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In this study, we investigate the energy loss of highly charged ions interacting with various tungsten surfaces. The analysis primarily focuses on elucidating the impact of electron density distributions on energy loss of ions. Furthermore, we explore the correlation between surface azimuthal angles and energy loss under both uniform and inhomogeneous electron density distributions. Utilizing the classical over-the-barrier model (COBM), simulations involving trajectory calculations, energy loss, charge-exchange processes, and surface electron distributions, etc., were performed. Remarkably, the significant influence of axial channeling of surfaces on ion energy loss is observed. For the comparison of ion energy loss under uniform and inhomogeneous electron density distributions, the results reveal a more pronounced effect of electron density inhomogeneity on ion energy loss at higher energy-loss values. Additionally, the calculated energy-loss spectra of Ar16+ ions grazing on graphite surfaces show reasonable agreement with experimental data. These findings are crucial for understanding the surface structure of crystals.
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1 INTRODUCTION
The study of slow, highly charged ions (HCIs) interacting with a crystal surface plays a pivotal role in understanding the dynamic processes occurring at the nanoscale [1]; [2]. Among the various ion–surface interactions, the grazing incidence of ions on solid surfaces has garnered significant attention due to its relevance in surface modification, ion implantation, and nanofabrication processes [3]; [4]. In particular, HCIs interacting with a metallic surface have offered unique insights into the intricacies of energy transfer and charge exchange at the atom scale [5]; [6]; [7]; [8].
The energy loss that HCIs experienced can be separated into two components: (i) nuclear energy loss (NEL), with a transfer of energy from projectiles to the target atom, and (ii) electron energy loss (EEL), which comprises charge-exchange energy loss and large- and short-distance electron energy loss [9]. For the grazing scattering conditions of experiments, the elastic energy loss of ions is very small, so nuclear stopping processes can be neglected.
Recent research has focused on the dependence of electron density (ne) and stopping power (Se) on the EEL of ions [10]; [11]; [12]. L. Guillemot et al. investigated the energy losses of hydrogen and fluorine ions scattered under grazing incidence on an Ag (110) surface. An average electron density was assumed at a given distance from the surface, which resulted in a narrower width of energy-loss spectra than that in the experimental results. To clarify their experimental results more accurately, J.E.Valdés et al. performed density calculations using the ab initio linear muffin-tin orbital (LMTO) method [13]; [14]. However, the use of the LMTO method is limited to targets consisting of a large number of atoms. It is critical to realistically describe the inhomogeneity of the spatial electron density for accurately calculating the energy loss of ions interacting with crystal materials. In this work, therefore, the calculation of the spatial inhomogeneous electron density distribution on a tungsten surface was performed using the Vienna Ab initio Simulation Package (VASP) [15].
The classical over-the-barrier model (COBM) was adopted to describe the charge-exchange processes [16]. Moreover, three tungsten surfaces with different work functions were used as targets in this work, which significantly impacts the charge-exchange energy loss.
The Monte Carlo (MC) simulation method was used to investigate the energy loss of Ar17+ ions grazing on three tungsten (W) surfaces under “planar channeling” and “axial channeling,” taking into account the uniformity and inhomogeneity of the electron density distribution. The selection of tungsten as a prototypical metallic material capable of withstanding high heat loads and exhibiting low tritium retention is of great significance in thermonuclear reactors [17]. The study mainly focuses on the energy loss experienced by Ar17+ ions and influenced by the variations in electron density distributions on tungsten surfaces. Exploring the correlation between the surface azimuthal angle and ion energy loss, this study provides insights into how surface structure features manifest in the energy loss spectra. Atomic units are used throughout this paper unless otherwise stated.
