the electronic effects of the displacement cascades in Ni and Ni-based alloys based 2T-MD, and found that the electronic effect has important influence on irradiation damage. The stronger the e-ph coupling, the less the number of surviving defects. They attributed the mechanism to the energy transferred from the electronic subsystem to the atomic system, which facilitates defect recombination, thereby leading to a reduction in the number of defects. In addition, Zarkadoula et al. [21] performed molecular dynamics simulations of high-energy collision cascades in W at 300 K and 800 K based on 2T-MD model. The results showed that the electronic effect has an important influence on the displacement cascades and can result in less damage formation. The number of peak and surviving defects at 800 K are larger than those at 300 K. Although the electronic effects in irradiation damage has been studied to some extent, the damage mechanism is not fully understood, and further research is still needed.
In this work, we investigated the effects of irradiation energy, electron density, irradiation temperature and electron-phonon coupling activation time on the irradiation defects formed in tungsten using 2T-MD method. It was found that the electronic effect has a significant influence on the irradiation defects in tungsten. With the increase of irradiation temperature, the number of peak defects increases, while the surviving defect shows a similar number. The number of peak defects decreases with the increase of electron density. This is attributed to the slower cooling of the electronic subsystem for the higher electron densities. As a result, more energy can be transferred to the atomic subsystem, enhancing the interstitial-vacancy recombination and resulting in the reduction of defects. With the decrease of the e-ph coupling activation time, the numbers of peak and surviving defects decrease.
2 SIMULATION METHODS
All calculations in this work were performed using the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) code [22], which includes the 2T-MD model. The atomic interactions in metal W were described by the F-S type interatomic potential (FS) recently developed by Deng et al. [23]. The Ziegler-Biersack-Littmark (ZBL) universal function [24] was used to describe the short-range interactions of the collision cascade. The ZBL universal function is connected to the interatomic interaction potential through the connection function, which is expressed as Equations 1–3:
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[image: image] controls the “steepness” of the transition of potential energy from ZBL to FS, and [image: image] controls the radius at which the transition occurs.
The cascade collision was initiated by imparting a kinetic energy to a randomly selected PKA. The incident energy of the PKA ranged from 10 keV to 150 keV, which were widely used in cascade simulation of tungsten [25, 26]. To avoid channeling effects, the initial velocity direction of the PKA was chosen to be along the 〈135〉 high-index direction. The cascades started from a point far from the center of the molecular dynamics (MD) box. The simulation systems consisted of 250,000 (50 × 50 × 50 unit cells) and 1,000,000 W atoms (80 × 80 × 80 unit cells), respectively. Periodic boundary conditions were applied in the simulation box. The thickness of the thermostat layer was approximately 8.0 Å, where the atomic velocities were rescaled, preventing energy from re-entering the simulation system.
The evolution of the electronic temperature (Te) followed the thermal diffusion equation. The two systems were divided into 9 × 9 × 9 and 15 × 15 × 15 finite-difference cells to solve the thermal diffusion equations, respectively [17]. The former contained about 340 atoms/cell, while the latter contained about 300 atoms/cell. In the 2T-MD model, the equations of motion are often formulated as Langevin equation (Equation 4) to describe the particles motion, incorporating both the frictional and random forces [16].
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Here [image: image] and m are the velocity and mass of atom i, respectively, and [image: image] is the force exerted on atom i by the surrounding atoms, and [image: image] is the random force. At lower speeds, the atoms move in relation to the surrounding atoms, and the rate of energy loss is proportional to the difference between the atomic and electronic temperatures. The friction coefficients γs due to electronic stopping and γp due to e-ph interactions are given by Equations 5, 6.
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To account for energy transport in the electron subsystem in the model, the thermal diffusion equation (Equation 7) is used to describe the evolution of electronic temperature (Te), which relates to the specific heat capacity (Ce) of electrons and thermal conductivity (κe).
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The electron density is given by Equation 8:
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Where [image: image] represents the number of atoms, [image: image] represents the number of valence electrons, and [image: image] represents the volume of a cell.
