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Through the theoretical simulation and analysis of the whole process of laser ablating target and producing plasma with high spatio-temporal resolution, it is helpful for people to gain a more complete understanding of the ablation process of target and the evolution process of plasma parameters, which has an important guiding role for the improvement and optimization of laser ablation technology. Alloys are commonly used in daily life, but there are few researches on laser-induced alloy targets at present. Therefore, based on the thermal model of laser ablation and the two-dimensional axisymmetric multi-species hydrodynamic model, the process of laser ablating Al-Mg alloy under atmospheric pressure argon is theoretically simulated, and the ablation process of alloy target and the spatio-temporal evolution results of plasma parameters under different laser irradiances are compared. At high laser irradiance, the melt and evaporation depth, laser energy absorption and plasma characterization parameters are much greater than those at low laser irradiance, and the species energy distribution at different laser irradiance also presents different trends. In addition, the velocity of different species is calculated according to the position-time diagram of the maximum emission intensity, and they expand at a constant speed during the studied time. These results can provide some theoretical guidance for the early application of laser-induced breakdown spectroscopy in metallurgy.
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INTRODUCTION
The interaction between laser and matter and the resulting plasma have a wide range of application values, for example, laser-induced breakdown spectroscopy (LIBS) is based on the analysis of plasma emission spectra to achieve qualitative and quantitative analysis of material components. Due to its unique advantages of no sample preparation, little damage to samples, and simultaneous detection of multiple elements [1, 2], this technology has been applied in many fields, such as industrial process monitoring [3, 4], biomedical [5, 6], space exploration [7, 8], nuclear industry [9, 10], etc. Measurement accuracy is the key to quantitative analysis of LIBS, but the complexity of the interaction between laser and matter and plasma evolution process leads to the limitation in the improvement of LIBS measurement accuracy [11, 12]. The theoretical simulation and analysis of the whole process of laser ablating target and producing plasma in LIBS with high spatio-temporal resolution can help people to fully understand the ablation process of target and the evolution process of plasma parameters, which may point out the way to improve the completeness of LIBS experimental equipment and the spectral analysis model.
Many theoretical simulations of the plasma generated by laser ablation of targets have been carried out in the past, and a relatively simple target composed of single element is usually chosen for the purpose of facilitating the calculation. For example, A. A. Oumeziane et al. used a comprehensive numerical model including electron nonequilibrium and laser beam absorption to study the interaction ultraviolet laser and cooper target in helium [13]. V. Morel et al. described the interaction between ultra-short pulse laser (femtosecond, picosecond) and aluminum target in nitrogen using collisional radiative model, and analyzed the transition between equilibrium and nonequilibrium of aluminum plasma [14]. C. L. Fu et al. used one-dimensional numerical model to simulate the laser ablation process of Mo target in vacuum [15]. However, most substances exist in the form of compounds, and the differences of elements directly affect the expansion of species in the plasma. Therefore, the study of multi-species plasma is more important. There have been a number of studies on this aspect. For example, G. Colonna et al. used one-dimensional hydrodynamic model to describe the expansion of TiO plasma produced by laser ablation, and analyzed the spatio-temporal evolution of plasma parameters under different input conditions [16]. A. De Giacomo et al. used a state-to-state collisional radiative model to calculate the temporal evolution of plasma parameters when laser acted on TiO and TiO2 targets in vacuum or oxygen background gas [17]. I. B. Gornushkin et al. used the radiation dynamic model to simulate the expansion of SiC plasma in vacuum, compared the spatio-temporal evolution of plasma parameters under different initial conditions, and analyzed the changes of Si I and C II emission lines in the range of 280–290 nm [18]. Q. Min et al. used the extended radiation hydrodynamic model to study the radiation and dynamic properties of high valence ions (C VI、C V、S VI、S V) in SiC plasma under vacuum, and compared them with the experimental results [19]. To sum up, the above literatures deal with the targets containing non-metallic elements and the resulting plasma. At present, there is little research on the targets composed of multiple metal elements for laser ablation, but such targets have been used in many fields because of its unique characteristics.
In this paper, the interaction between laser with different irradiance and binary alloy target in argon gas is theoretically simulated and the species dynamics of various metal elements is analyzed so as to speed up the application of LIBS in process analysis in metallurgy.
