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Abstract

:

The transient temperature field, the velocity and pressure of plasma, and the absorption wave of fused quartz induced by millisecond-nanosecond combined pulse lasers are simulated. The theoretical model of plasma and absorption wave produced by fused quartz irradiated by a millisecond-nanosecond pulsed laser is established, in which pulse delay and laser energy are essential variables. The results show that the damaged effect of the millisecond-nanosecond combined pulse laser is different under the damaged effect of different pulse delay conditions. When the energy densities of millisecond-nanosecond combined pulse lasers are 800 J/cm2 and 20 J/cm2, respectively, the range of pulse delay is 0 ms <     Δ  t      ≤ 3 ms, and the energy coupling efficiency is the highest when   Δ t   = 1 ms. The addition of a nanosecond pulsed laser causes more obvious thermal damage and optical breakdown to fused quartz. The high pressure is concentrated at the plasma expansion interface or the shock wave front. The results can optimize the simulation parameters and be applied to laser plasma processing technology.
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1. Introduction


With the development of high-power and high-energy laser systems, the damage that an intense laser induces to optical components has hindered the sustainable development of large laser systems. Fused quartz is widely used as a visual element in the solid-state laser system. Laser-supported plasma and the combustion wave produced by fused quartz irradiated by high-power lasers are some of the main reasons for damage. The damage mechanism of high-energy and high-power lasers to fused quartz is different. For a high-energy laser of millisecond magnitude, the action time is relatively long. The heat can be transferred from the surface to the interior of fused quartz. Fused quartz has a considerable depth of laser absorption, resulting in a temperature gradient in the material, and the damage is mainly caused by thermal melting damage. For a high-power laser of nanosecond magnitude, the pulse width is minimal and the power density is very high, so the thermal damage usually occurs only on the material’s surface. Force damage is caused by nonlinear effects caused by laser electric fields, such as nonlinear absorption, nonlinear refractive index, and the self-focusing effect. The damage caused by force on the material is mainly explosion. A nanosecond pulse laser mainly produces plasma via a non-heating mode, while a millisecond pulse laser mainly produces plasma by heat transfer. Some things could be improved in the application of both. Although the peak power of a nanosecond pulsed laser is large and it is easy for it to generate plasma, the plasma produced is short due to its insufficient energy and quick action time. The plasma produced by millisecond pulsed lasers has a small intensity, but the plasma produced by its high energy lasts longer. Through the suitable combination of milliseconds and nanoseconds, the problems of short duration and low power of plasma generated by a single pulse laser can be solved. Compared with a single pulse laser, the damage effect of fused quartz by combined pulse lasers is more prominent, which can effectively improve the efficiency of laser coupling. Among these types of lasers, the combination mode of a millisecond-nanosecond pulse laser can make full use of the thermal effect of a millisecond pulse laser and the mechanical impact of a nanosecond pulse laser, effectively improving the efficiency of laser action and improving the interaction quality between the laser and material. However, there are few studies on the interaction between combined pulse lasers and matter, so the research on the effect, law, and mechanism of millisecond-nanosecond combined pulse lasers needs further improvement [1,2,3,4,5,6].