2 MODELING
2.1 Interaction process
The sketch of the Arq+ ion grazing scattering from the tungsten (W) surface is shown in Figure 1. Based on the COBM [16]; [18], resonant capture (RC), resonant loss (RL), autoionization (AI), peeling off (PO), and side feeding (SF) are adopted to describe the neutralization of Arq+ ions, resulting in the corresponding charge-exchange energy loss. As the Arq+ ion approaches the tungsten surface, it induces the dielectric response phenomenon, creating an “image charge” that accelerates the HCI. When the Arq+ ion reaches a critical distance Rc, the electrons from the solid surface can be captured into the high-lying shells of the Arq+ ion in a very short time, leaving the low shells empty. As a result, the hollow atom (HA) is formed. Then, the HA decays to its ground state via Auger transition and X-ray emission [19]; [20]; [21]; [22]. Rc is given by the following equation:
[image: image]
[image: Figure 1]FIGURE 1 | Sketch of the Arq+ ion grazing scattering from the tungsten surface.
where W is the work function of the metallic surface and q1 is the initial charged state of projectiles. This critical distance marks the beginning of neutralization and the production of the HA. The work function of the metallic surface plays a vital role in the ion–target interaction process, as indicated by Eq. 1. In this study, the energy losses of ions interacting with three tungsten surfaces are compared. The work functions of W (111), W (100), and W (110) are 4.47 eV, 4.63 eV, and 5.25 eV, respectively [23].
When the interaction potential between an ion and target changes dynamically, the well-established Thomas–Fermi (TF) statistical atom model can be used, so the Coulomb potential between a projectile and a target atom can be approximated as [9]; [24]
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where Z1 and Z2 are the nuclear charges of the projectile and target atom, respectively, r is the inter-atomic distance, and [image: image] represents one particular interatomic “screening function (Eqs 3, 4).” In the simulation, the Thomas–Fermi–Moliere screening function was adopted [9]; [25]:
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in which ai = {0.35, 0.55, 0.1} and bi = {0.3, 1.2, 6.0}. aF is the screening length [25]; [26]; [27].
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where q1 and q2 are the charge states of the projectile and target atom, respectively.
As the HCI approaches the surface, the outer-orbital electrons from ions may be peeled off by the electrons on the target atoms when the distance between the HCI and free electron gas (FEG) edge of the surface is less than a certain threshold value [28]; [29]. SF may occur when the projectile approaches the surface closely enough. Furthermore, more details about the inelastic collision process (electron energy loss contributions) are described in Section 3.
2.2 Establishment of the targets
Tungsten targets with 25 atoms per layer were constructed using Vesta software, exhibiting distinct atom arrangements. For bcc W, the lattice constant a is 3.16 Å. The face spans of the targets are [image: image] and [image: image] (equal to 0.88 Å, 1.58 Å, and 2.24 Å) corresponding to W (111), W (100), and W (110), respectively. Notably, the W (110) surface represents the closest packed surface of bcc W, while W (111) exhibits the most open structure. The surface atom densities of the outermost layer are 34.09%, 58.87%, and 83.26% for W (111), W (100), and W (110), respectively [30].
3 SIMULATIONS
3.1 Calculation of electron density
To accurately estimate the energy loss of ions, it is essential to describe correctly the crystal structure and the inhomogeneous electron density distribution of the surface. In this case, the electron densities of W surfaces were calculated using the VASP [15]. The choice of interatomic potentials is crucial for the calculation of surface electron density. F. J. Domínguez-Gutiérrez et al. discussed various interatomic potentials for tungsten, considering different potential models like EAM, EAM/ZBL, MEAM, ABOP, and tabGAP for nanoindentation simulations [31]. However, only the ground state of tungsten is needed in this work. Therefore, based on the first principle of density functional theory (DFT), VASP utilizes standard pseudopotentials from the potential library and a plane-wave basis set to perform ab initio total-energy calculations for metallic systems. This package is widely used for electronic structure calculations across various materials, including metallic and semiconducting surfaces, as well as liquid and amorphous semiconductors, even for systems of considerable size.