THEORETICAL MODEL
Under the action of pulsed laser, the heating process of the target material is solved by one-dimensional heat conduction model [20]:
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In the formula, cp, ρt, λt, α, and R mainly reflect the properties of the target material, and represent the specific heat, mass density, thermal conductivity, absorption coefficient and reflectivity, respectively. v is the evaporation rate of the target material, Tt is the temperature of the target, I is the laser irradiance after considering the plasma shielding effect, and z is the coordinate along the inward normal to the target surface.
For alloy targets, we consider the properties of different melting and boiling points of metal elements, and apply different heat conduction models at different stages. That is, when the target temperature reaches a relatively low boiling point, only the formation of relevant species of the element corresponding to this boiling point is considered, otherwise the formation of relevant species of two elements is considered.
When the temperature of the target material reaches the boiling point, vapor species are generated, and they continue to absorb laser energy and ionize to form plasma. The plasma parameters (ρ: the mass density, u: the plasma velocity, Te: the plasma temperature) can be described by a multi-species hydrodynamic model including mass, momentum and energy conservation equations (21)–(23):
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Here ρi, udi correspond to the mass density, diffusion velocity of species i [22, 24], and p, e, q are respectively the local pressure, the specific internal energy of an ideal gas and the radiation power loss due to bremsstrahlung process [25]. λ, τ represent thermal conductivity, viscous stress tensor [25, 26] and αIB, αPI are the absorption coefficient of reverse bremsstrahlung and photoionization coefficient [13, 27].
The species diffusion velocity is found by inverting the matrix equation (22):
[image: image]
where ni, nk and n are the number density of species i, k and the total number density, Dik is the binary diffusion coefficient for species i and k.
The viscous stress tensor is determined by the following expression [26]:
[image: image]
where μ and μ′ are the viscosity and the dilatational viscosity, and δ is the Kronecker delta.
Under the condition of local thermal equilibrium, the species number density can be obtained by using the Saha equations and the charge conservation equations. Jump conditions [28] are used to correlate the parameters of the target and plasma. A thin vapor layer, namely Knudsen layer, is formed above the target and translational equilibrium is achieved by collisions within several mean free paths in this region. The forward difference method was used to solve the heat conduction equation, and the explicit Lax-Wendroff combined with the Flux-Corrected Transport method [29] was used to solve the hydrodynamics equations.
RESULTS AND DISCUSSION
In this paper, we used the above model to simulate the interaction between laser and Al-Mg alloy in atmospheric pressure argon. The parameters of Al-Mg alloy target involved in the calculation are shown in table 1. The laser with spot radius of 0.5 mm and corresponding peak irradiances of 0.5 GW/cm2 and 5 GW/cm2 was used to ablate the alloy target. The ablation process of target and the plasma ablated from the binary alloy under two laser irradiances were compared. In addition, the velocity of different species was studied by using the position-time diagram of the maximum spectral line intensity. The parameters of the selected spectral lines of plasma radiation used for the study are shown in table 2, which are from the NIST database. The grid steps used below and above the target are respectively 1 μm and 0.01 mm, and the time step is 0.1 ns. They are determined by the Courant-Friedrichs-Lewy condition, and the grid step Δs and time step Δt satisfy the relationship: u·Δt/Δs <1. The six species involved were Mg I, Mg II, Al I, Al II, Ar I and e−. The above calculation algorithm was developed in MATLAB environment.
TABLE 1 | Properties of alloy target.
[image: Table 1]TABLE 2 | Parameters of characteristic emission lines of species.
[image: Table 2]The plasma plume is formed in the first few nanoseconds of the pulsed laser, which will cause part of the energy to be absorbed when the subsequent laser passes through, that is, the plasma shielding phenomenon. The attenuated residual laser energy finally reaches the target surface. Figure 1A shows the evolution of the initial (solid line) and final (dashed line) laser irradiance at two different laser irradiances, in which red and black represent 0.5 GW/cm2 and 5 GW/cm2, respectively. Under these laser irradiances, the actual laser irradiance reaching the center of the target surface decreases after considering the plasma shielding effect. In order to better understand the attenuation degree, the attenuation rate curves of these laser irradiances are shown in Figure 1B. It can be seen that the laser energy is absorbed more by the plasma plume at high irradiance. Moreover, the laser irradiance is not affected until 10 ns, which indicates that the plasma plume is transparent to the laser during this period. At high laser irradiance, due to the serious plasma shielding effect near the peak irradiance, the laser energy reaching the target surface is very low, so the actual peak position moves forward obviously. At low laser irradiance, the actual peak position corresponds to the initial one.