Over the years, researchers at home and abroad have carried out extensive theoretical, simulation, and experimental research on the interaction process between lasers and fused quartz. They mainly discussed the effects of different laser parameters, different film properties of materials, and different production processes on the damage of fused quartz and made significant progress. The current research shows many studies on the interaction between a single pulse laser and fused quartz optical elements, most of which are short-pulse lasers. Still, there are relatively few reports about combined pulse lasers. In addition, the damage mechanism of plasma and absorbing waves induced by a millisecond-nanosecond pulsed laser in fused quartz is still unclear, and further research is still needed. Laser-supported plasma has been used in the field of laser shock strengthening technology. That is, the thermodynamic effect of the laser-induced plasma and shock wave on the target is used to achieve the purpose of target performance improvement, target composition analysis, and target movements, such as laser shock strengthening, laser plasma spectral analysis, and laser propulsion. As the processing technology of the laser-supported plasma and shock wave is well-known by more and more people, laser propulsion has become a hot spot of current research [7,8,9]. Laser-supported absorption waves have been used in the field of laser propulsion. They can act on the flying body, promote the movement of the flying body, and realize laser propulsion, which can obtain a higher specific impulse than traditional chemical propulsion. Laser propulsion can be widely used in aerospace and weapon technology. The energy conversion of laser propulsion is mainly realized by a laser-supported absorption wave, so the study of laser-supported absorption waves is of great significance to laser propulsion technology. In recent years, Y A May and others established a self-consistent finite element model of laser-induced plasma plume, quantified the transient dynamics of a steam plume under different laser incident intensities, and analyzed the gas flow patterns, such as the mushroom-shaped structure of a steam plume [10]. M. F. Gilljohann and others used femtosecond lasers to accelerate the generation of a plasma wake field by an electron beam, capturing the dynamics of plasma induced by the beam [11]. HALEY KERRIGAN et al. studied the laser–plasma interaction during the ablation of materials by femtosecond filaments superimposed by low-intensity nanosecond pulses, indicating that the interaction between secondary pulses and pre-existing plasma plays a crucial role in enhancing material removal [12]. Li, J.Y., Yang, Z.F., Cao, S.Q., Lv, X.M. studied the effects of different combinations of laser parameters on plasma and absorbed waves [13,14,15,16,17,18].



Although some researchers have researched combined pulse lasers, there are few studies on the combination of millisecond-nanosecond long and short pulses. Therefore, based on the theory of gas dynamics, this paper establishes a simulation model of the effect of pulse delay and nanosecond laser energy density on the temperature change of fused quartz and the evolution of plasma and absorbing wave velocities. The results can optimize the simulation parameters and study the mechanism of a laser plasma absorbing wave. These results can be used in laser plasma processing technology to improve the performance of targets, plasma spectral analysis, and laser propulsion.




2. Theory


In the process of interaction between a laser and fused quartz, the state of the fused quartz changes from a solid state to a molten state and then to gaseous state. When the laser interacts with the ejected target steam, the target vapor ionizes and breaks down, producing high-temperature and high-pressure plasma and forming a plasma absorption zone. The plasma will continue to absorb the energy of the follow-up laser in a short time, and the temperature will rise rapidly. When the temperature of the plasma reaches a critical value, it will expand outward and compress the surrounding air to form the shock wave. The shock wave has a recoil pressure on the surrounding gas, which ionizes the gas to produce free electrons. The free electrons on the side close to the laser source absorb laser energy through inverse Bremsstrahlung to form a new plasma absorption layer. This layer shields the absorption of laser energy by the plasma layer behind, and it forms a laser-supported absorption wave in the incident direction of the reverse laser beam. Among them, laser-supported absorption waves include combustion waves propagating at subsonic speeds and detonation waves bearing at supersonic speeds [19,20,21,22].



Figure 1 shows the simulation diagram of plasma and absorption waves produced by laser-induced fused quartz. The laser beam is parallel and incident vertically on the fused quartz substrate. The solution region is rectangular with an axial length R = 50 mm and radial length Z = 50 mm.



In the process of laser-supported absorption wave propagation, it is assumed that the plasma is an incompressible fluid, the target vapor is in local thermodynamic equilibrium, its turbulence effect is ignored, and the air flow is in the form of laminar flow. The dynamic characteristics of plasma are related to temperature, velocity, and pressure, mainly considering the effects of the inverse Bremsstrahlung process, thermal radiation process, heat conduction process, and thermal convection process on the whole transport process. The hydrodynamic model is as follows [23,24,25,26,27]:



Mass conservation equation


    ∂ ρ   ∂ t   + ∇  (   ρ v   )  = 0  



(1)







Regarding the substrate as an incompressible fluid, the mass conservation equation can be simplified as follows:


  ∇  (   ρ v   )  = 0  



(2)







Let the volume surrounded by any surface area S be V, and the mass of the fluid flowing out of V per unit of time satisfies


  −  d  dt     ∫  V   ρ vdV  = −   ∫  V    ∂ ρ   ∂ t   dV  



(3)






  v =  {           v   m    t < Δ t            v   m  +  v n    t ≥ Δ t        



(4)







In the formula,  ρ  is the density,  v  is the airflow velocity produced by the combined pulsed lasers, and    v m    and    v n    are the airflow velocities produced by millisecond pulsed laser and nanosecond pulsed laser, respectively.