3.1.1 Density functional theory formulations
The electron density (ne) was calculated iteratively by solving the Kohn–Sham equations, accounting for atomic spatial environments. The Kohn–Sham equation can be written as
[image: image]
where ∇2 is the Laplace operator, Veff(r) is the time-independent effective potential energy at the position r of the electron (Eq. 6), Ψi(r) is the electronic wave functions, and ɛi is the total energy, with
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where Vion(r) is the local ionic pseudopotential, VH(r) is the Hartree potential, and Vxc(r) is the exchange-correlation potential. In conclusion, according to Eq. 5, Kohn–Sham ground state energy only depends on ne.
3.1.2 Exchange-correlation energy
In the early stages, the local density approximation (LDA) was successful but encountered limitations when dealing with abrupt changes in electron density. The generalized gradient approximation (GGA) accounted for gradient terms in ne. Therefore, GGA was adopted for exchange-correlation energy calculations due to its advantages over LDA.
First, GGA incorporates the gradient of the electron density, unlike LDA, which only considers the density at a single point. This inclusion allows GGA to better capture non-local effects in the exchange-correlation functional, leading to more accurate descriptions of molecular systems with varying electron densities. Second, GGA often includes corrections for dispersion forces, which are interactions between molecules due to fluctuating electron distributions, whereas LDA typically fails to adequately describe dispersion forces. Finally, GGA has the ability to overcome the over-binding issues of LDA for isolated molecules and can offer better descriptions of electron excitation. LDA often underestimates band gaps, whereas GGA can provide more reliable predictions by incorporating additional information about the electron density gradient [18]; [32].
3.2 Charge-exchange energy loss
The charge-exchange energy loss is one of the focuses of this study. As previously mentioned, the charge transfer occurs mainly through resonant and Auger processes. In the simulation, the coupled rate equation (Eq. 7) were used to judge whether the charge-exchange processes occurred [33]. The population Pn of the nth shell can be described by the rate equation [9]; [16]:
[image: image]
where [image: image] and [image: image] are the currents of the resonant captured and lost electrons, respectively, [image: image] is the decay rate of the peeling-off process, [image: image] is the electron capture rate of the SF process, [image: image] and [image: image] are the (empirical) statistical factors used to correct the Auger rate, [image: image] is the radiative decay rate, Sn is the number of electrons fully filled in the nth shell, and θ is the unit step function.
Accompanying the charge exchange of the HCI with the metallic surface, the charge-exchange energy loss takes place. This charge-exchange energy loss can be approximated as a soft collision [34]. In the simulation, P, T, and m denote the projectiles, target atoms, and electrons, respectively. When the high-lying levels of the HCI capture surface electrons, giving rise to the process P + (T + m) → (P + m) + T, the charge-exchange energy loss can be calculated using the following expression[35]:
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where mP, mT, and m represent the masses of the projectiles, lattice atoms, and electrons, while BP and BT signify the binding energy of the exchanged electrons, and EP corresponds to the energy of the projectiles (Eq. 8). However, in the (P + m) + T → P + m + T process, when the electron resonates loss with unoccupied states on the crystal surface, the contribution of BT to the energy loss can be neglected. As a result, the expression for charge-exchange energy loss can be written as [35]
[image: image]
where v represents the laboratory-frame velocity of the projectiles and B = BP + Ec, where Ec stands for the mean kinetic energy of electrons separated from the projectiles (Eq. 9), a concept thoroughly discussed in [36].
3.3 Theoretical model of the motion and electron energy loss of the ion
The interaction of Ar17+ ions with the W target was simulated using a Monte Carlo program developed by our group. The theoretical basis of the simulation is described as follows.
The force experienced by particles at a certain position above the surface can be expressed as
[image: image]
where q represents the charge state of projectiles, R indicates the position relative to the topmost layer, and the first term on the right side of the equation represents the attractive force of the induced image charges. The second term represents the sum of the repulsive forces exerted by all atoms on the particles. The surface potential Eq. 2 is employed in Eq. 10.