[image: Figure 1]FIGURE 1 | Evolution of the initial and final laser irradiance reaching the center of the target surface (A) and the attenuation rate of the laser irradiance (B) with time at different laser irradiance.
Heating, Melting and Vaporization of Target
Figure 2A shows the evolution of the melt (dashed line) and evaporation (solid line) depths at the center of the target over time under two laser irradiances, in which the red represents 0.5 GW/cm2 and the black represents 5 GW/cm2. During this period, the melt depth increases and the melt rate decreases at high irradiance, which is most obvious when there is no heat source at the end of the pulsed laser. At low irradiance, the melt depth first increases and then decreases, reaching the maximum value of 3 μm at 33 ns. The evaporation depth increases monotonously until the laser pulse stops ablation, and at this time, the evaporation rate at high irradiance is much faster than that at low irradiance. Figure 2B shows the profile of the evaporation depth of the target at the end of the pulsed laser (30 ns) under two laser irradiances, in which the dashed line represents 0.5 GW/cm2 and the solid one represents 5 GW/cm2. The ablation of the target mainly depends on the laser energy reaching the target surface. Because the laser spot is assumed to have a Gaussian distribution, different parts of the target are removed to varying degrees. The ablation amount at center of the spot is the most, and the evaporation depth at the center at high irradiance is about 4 times deeper than that at low irradiance.
[image: Figure 2]FIGURE 2 | Temporal evolution of the melt and evaporation depths of target center (A) and profile of evaporation depth at the end of pulsed laser (B) at different laser irradiances.
Evolution of Plasma Parameters
The intensity of the emission line (u-l transition) of the plasma in local thermal equilibrium can be expressed as:
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where C is a constant, U is the partition function, g, E, A, λ are respectively the degeneracy, energy of the upper level, transition probability and wavelength, and kB is the Boltzmann constant.
Using the above formula, we can get the emission line intensity of each species in the plasma. The temporal evolution of the maximum spectral line intensity of different species under the two laser irradiances is shown in Figure 3, in which the right side is the local enlarged picture of the left side, and different colors represent different species in the plasma. The scatter is the theoretical result, while the full line is the result of linear fitting, and all correlation coefficients R2 are greater than 0.98. The velocity of different species in the plasma is characterized by the slope of the position-time diagram of the maximum intensity of the spectral line. The velocity at high irradiance is obviously faster than that at low irradiance, and the trends of velocity between different species are the same under the two laser irradiances. It can also be seen from the figure that for magnesium and aluminum, the velocity of ions of the same element is faster than that of atoms, indicating that the higher the charge state is, the faster the velocity is. For the ions, the Coulomb acceleration also works [19], because the electrons have a high mobility and an electric field is formed between the electrons and the ions. According to the velocity formula, we know that the velocity of the species is inversely proportional to the square root of its mass. Therefore, in the same charge state, the velocity of the species with small relative atomic mass will be faster than that of the species with large relative atomic mass. The velocity of atoms satisfies the above relationship, but the velocity of aluminum ions is faster than that of magnesium ions. Moreover, the velocity of argon atoms is second only to that of aluminum ions. From table 2, we find that the species velocity in the plasma is directly related to the energy of the upper level, that is, the higher the energy of the upper level, the closer the species is to the leading edge of the plasma, where there is a higher temperature.
[image: Figure 3]FIGURE 3 | Position-time diagram of maximum line intensity of different species in the plasma at the peak laser irradiances of 0.5 GW/cm2 (A) and 5 GW/cm2 (B).