Navier–Stokes equation


   ρ  (  v · ∇  )  v = − ∇  (  p +  2 3  η ∇ · v  )  + ∇ ·  (  η  (  ∇ v + ∇  v ˜    )   )   +  (   ρ 0  − ρ  )  g   



(5)







Energy conservation equation


     ρ c   p    ∂ T   ∂ t   +    ρ c   p  v ⋅ ∇ T = ∇ ⋅  (  λ ∇ T  )  +   ∑   m = 1    N m       c χ   m   (   U m  −  U  eq , m    )  + μ  I τ  exp  (  −    r 2     r 0 2     )  exp  (  −   ∫  0 z   μ dz   )   



(6)







In the formula,  ν  is the gas velocity,  T  is the temperature,  p  is the deviation of the actual pressure,  g  is the gravitational acceleration,    C p   ,  η , and  λ  are the specific heat capacity, viscosity coefficient, and thermal conductivity, respectively, and μ is the inverse Bremsstrahlung absorption coefficient of the plasma to the laser energy.



Solve the transient heat conduction equation in the air and substrate region:


   ρ i   c  p , i     ∂ T   ∂ t   +  ρ i   c  p , i    (    v →   ⋅  ∇ →  T  )  =  ∇ →  ⋅  (   k i   ∇ →  T  )   



(7)







In the formula,    c  p , i    ,    k i     , and    ρ i    are the specific heat, thermal conductivity, and density of the fluid, respectively;    v →    is the phase transition velocity of the fluid,  T  is the temperature of the fluid, and   i = 1 , 2 , 3 … 7   represents the dielectric materials of each layer in the model.



The laser heat flux lost by evaporation on the substrate surface is as follows:


  P =  P n  +  P m  −     m ˙  L   v   



(8)







Millisecond pulse laser power:


   P m  =    J m     τ m    f  ( r )  g  ( t )   



(9)







Nanosecond pulse laser power:


   P n  =    J n     τ n    f  ( r )  g  ( t )   



(10)







The Gaussian spatial distribution   f  ( r )    of the pulsed laser is


  f  ( r )  = exp  (  − 2    r 2     R 0 2     )   



(11)







The time distribution    g m   ( t )    of the millisecond pulse laser is


   g m   ( t )  =  {        1 ,   Δ  t m  ≤ t ≤ Δ  t m  +  τ m          0 ,   t  〈  Δ  t m     or    t  〉  Δ  t m  +  τ m         



(12)







The time distribution    g n   ( t )    of nanosecond pulse laser is


   g n   ( t )  =  {        1 ,   Δ  t n  ≤ t ≤ Δ  t n  +  τ n        0 ,   t  〈  Δ  t n     or    t  〉  Δ  t n  +  τ n         



(13)







Among them, the initial time of fused quartz by the millisecond-nanosecond pulse laser is      t   0   , the initial time of the fused quartz by the millisecond pulse laser is        t   m   , and the initial time of the fused quartz by the nanosecond pulse laser is      t   n   . The delay of the millisecond pulse laser    t m    relative to the initial time    t 0    is      Δ t   m   , and the delay of the nanosecond pulse laser        t   n    relative to the initial time    t 0    is      Δ t   n   .The delay of the nanosecond pulse laser relative to the millisecond pulse laser is counted as   Δ t = Δ      t   n  − Δ  t m   , where    τ m    is the millisecond pulse width and    τ n    is the nanosecond pulse width.



Compared with the evaporation loss, the radiation loss is negligible, and the convection loss is taken into account in the modeling, because the air flow is solved near the material and gas interface. In addition, it is assumed that there is thermal continuity on the liquid–gas interface:


   T  gas   =  T  substrate    



(14)







The ablation rate is obtained by recording the mass, momentum, and energy conservation of the entire Knudsen layer, which is usually expressed by the Hertz–Langmuir relationship:


     m ˙    H − L   =  (  1 −  β R   )     M  2  π RT       P  sat    ( T )   



(15)







In the formula,    β R    is the inverse diffusion coefficient (the fraction of vaporized particles re-condensed when interacting with the surrounding particles),  M  is the molar mass of evaporated matter, and    P  sat     is the saturated vapor pressure.