The electronic stopping parameter γs was calculated to be about 203.829 g/mol/ps using the SRIM code [27]. The electron-phonon coupling parameter γp was chosen to be 35.203 g/mol/ps, corresponding to the coupling strength of gp = 5 × 1017 W∙m−3∙K−1 [28]. The activation time for the e-ph coupling is determined through extensive simulations, including cases both with and without the e-ph coupling considered. The heat capacity Ce in the electronic temperature range was given in Ref. [29], and was calculated using first-principle calculations detailed in Ref. [30]. The electronic thermal conductivity κe was set to be 174 W∙m−1∙K−1 [31]. Because of the large uncertainty, it was assumed that κe and gp do not depend on the lattice temperature, i.e., were constants. Before the cascade collision, the systems were equilibrated for 20 ps at 300 K and zero pressure using NPT (constant number of atoms, pressure and temperature) ensemble. The microcanonical ensemble (NVE) was applied to simulate the cascade collision processes. The cascade simulation was performed for 720,000 steps, corresponding to a total simulation time of about 100 ps, to ensure the system fully relaxed to equilibrium [32]. An adaptive time step was employed, limiting the maximum displacement to 0.005 Å per step. After the simulation, the Wigner-Seitz cell method in OVITO [33] software was used to visually analyze the Frenkel defects. In all two-temperature model simulations, the e-ph activation time was set to 0 ps by default, while the effect of e-ph coupling activation time was set separately. To ensure data reliability, all numerical results were obtained from a statistical average of at least 10 independent cascade events.
3 RESULTS
The study focuses on the factors and mechanisms that influence the irradiation defects formed in tungsten when the electronic energy loss is considered. We first explored the effects of irradiation energy on the defect production based on CMD and 2T-MD, respectively. In addition, the influences of electron density, irradiation temperature and e-ph coupling activation time on the defect production were investigated under the high-energy ion irradiation based on 2T-MD, respectively.
3.1 Effects of irradiation energy on the irradiation defects
We first calculated the influences of irradiation energy on irradiation defects formed in tungsten based on CMD and 2T-MD, respectively. Figure 1 shows the relationship between Frenkel pairs (FPs) and irradiation energy. As can be seen from the figure, the number of irradiation defects increases with the increase of irradiation energy. The number of peak defects calculated using 2T-MD differs greatly from that calculated by CMD. The number of surviving defects calculated by the two methods are almost the same under low-energy irradiation, and the difference is significant under high-energy irradiation.
[image: Figure 1]FIGURE 1 | Variations of the numbers of Frenkel pairs calculated by CMD and 2T-MD with the PKA energy, respectively. (a) Peak defect and (b) surviving defect. The error bars represent the standard deviations.
3.2 Effects of electron density on the irradiation defects
Considering that the inner electrons may be excited under high-energy ion irradiation [34–36], we conducted a study of the effects of electron density on the defect production at the irradiation energy of 150 keV. The electron density was expressed as the number of electrons in W. The numbers of 6, 14 and 28 electrons corresponded to the electron densities of 0.378, 0.883 and 1.766 e/Å3, respectively. Figure 2 shows the variation of the number of Frenkel defects with electron density. It can be found that the number of peak defects decreases with the increase of electron density, while the number of surviving defects for different electron density does not change much.
[image: Figure 2]FIGURE 2 | Variations of the numbers of peak (a) and surviving (b) defects calculated by 2T-MD with the electron density at 150 keV. (c) The insets, from left to right, depict the FPs defects at 0.1 ps, 1 ps, and 10 ps, respectively. FPs with electron densities of 6 and 28 are displayed in the upper and lower sections of the panel, respectively. The red and blue spheres represent interstitial atoms and vacancy defects, respectively. The error bars in (a, b) represent the standard deviations.
3.3 Effects of irradiation temperature on the irradiation defects
This subsection aims on the effects of irradiation temperature (from 300 K to 1500 K) on the defects production at the irradiation energy of 150 keV. Figures 3a, b show the effect of irradiation temperature on the peak and surviving defects, respectively. It can be found from the figure that both the numbers of peak defects calculated by the two methods increase with temperature. The number of surviving Frenkel pairs performed by CMD decreases with temperature. However, the surviving defects calculated using 2T-MD show similar numbers with temperature.
[image: Figure 3]FIGURE 3 | Variation of the number of Frenkel pairs with temperature [(a) peak defects, (b) surviving defects] and e-ph coupling activation time [(c) peak defects, (d) surviving defects] at 150 keV. The error bars represent the standard deviations.