Figure 4 shows the evolution of species proportion with time on the symmetry axis at the position 0.5 mm away from the target plane under the two laser irradiances. The figure on the left shows the evolution curves of atoms, and the figure on the right shows the evolution curves of ions and electrons. Under the two laser irradiances, the background gas is gradually pushed forward with the extrusion of the vapor plasma, and the Ar species proportion decreases from the maximum value of one to almost 0. The ionization degree is higher at high laser irradiance. Expect for Ar species, the proportions of other species increase monotonically at low irradiance. At high irradiance, the difference is that the proportions of other species first increase rapidly to the peak, then gradually decrease and flatten. With the delay time, the plasma temperature decreases, the ionization degree also decreases, and proportions of the ions and electrons decrease slightly. In addition, the vapor species appear earlier at the same position away from the target because of the faster diffusion of species at high irradiance.
[image: Figure 4]FIGURE 4 | Temporal evolution of the species proportion on the symmetry axis at the position 0.5 mm away from the target plane at different laser irradiances.
Plasma temperature is an important parameter closely related to plasma characteristics and emission line intensity. Figure 5 shows the contour map of plasma temperature with time under two laser irradiances, where it can be seen that the plasma temperature expands outward in a shape similar to a bullet. With the delay time, the plasma size increases and the temperature decreases. The plasma temperature gradient is large near the shock wave, and its maximum appears in the front of the plasma. At high irradiance, the plasma size and temperature increase significantly. Figure 6 shows the temporal evolution of plasma temperature at different positions from the target surface. At different positions above the target surface, the plasma temperature first reaches the maximum rapidly, and then decreases slowly. The temperature reduction section in the figure is fitted by an exponential function, with R2 of greater than 0.99. At the same laser irradiance, the farther away from the target, the slower the temperature decreases, and at the same position, the higher the laser irradiance, the faster the temperature drop. Moreover, the farther away from the target, the lower the peak temperature is due to the more energy lost by plasma expansion.
[image: Figure 5]FIGURE 5 | The contour map of plasma temperature versus time at different laser irradiances.
[image: Figure 6]FIGURE 6 | Temporal evolution of plasma temperature at different positions from the target surface at different laser irradiances.
Species Energy Distribution
The energy distribution of species is used in many fields, and the research on it is of great significance. Through the transformation between velocity and energy distribution, the energy distribution function with energy ε and angle θ between the research direction and the normal of the target can be expressed as follows [28]:
[image: image]
Where r is perpendicular to the direction of target normal, z is the coordinate along the outward normal to the target surface, ur and uz are the velocities corresponding to the r and z axes, and [image: image].
Figure 7A shows the change of energy distribution of aluminum species along the normal direction of the target with time under two laser irradiance. At high irradiance, the width of energy distribution increases until 150 ns and then decreases, while at low irradiance, the width of energy distribution decreases with time. Figure 7B shows the energy distribution of aluminum species with angle under the two laser irradiances at the delay time of 250 ns. Since the difference between the lines is invisible at high laser irradiance, we give an enlarged view of the peak in the illustration. At high irradiance, with the increase of angle, the peak value first increases and then decreases, and reaches the maximum at 10°. At low irradiance, the peak value decreases as angle increases. The width of energy distribution decreases slightly at both irradiances. Under high laser irradiance, the ablation rate of the target is higher, and the plasma produced is faster and hotter, so the species have higher energy, and the width of energy distribution is much larger than that under low irradiance.
[image: Figure 7]FIGURE 7 | Energy distribution of aluminum species with time (A) and angle (B) at different laser irradiances.
CONCLUSION
In this paper, we use the thermal model of laser ablation and the two-dimensional axisymmetric multi-species hydrodynamic model to study the interaction between laser and Al-Mg alloy in argon, including the heating, melting, vaporization of alloy target and the generation and expansion of plasma. The ablation process of alloy target and the spatio-temporal evolution of plasma parameters under different laser irradiances are obtained. Our results show that the melt and evaporation depths of the target, the ionization degree and the plasma temperature at high laser irradiance are greater than those at low laser irradiance. Under different irradiances, the energy distribution of species also shows different trends. At high irradiance, the width of energy distribution in the normal direction of the target reaches the maximum at 150 ns, while the peak value of energy distribution reaches the maximum at 10° at a delay time of 250 ns. We also give the velocity of different species in the plasma according to the position-time diagram of the maximum line intensity of species. It is found that energy of the upper level of the selected lines will directly affect the species velocity, and the velocity of species determines their distribution, which provides theoretical support for the fine collection of spectra in laser-induced breakdown spectroscopy.
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