The saturated vapor pressure    P  sat     is calculated according to the Claμsiμs–Clapeyron law:


   P  sat    ( T )  =  P  atm   exp  [      ML  v      RT  V     (  1 −    T V   T   )   ]   



(16)




where    P  atm     is the atmospheric pressure and    T V    is the boiling point at atmospheric pressure.



The recoil pressure    P  rec     is


   P  rec   =  1 2   (  1 +  β R   )   P  sat     ( T )  k   



(17)







The laser-supported absorption wave can be regarded as a mathematical discontinuity with no width, on which the laser energy is completely absorbed. The law of conservation of mass, momentum, and energy is applied to the wavefront without considering heat conduction and viscosity. The spreading velocity of the absorbing wavefront can be calculated.



Mass conservation equation:


   ρ 0  ( D −  u 0  ) = ρ  (  D − u  )   



(18)







Momentum conservation equation:


   ρ 0  ( D −  u 0  )  (  u −  u 0   )  = P −  P 0   



(19)







Energy conservation equation:


  A = Δ  E k  + Δ E  



(20)







In unit volume and unit area, the kinetic energy, internal energy, and work conducted by the medium with mass    ρ 0  ( D −  u 0  )   in front of the wave array are


  Δ  E k  =  1 2   ρ 0  ( D −  u 0  ) (  (  D − u  ) 2  −    (  D −  u 0   )   2   )   



(21)






  Δ E =  ρ 0  ( D −  u 0  )  (  ε −  ε 0   )   



(22)






  A =  p 0   (  D −  u 0   )  − p  (  D − u  )   



(23)







The pressure of the laser-supported detonation wavefront is


  P =    ρ 0   D 2    γ + 1    



(24)







The plasma density behind the detonation wavefront is


  ρ =  ρ 0   (  1 +  1 γ   )   



(25)







The temperature of the detonation wavefront is


  T = p / R ρ  



(26)







In the formula,  D  is the detonation wave velocity,  γ  is the gas adiabatic index,    ρ 0    is the density when the air is undisturbed, and  R  is the air gas constant.




3. Simulation Results and Analysis


The parameters of the simulation are as follows in Table 1 and Table 2.



3.1. Temperature and Velocity Variations under Different Pulse Delay Conditions


When the energy density of the millisecond pulsed laser is 800 J/cm2 and the energy density of the nanosecond pulsed laser is 20 J/cm2, the simulation results of the temperature of fused quartz center irradiated by combined pulsed lasers with different pulse delays are shown in Figure 2. When the nanosecond pulse laser is used, the temperature at the center of the fused quartz shows a sharp rise. With the change in ∆t, the peak temperature is constantly changing. Due to the high peak power density of the nanosecond pulse laser, the target is vaporized and ionized to form a plasma under the irradiation of the nanosecond pulse laser. The plasma completely absorbs the laser energy and leaves the target. In addition, the temperature evolution induced by the nanosecond pulsed laser lasts only about 30 μs. When 0 ms < ∆t ≤ 1 ms, the nanosecond pulse laser acts in the early stage of millisecond pulse laser irradiation, and the pre-irradiation of the millisecond pulse laser has relatively little effect on the temperature rise of the nanosecond pulse laser irradiated target. When 1 ms < ∆t ≤ 3 ms, the nanosecond pulsed laser acts after the millisecond laser stops irradiation. It can be seen that the effect of the nanosecond pulse laser slows down the temperature, and the temperature drops rapidly to a slightly higher temperature than that before the action after the end of the nanosecond laser action. Due to the low power of the millisecond pulse laser, the fused quartz does not reach the melting point (2123 K) and does not produce plasma, but plays a preheating role, which makes it easy to make plasma under the action of the subsequent nanosecond laser.