As soon as the ion–surface distance R < 5.0 a.u. is reached, the short-distance EEL is calculated immediately. The energy loss for a step length is given by
[image: image]
where Se is the position-dependent electron stopping power. When considering the stopping power of incident ions, the dielectric effect of the target material needs to be considered. The induced potential generated by ions grazing on a solid surface is
[image: image]
The local dielectric function for metals is written as [37]
[image: image]
where [image: image] and n0 is the electron density. Eqs 12, 13 indicate that the induced potential on the solid surface is related to the electron density n0, which is associated with the polarization capability (dielectric constant) of the target. From a qualitative perspective, when ions graze scattering from a surface with a high charge density, the uniformity of electron distribution on the surface is disrupted. However, the electrons tend to restore and involve certain relaxation time so that ion motion is hindered. Therefore, the energy loss of ions per unit distance is inversely proportional to ion velocity. Then, the expression for Se in Eq. 11 is as follows [37]; [38]:
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where kF = vF is the Fermi wave number, [image: image] is the position from the FEG edge of the solid surface, and σn(k) is the space Fourier transform of the total charge distribution localized at the incident ion based on the Brandt–Kitagawa (B-K) model [39]. The factors in Eq. 14 can be seen in Eqs 15–20.
When the projectile is located outside the FEG [image: image], the position-dependent ionization degree can be expressed as a double exponent [37]:
[image: image]
where q0 is the initial ionization degree, L is a characteristic length, and [image: image], with vn being the perpendicular velocity and Γ0 being the typical resonant ionization rate, which is taken to be of the order of 1015s−1. The maximum value of q(z0) is reached at z0 = zs [37].
When the projectile enters the FEG [image: image], an empirical model is used [40]. It should be noted that there are no known theories within the current research domain that can accurately describe this situation. Therefore, the empirical model was utilized to offer an initial explanation. However, further research is encouraged to explore more accurate models in depth. The ionization degree is given by
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where [image: image], with vr being the ion velocity relative to the target–electron velocity, defined as follows:
[image: image]
Then, in Eq. 14,
[image: image]
or
[image: image]
where fr(k) = fr(k, 0) and fi(k) = fi(k, 0); the detailed expression of fr(k, z) and fi(k, z) is given in [41], in which we learned that a parameter γ0 links to all of factors of Eq. 14, and [image: image], where α ≡ (4/9π)1/3 and [image: image] is an important non-dimensional parameter to describe the properties of electron gas in the expression of γ0
[image: image]
where Ec(rs) is the correlation energy of electron gas, which is given in [42]. Further details are given in [9]; [24,27].
4 RESULTS AND DISCUSSION
4.1 Stopping power Se above the W surface
Variation in Se is evident in the profile of the relationship between Se and ion–surface distance z on the W (111) surface, as shown in Figure 2. As the ion–surface distance z decreases, Se increases exponentially with z, coinciding with a rapid and double-exponential increase in the ionization degree of incident ions. However, when z < 2.87 a.u., Se decreases with decreasing z until approximately z = 0.56 a.u. and then shows an increasing trend. In the range 0.56 a.u. < z < 2.87 a.u., ions enter the FEG on the surface, and the growing screening effect of the target electrons on ions reduces the polarization capability of the ions on the surface. When z < 0.56 a.u., the increase in Se can be attributed to the contribution of inner-shell electron ionization of the target atoms.
[image: Figure 2]FIGURE 2 | Short-distance stopping power of the Arq+ ion with initial velocity v = 1.0 a.u. interacting with the W (111) surface as a function of the ion–surface distance z. The dashed line indicates the location of the free electron gas edge.
Figure 3 presents two-dimensional contour-color plots depicting the electron density ne and the corresponding Se on a plane (z = 1.49 a.u.) for W (111), W (100), and W (110) surfaces, respectively. These results reveal the varying corrugation in Se across different crystal surfaces, with reduced Se in areas of higher electron density. This observation corroborates the finding in the vertical direction and suggests that Se also depends on the inhomogeneous electron density distribution on the x–y plane.