3.4 Effects of e-ph coupling activation time on the irradiation defects
We studied the effects of e-ph coupling activation time on the defect production under the irradiation energy of 150 keV and irradiation temperature of 300 K. The e-ph coupling activation time was chosen to be 0 ps (since the simulation system has an initial temperature of 300 K, the atoms have collective vibration modes at the beginning of irradiation), 0.1 ps, 0.5 ps and 1.0ps, respectively. Figures 3c, d show the peak and surviving defects with different activation time of e-ph coupling (te-ph) at 150 keV. As can be seen from the figure, both the numbers of peak and surviving defects decrease with the decrease of the activation time.
4 DISCUSSION
This part mainly presents the discussion of the results in Section 3.
4.1 Effects of irradiation energy on the irradiation defects
Compared with the CMD calculation results (Figure 1), the number of peak defects calculated using 2T-MD model is significantly reduced, meaning that the electronic effect has a significant influence on the irradiation damage, especially under high-energy irradiation. In addition, The results show that the electronic effect has little influence on the surviving defects under low-energy irradiation, and CMD can accurately describe the creation of the surviving defects, which is in good agreement with the results calculated by Fu et al. [37–39]. Table 1 shows the comparison of the number of stable Frenkel defect pairs in pure W at low energy. However, the role of the electronic effect becomes significant under high-energy ion irradiation and thus it is essential to considered the electronic effect.
TABLE 1 | Comparison of the number of stable Frenkel defect pairs in pure W.
[image: Table 1]The typical processes of the irradiation defects calculated using 2T-MD model at 150 keV are exhibited in Supplementary Figure S1. The number of defects reaches the maximum at 1.704 ps, and then gradually decreases, stabilizing at 10.612 ps. To elucidate the formation mechanism of defects, we analyzed the local atomic and electronic temperatures (see Figures 4, 5; Supplementary Videos S1, S2). Meanwhile, the evolution of local temperature was represented in one dimension to describe the local temperature more clearly, as shown in Figure 6. As can be seen from the figure, the local atomic temperature is very high at the beginning of irradiation. We extracted the maximum atomic and electronic temperatures from one-dimensional temperatures (see Figure 7a). It was found that the former is always larger than the latter before equilibrium, indicating that the electronic subsystems act as heat sinks. However, the local electronic temperature can be higher than the local atomic temperature. Figure 7b shows the local atomic and electronic temperatures in a cell (The cell, which is near the center of the MD box, is marked by a triangle in Figure 6). It can be found that the electronic temperature reaches its peak value (∼3,000 K) at close to 0.07 ps, at which time the atomic temperature is relatively low. Thus electronic subsystem can transfer energy to the atomic subsystem via e-ph coupling, resulting in the increase in energy and temperature of the atomic system. As shown in Figure 7b, the atomic temperature reaches its maximum (∼2000 K) at about 0.7 ps. This excess energy of the atomic system can thermally stimulate the recombination of defects, leading to a decline in the number of defects. After 10 ps, the temperatures of the two subsystems reach equilibrium.
[image: Figure 4]FIGURE 4 | Evolution of local atomic temperature calculated by 2T-MD at 150 keV. The time unit is ps and the temperature unit is K. The red and blue represent the atomic temperatures corresponding to the peak defect and the residual defect, respectively.
[image: Figure 5]FIGURE 5 | Evolution of local electronic temperature calculated by 2T-MD at 150 keV. The time unit is ps and the temperature unit is K. The red and blue boxes represent the electronic temperatures corresponding to the peak defect and the residual defect, respectively.
[image: Figure 6]FIGURE 6 | One-dimensional representation of the time evolution of atomic (a, b) and electronic (c, d) temperatures of representative 2T-MD cascades with the PKA energy of 150 keV. MD box contains a total of 3,375 (15 × 15 × 15) coarse-grained cells. The triangle indicates a typical cell near the center of the MD box.
[image: Figure 7]FIGURE 7 | (a) Maximum atomic and electronic temperatures of representative 2T-MD cascades with the PKA energy of 150 keV. (b) Evolution of the atomic and electronic temperatures of a typical cell marked by a triangle in Figure 6.