Figure 2 shows the relationship between the temperature of the center point and the pulse delay when the energy density of the nanosecond laser is 20 J/cm2. Figure 3 shows the relationship between the peak temperature of fused quartz and the plasma expansion velocity when the nanosecond laser energy density is 20 J/cm2 and 30 J/cm2, and the pulse delay is ∆t = 0.2–3.0 ms. As can be seen from the graph, when 0 ms < ∆t ≤ 1 ms. The peak temperature on the surface of the fused quartz and the peak expansion velocity of plasma increase with the increase in ∆t. This is mainly due to the fact that the larger the ∆t is, the more pronounced the temperature accumulation effect of the millisecond pulse laser is, and the higher the initial temperature of the nanosecond pulse laser is, the higher the surface peak temperature of the fused quartz is, and the higher the peak velocity of plasma is. When the temperature at 1 ms < ∆t ≤ 3 ms, the peak temperature and peak velocity decrease with the increase in pulse ∆t, because the temperature of the fused quartz begins to decrease after the millisecond pulse laser stops irradiation, and the peak temperature and peak velocity decrease with the increase in pulse ∆t. Under the above conditions of laser energy and pulse delay, the energy coupling efficiency of the millisecond pulse laser and nanosecond pulse laser is the highest at ∆t = 1 ms.




3.2. Temperature and Velocity Changes under Different Nanosecond Pulse Laser Energy Density


Figure 4 shows the temperature change curve of the fused quartz surface center point irradiated by the millisecond-nanosecond combined pulse lasers under the condition of ∆t = 0.25 ms, millisecond pulse energy density of 800 J/cm2, and nanosecond pulse energy density of 30–70 J/cm2. The blue point on the right is the peak temperature when the energy density of the nanosecond pulse laser is 30–70 J/cm2(The energy density interval is 5 J/cm2). The factors that affect the incomplete linearity of the peak temperature variation curve are as follows: (1) Target vapor generally absorbs laser through inverse toughening radiation absorption and photoionization, in which inverse toughening radiation absorption is the main absorption mechanism, and only this main absorption mechanism is considered in the model. (2) The physical parameters of the target, laser absorptivity and reflectivity also vary with temperature. (3) Ignore the situation that the steam temperature is not high and is transparent to the laser. (4) The plasma is regarded as an inviscid compressible fluid and satisfies the law of ideal gas. It can be seen that the temperature change trend is the same under different nanosecond energy densities from the following two pictures. The temperature spike appeared at the time of 0.25 ms, that is, when the nanosecond pulse laser was added. In addition, the peak temperature is positively correlated with the nanosecond pulse laser energy density. The temperature begins to drop sharply after the nanosecond action. However, it is still higher than that before nanosecond action, which is the result of the combined action of the millisecond and nanosecond pulse laser. After that, the fused quartz continues to absorb the millisecond pulse laser energy, and the temperature continues to rise, but the growth is relatively slow. At the time of 1 ms, the millisecond pulse laser action ends and the temperature begins to drop. In the process of temperature change, the pre-irradiation of the millisecond pulse laser increases the initial temperature of the fused quartz. Then, the addition of the nanosecond pulsed laser causes more obvious thermal damage to the fused quartz under the condition of a higher absorption rate of fused quartz.



Figure 5 shows the variation curves of plasma expansion velocity under different nanosecond pulse laser energy densities. The blue point on the right is the peak velocity of plasma expansion when the energy density of the nanosecond pulse laser is 30–70 J/cm2 (The energy density interval is 10 J/cm2).It can be seen from the two diagrams that the plasma expansion velocity is 0 m/s in the 0–0.25 ms period, and the reason is that only the millisecond pulse laser is used at this stage, so the temperature never reaches the gasification temperature of fused quartz, and there is no plasma. At the time of 0.25 ms, due to the addition of the nanosecond pulse laser, the temperature rises obviously, and it is accompanied by the generation of plasma. The peak expansion velocity increases with the increase in nanosecond energy density. This is because the higher the energy of the nanosecond pulse laser, the higher the temperature produced by the pre-irradiation of the millisecond pulse laser, so that when the nanosecond pulse laser irradiates the plasma, the expansion velocity of the plasma increases obviously. After the nanosecond pulse laser ends its action, the plasma expansion velocity decreases suddenly, and finally tends to be flat and close to 1 m/s. This shows that the laser energy cannot maintain the conversion of the laser plasma absorption region into the laser-supported absorbing wave.