[image: Figure 3]FIGURE 3 | Plots of electron density ne on the surface vs. stopping power Se in two-dimensions for ion–surface distance z = 1.49 a.u. on the surfaces of W (111), W (100), and W (110).
The three-dimensional spatial distribution of Se on the W (111), W (100), and W (110) surfaces is shown in Figures 4A–C. It is noteworthy that the corrugation of Se is most pronounced on the W (111) surface, whereas the corrugation of Se is flat on the W (110) surface. These features are attributed to W (110) and W (111), corresponding to the closest packed and most open atom arrangements, respectively. It is also observed that the Se distribution under the axial channeling (red arrow, grazing along low-index directions) is relatively more uniform compared to the planar channeling (grazing along random directions).
[image: Figure 4]FIGURE 4 | Three-dimensional distribution of Se on the surfaces of W (111), W (100), and W (110).
4.2 Energy loss
4.2.1 Energy loss of Ar16+ grazing on graphite
Based on the theoretical model described above, the calculated energy losses of 51-keV Ar16+ ions grazing on a graphite (C) surface at various small incident angles (0.7°,1.7°, and 2.4°) are compared to experimental results. The electron density distribution on the surface is inhomogeneous. The ion energy loss spectra were obtained, as depicted in Figure 5A. The charge-exchange energy loss spectra (top) have a slight variation as the incident angles increase. The peak positions shift to the lower energy-loss side with increasing incident angle, and the peak values decrease sequentially by approximately 300 eV and 100 eV. The electron energy loss spectra (middle) have similar peaks at incidence angles of 0.7° and 2.4°, and the spectrum at 2.4° is broader. Conversely, at incident angles of 1.7° and 0.7°, the electron energy loss spectra exhibited similar broadening characteristics, but the peaks had deviations at approximately 200 eV. Furthermore, the final energy spectra (bottom) of Ar16+ ions align with the charge exchange and electron energy spectra. The peak positions at 1.7° and 2.4° are almost unchanged, with a slightly greater broadening spectrum at 2.4°. Notably, the maximum peak position of the final energy spectrum at 0.7° locates a low energy-loss side. These observations suggest that the projectile trajectory length through the electron gas is longer when the incident angle is smaller. The longer trajectory length of ions leads to enhanced total energy loss. On the contrary, at a larger incident angle of 2.4°, although the ion trajectory length may shorten, the projectiles experience a more complex electron environment in the vicinity of the topmost atomic layer. The feature results in a broader width in the energy-loss spectrum. It is obvious that the final energy of the projectiles is approximately 49 keV for three incident angles. Our calculation results are consistent with experimental findings, as depicted in Figure 5B [43], further validating the efficacy of our theoretical approach in capturing the energy loss of projectiles in ion–surface interactions.
[image: Figure 5]FIGURE 5 | Energy-loss spectra for Ar16+ ions grazing on a graphite surface at three incident angles. (A) The top panel shows the charge-exchange energy-loss spectra, the middle panel shows the electron energy-loss spectra, and the bottom panel shows the final energy spectra. (B) Experimental results of [43].
4.2.2 Energy loss of Ar17+ grazing on tungsten surfaces
4.2.2.1 Ions traveling in uniform and inhomogeneous electron gas on W (100) and W (110) surfaces under axial channeling
The interaction simulation of 180-keV Ar17+ ions grazing on the W surfaces was performed at an incident angle of 0.8°. Both uniform (depending on z, uniform distribution in the x − y plane) and inhomogeneous (inhomogeneous distribution in all three dimensions of x, y, and z) electron density distributions were considered. The ions grazed on W (100) and W (110) surfaces under secondary axial channeling (low-index directions except main axial channeling) and main axial channeling (the closest packed atom direction among axial channeling; the main axial channeling of W (100) and W (110) are ψin = 0° and ψin = 35°, respectively).