4.2 Effects of electron density on the irradiation defects
The reason why the number of peak defects decreases with the increase of electron density may be ascribed to the fact that the electronic subsystem cools down slower for higher electronic densities (see Figure 2c). As a result, more energy can be transferred to the atomic subsystem, enhancing interstitial-vacancy recombination and resulting in a decrease in the number of defects. Compared to the maximum atomic temperature with the electron density of 6, the atomic temperature with the electron density of 28 is slightly higher for a longer time (after 0.1 ps), which may enhance the defect recombination and reduce the number of defects. These results indicate that the excitation of inner electrons induced by high-energy ion irradiation may lead to the reduction of defects, especially the number of peak defects. In addition, one should be noted from Figure 2c that both the maximum atomic and electronic temperatures tend to be the same after 10ps, regardless of the electron density. Therefore, the electron density does not seem to have significant effect on the number of surviving defects (see Figure 2b). These results are of great significance to comprehensively understand the influence of electronic effects (including the inner electrons) on the irradiation damage.
4.3 Effects of irradiation temperature on the irradiation defects
As can be seen from Figures 3a, b, both the numbers of peak defects calculated by the CMD and 2T-MD methods increase with temperature, which agrees with the results of Zarkadoula et al. [21]. This suggests that there is on average more defect formation in the thermal spike at higher temperature. The number of surviving Frenkel pairs performed by CMD decreases with temperature, which is consistent with the previous results, such as iron [40, 41] and gold [42]. However, the surviving defects calculated using 2T-MD show similar numbers with temperature. Zarkadoula et al investigated the irradiation defects in W at 300 K and 800 K under 300 keV irradiation based on 2T-MD, and found that the number of surviving defects at 800 K was larger than that at 300 K [21]. In this work, if we only observes the number of irradiation defects at 300 K and 900 K, and can find that the defect number at 900 K is larger than that at 300 K, which is consistent with the above results. However, when the temperature ranges from 300 K to 1,500 K, a similar number of surviving defects are observed using 2T-MD as the temperature increases.
These phenomena may be attributed to several factors. (1) Temperature can cause thermal expansion, weakening atomic bonds and making defects easier to be created. Therefore, the higher the temperature, the more defects can be created. (2) Due to the electronic effect, there may be a lager disordered region for the cascades carried out at high temperatures, that is, the peaks of the cascades are wider [21]. As a result, the defects are able to survive during the annealing process, leading to more defects. (3) As the temperature rises, the thermal spike lifetime increases. This allows more defects to move before cooling, leading to an increase in the interstitial-vacancy recombination [41]. (4) As the temperature increases, the length of the focused collision sequence becomes shorter, and the cascade tends to have a more compact form, thus resulting in less interstitial-vacancy separation. The first two factors may lead to the increase of defect number, and the latter two factors result in the decrease of defect number. Therefore, considering multiple factors (Neither peak defect nor surviving defect may be a single factor), the number of peak defects increases and the number of surviving defects is similar with the increase of temperature.
4.4 Effects of e-ph coupling activation time on the irradiation defects
The number of peak defects decreases with the decrease of the activation time (see Figure 3c), indicating that the number of peak defects increases with the delay of the activation time. This is ascribed to the fact that the e-ph coupling can remove energy from the thermal spike, thus reducing the number of defects produced. Moreover, the surviving defect number also decreases with the decrease of activation time (see Figure 3d). The smaller activation time, the smaller number of surviving defects, which agrees with the findings of Zarkadoula et al. [43]. The mechanism can be explained from two aspects. On the one hand, the number of peak defects decreases with the decrease of the activation time, which can lead to less damage formed in W for the smaller activation time. On the other hand, some energy is fed back to the atomic system locally through the e-ph coupling. This means that local region of the cascade cools more slowly. Therefore, the number of surviving defects is reduced.
5 CONCLUSION
In summary, a two-temperature molecular dynamics method was used to investigate the influences of irradiation energy, irradiation temperature, electron density and electron-phonon coupling activation time on the irradiation defects formed in tungsten. Compared with CMD calculation results, the numbers of peak and surviving defects calculated using 2T-MD model are significantly reduced under high-energy irradiation, meaning that electronic effect has a significant effect on the irradiation defects. In addition, the electron density has obvious effect on the peak defects, but little effect on the surviving defects. With the increase of temperature, the number of peak defects calculated using 2T-MD increases, while the surviving defects show similar numbers. Furthermore, the number of defects increases with the delay of the e-ph coupling activation time, regardless of peak defect or surviving defect. This is ascribed to the fact that e-ph coupling can remove energy from thermal spikes and allow local energy to feed back into the atomic system, promoting defect recombination and reducing the creation of defects. This study offers a more realistic way for the energy dissipation process of high-energy cascade damage in tungsten, and provides valuable information for understanding the influence of electronic effects on primary radiation damage.
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