Figure 6 shows the velocity and pressure fields of plasma and absorbing waves, which offer a mushroom cloud shape similar to Rayleigh–Taylor instability. The black line with arrowhead represents the velocity streamline. The simulation shows that this structure is formed in the early evaporation stage. The latest schlieren images generated by Bidare under the condition of LPBF show that the mushroom cloud forms tens of millimeters wide within milliseconds after evaporation, and the mushroom shape is caused by the airflow structure produced by the plasma plume [28,29]. The plasma is ejected upward at a relatively high speed. In the initial still air, the air is compressed and moves more slowly than the plasma, which is due to the viscous shear between the plasma plume and the air. The maximum pressure zone and the leading edge of the plume advance vertically, and the air hinders the movement of the vertical plasma plume, resulting in an enormous pressure on the leading edge of the plume. Therefore, the gas in the shear layer is pushed next to the steam plume to form an annular vortex, forming the head of the steam plume, as shown in (d). The annular vortex is represented by a circular velocity streamline.



Figure 7 shows the variation in plasma expansion velocity at millisecond and nanosecond pulsed laser energy densities of 800 J/cm2 and 50 J/cm2, and ∆t = 0.25 ms. The red line in the figure is a local enlarged view of the blue line, in order to more intuitively observe the change trend of plasma expansion velocity and pressure near the maximum value and obtain the change law more accurately. As can be seen from the following two figures, the plasma begins to produce at the time of nanosecond action, when the expansion velocity of the plasma is 65 m/s, the laser absorption wave is produced at the time of 252 μs, the expansion velocity of the laser absorption wave is 197 m/s, the maximum velocity of the absorption wave is 371 m/s at 255 μs, and the expansion velocity of the laser absorption wave is greater than the speed of sound, which is the laser-supported detonation wave. With the end of the nanosecond pulse laser irradiation, the millisecond pulse laser energy cannot maintain the detonation wave propagation at 257.5 μs. At this time, the laser supports the combustion wave to continue to propagate. Still, the propagation velocity decreases gradually, and the propagation velocity of the laser absorption wave decreases to 0.6 m/s at 1.2 ms. The plasma expansion pressure reaches the peak value of 4.09 × 105 Pa at 255 μs, and the high pressure is concentrated at the plasma expansion interface, which is mainly due to the giant plasma expansion velocity, which makes the velocity gradient at the front of the plasma huge, which leads to the increase in the pressure at the plasma expansion interface. At 259 μs, the pressure is mainly concentrated in the shock wave front, which is primarily because the shock wave begins to appear and the reverse laser beam propagates, and the recoil pressure is primarily concentrated in the laser shock wave.



According to Equation (24), the variation in wavefront pressure with time is calculated as shown in Figure 8a. The simulation results are in good agreement with the theoretical results, which reach the peak at 255 μs, where γ = 1.2 and    ρ 0    = 1.29 kg/m3. According to Equations (25) and (26), the relationship between the wavefront temperature and pressure is proportional, and the relationship between the wavefront temperature and time is calculated as shown in Figure 8b. The variation trend of the wavefront temperature is consistent with time, and the peak temperature is about 3.81 × 104 K at 255 μs.