For ions traveling in uniform and inhomogeneous electron gas under axial channeling, the charge-exchange energy loss (CEEL) spectra (Figures 6A, D) are almost unchanged. The results show that the charge-exchange energy loss depends mainly on the initial charge state of the ion, while the influence of the electron density distribution on charge-exchange processes can be neglected.
[image: Figure 6]FIGURE 6 | Energy-loss spectra of 180-keV Ar17+ ions grazing scattering on W (100) and W (110) surfaces at an incident angle of 0.8°. The conditions are compared under uniform and inhomogeneous surface electron gas distributions.
Notably, a two-peak structure in low intensity at the high energy-loss side in the CEEL spectra is observed when Ar17+ ions interact with W (100) and W (110) surfaces for ψin = 45° and ψin = 0°, while the two-peak structure disappears for ions moving under main axial channeling. Figures 7A–C shows that the electron density distribution under main axial channeling displays smoother characteristics, while the electron density distribution exhibits stronger localization under secondary axial channeling.
[image: Figure 7]FIGURE 7 | Vertical views of electron distribution on W (111), W (100), and W (110) surfaces; the yellow color denotes that the electron cloud covers second-layer atoms.
A more pronounced influence of inhomogeneous electron density distribution on the EEL is shown on the high energy-loss side. For ions incident on the W (100) surface (Figure 6B) under main axial channeling, the EEL spectrum exhibits a three-peak structure. The gradually increasing deviations for the latter two peaks about uniform and inhomogeneous electron density distributions are observed. The peaks at the high energy-loss side indicate that ions enter the electron gas deeper, and the impact of inhomogeneous electron density corrugation on the EEL in the vicinity of the topmost atomic layer will be more intense. For the W (110) surface, the inherent stability of ne and Se (see Figure 4C) minimizes discrepancies in EEL spectra between inhomogeneous and uniform distributions (Figure 6E). The total energy loss spectra (Figures 6C, F) are consistent with their charge-exchange energy loss plus electron energy loss.
These observations indicate that different crystal surface structures and electron density distributions within the same crystal material have a significant impact on the energy loss of ions interacting with target surfaces.
4.2.2.2 Ions grazing on the W (111) surface under planar and axial channeling
The energy loss of Ar17+ ions grazing scattering from the W (111) surface under axial and planar channeling is further investigated. The CEEL spectra for axial channeling (ψin = 0°and 30°) have long tails (Figure 8A). However, the long tail disappears for ions grazing under planar channeling (ψin = 6°), indicating that the trajectory classes are identical. In addition, the spectrum for 0° axial channeling has a maximum at 0.9 keV and a small shoulder at approximately 1.7 keV, whereas a single peak exists in the spectrum for 30° azimuth. The phenomenon occurs because the surface exhibits lower atom density and a less ordered atom arrangement along the ψin = 0° direction compared to along the ψin = 30° direction (Figure 7A). The surface structure leads to less consistent and regular interactions between electrons and ions when ions graze along the ψin = 0° direction.
[image: Figure 8]FIGURE 8 | Energy-loss spectra of 180-keV Ar17+ ions grazing scattering on the W (111) surface at an incident angle of 0.8°.ψin = 0° and 30° represent axial channeling, and ψin = 6° represents planar channeling.
Under planar channeling, the shape of the EEL spectrum (Figure 8B) still shows a single peak at 2.55 keV and a narrow spread. Two peaks with similar intensity at 2.1 and 3.7 keV are observed when the ion grazes along the 0° azimuth direction, while the spectrum exhibits a smaller intensity peak at 2.1 keV and a larger intensity peak at 3.5 keV under main axial channeling. It is clear that the energy-loss spectra are fairly narrow for ions grazing along a random direction and broaden for scattering under axial channeling (Figure 8C). These observations suggest identical trajectory classes and shorter trajectory lengths (see Figure 10A) when ions move under planar channeling. Conversely, different trajectory classes arise for ions traveling under axial channeling.
These energy-loss spectra show that electron-stopping processes dominate the energy loss in ion–surface interactions, and the electron density (or Se) distribution of tungsten surfaces has a significant influence on the energy transfer.
4.3 Azimuthal angle and total energy loss
Furthermore, simulations were performed involving the grazing scattering of 180-keV Ar17+ ions from tungsten surfaces across a full azimuthal range (0°–360°) at an incident angle of 0.8°. The surface condition was set as either a uniform or an inhomogeneous electron gas. The energy loss was enhanced when ions grazed under axial channeling for surfaces with uniform or inhomogeneous electron gas (Figure 9). For the W (111) and W (110) surfaces, the energy loss varies with a period of 180° (Figures 9A, C), while the energy loss changing period is 90° for the W (100) surface (Figure 9B). The feature is in good agreement with the periodic arrangement of atoms on each crystal surface. The results show that information about the structure of the crystal surface can be obtained by studying the relationship between the energy loss of projectiles and the azimuthal orientation of the surface.
[image: Figure 9]FIGURE 9 | Total energy loss as a function of the azimuthal angle for the Ar17+ ion (E = 180 keV; αin = 0.8°) grazing on the W (111), W (100), and W (110) surfaces under inhomogeneous (black) and uniform (red) electron gas conditions.
For the W (111) surface (Figure 9A), the influence of the inhomogeneous distribution of surface electron density on the energy loss becomes evident only under axial channeling, because the closest distance is larger for ions grazing on the W (111) surface under planar channeling compared to that under axial channeling (Figure 10B). Therefore, ions can reach a deeper position, in which the change in electron density corrugation will be more intense for ions grazing under axial channeling. Meanwhile, the trajectory length of ions grazing on the W (111) surface is longer, resulting in greater energy loss than that on the W (100) and W (110) surfaces (Figure 10A).
[image: Figure 10]FIGURE 10 | (A) Trajectory length of the Ar17+ ion grazing on the W (111), W (100), and W (110) surfaces along the full azimuthal angles and (B) the corresponding closest distance from the surfaces.
For the W (100) surface (Figure 9B), the energy loss significantly depends on the corrugation of the electron distribution. The difference is approximately 300 eV when ions graze scattering under planar channeling, and the deviations can reach 400 eV when ions move under axial channeling. First, ions can reach deeper positions from the surface than from the W (111) surface (Figure 10B). Second, the inhomogeneous distribution of the electron density on the W (100) surface is more pronounced than on the W (110) surface (Figure 4). The results show that the dependence of the electron density distribution on the energy loss of ions grazing on the W (100) surface is stronger than that on the W (111) and W (110) surfaces.
In Figure 9C, the ordered arrangement of atoms on the W (110) surface allows a smoother electron density distribution, leading to minimal impact of both uniform and inhomogeneous electron gas conditions on ion energy loss (less than 100 eV under planar channeling).
These observations highlight the necessity for a detailed characterization of the crystal surface structure and the inhomogeneous distribution of surface electron density for ions grazing on surfaces.
5 CONCLUSION
The study reveals the significant influence of surface structures, inhomogeneous electron density distribution, incident azimuthal angles, and trajectories classes on the energy loss of Ar17+ ions interacting with tungsten crystal surfaces. The energy loss spectra of Ar17+ ions grazing on the surface depend notably on the electron density distribution on the higher energy-loss side. Furthermore, the influence of electron density distribution on the energy-loss spectra of ions grazing on the W (100) surface is enhanced compared to the W (111) and W (110) surfaces, indicating that the surface structure and electron density distribution must be described in detail for studying ion–surface interactions. Moreover, the study highlights the dominance of electron-stopping processes and the correlation between ion energy loss and surface electron density distribution. Further investigations into ion–surface interactions can deepen our comprehension of surface dynamics and advance tailored material design for various technological advancements.
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