4. Conclusions


In this paper, the plasma and absorption wave produced by fused quartz induced by millisecond-nanosecond combined pulse lasers under different pulse delays and different nanosecond energy densities are simulated. The simulation results show the following: (1) The energy density of the millisecond pulse laser is 800 J/cm2, and that of the nanosecond pulse laser is 20 J/cm2 and 30 J/cm2. The pulse delay time acquisition is ∆t = 0.2–3.0 ms, the highest energy coupling efficiency of the millisecond-nanosecond pulsed laser is at the ∆t = 1 ms moment, and the peak temperature and plasma velocity of fused silica increase first and then decrease with ∆t. (2) When ∆t = 0.25 ms, the energy density of the millisecond pulse is 800 J/cm2 and the energy density of the nanosecond pulse is 30–70 J/cm2. The intervention of the nanosecond pulse laser will cause more obvious thermal damage to and optical breakdown of the fused quartz under the condition of a higher absorption rate of the fused quartz. (3) When ∆t = 0.25 ms, the energy densities of the millisecond and nanosecond pulses are 800 J/cm2 and 50 J/cm2, respectively, and the simulation results are in good agreement with the theoretical results. The peak values of wavefront temperature and pressure are consistent with time. At 259 μs, the shock wave begins to appear and propagate against the laser beam, resulting in recoil pressure, which is mainly concentrated in the shock wave front.
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Figure 1. Simulation diagram of plasma and absorbing waves produced by laser-induced fused quartz. 
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Figure 2. Variation in fused quartz temperature with time under different pulse delay conditions. 
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Figure 3. Variation in peak temperature and plasma peak velocity of fused quartz with pulse delay. (a) The variation in peak temperature pulse delay of fused quartz; (b) the variation in plasma peak velocity with pulse delay. 
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Figure 4. Variation in fused quartz surface temperature under different nanosecond laser energy conditions: (a) the relationship of the surface temperature of fused quartz with time; (b) the relationship between peak temperature and nanosecond laser energy density. 
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Figure 5. The variation in plasma expansion velocity under different nanosecond laser energy: (a) the relationship of plasma expansion velocity with time; (b) the relationship between plasma peak velocity and nanosecond energy density. 
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Figure 6. Velocity and pressure fields of plasma and absorbing waves (velocity field on the left and pressure field on the right): (a) t = 250 μs; (b) t = 255 μs; (c) t = 260 μs; (d) t = 265 μs. 
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Figure 7. Variation in plasma expansion velocity and pressure with time: (a) he plasma expansion velocity varies with time; (b) plasma pressure varies with time. 
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Figure 8. Variation in wavefront pressure and temperature with time: (a) variation in wavefront pressure with time; (b) variation in wavefront temperature with time. 
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Table 1. Material parameters.






Table 1. Material parameters.





	
Feature Parameter Name

	
Symbol

	
Dimension

	
Numerical Value






	
Plasma density

	
  ρ  

	
   g ·   cm   − 3     

	
3.49/T × 10−6




	
Plasma thermal conductivity

	
  K  

	
     Wm   − 1    K  − 1     

	
−0.002 + 1.5 × 10−4 × T − 7.9 × 10−8 × T2 + 4.12 × 10−11 × T3 − 7.44 × 10−15 × T4




	
Plasma heat capacity

	
  C  

	
   J /  (  kg · K  )    

	
1047.27 + 9.45 × 10−4 × T2 − 6.02 × 10−7 × T3 + 1.29 × 10−10 × T4




	
Plasma viscosity coefficient

	
  η  

	
   Pa · S   

	
−8.38 × 10−7 + 8.36 × 10−8 × T − 7.69 × 10−11 × T2 + 4.64 × 10−14 × T3 − 1.07 × 10−17 × T4




	
Specific heat rate

	
    γ r    

	
1

	
1




	
    γ a    

	
1

	
1.4




	
Relative permittivity

	
    ϵ a    

	
C2·N−1·M−2

	
1




	
Reflectivity

	
    R r    

	
1

	
0.3




	
Melting point

	
Tm

	
  K  

	
1533




	
Boiling point

	
Tv

	
  K  

	
3190




	
Absorptivity of 1064 nm

	
    A s    

	
   1 / K   

	
354.67 × 10−4 × sqrt(−1.0 + 1.25 × 10−2 × T)




	
    A l    

	
   1 / K   

	
354.67 × 10−4 × sqrt(10.7 + 1.45 × 10−2 × T)




	
Melting latent heat

	
    L m    

	
   J / kg   

	
3.896 × 105




	
Evaporative latent heat

	
    L v    

	
   J / kg   

	
2.839 × 107








Note: In the subscript, r represents fused silica, a represents air, s represents solid, l represents liquid, m represents melting state, and n represents boiling state.
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Table 2. Laser parameters.






Table 2. Laser parameters.





	Feature Parameter Name
	Symbol
	Dimension
	Numerical Value





	Laser wavelength
	  λ  
	   nm   
	1064



	Millisecond pulse laser energy density
	    E m    
	   J /   cm  2    
	800



	Nanosecond pulse laser energy density
	    E n    
	   J /   cm  2    
	20–70



	Millisecond pulse laser pulse width
	    τ m    
	   ms   
	1



	Nanosecond pulse laser pulse width
	    τ n    
	   ns   
	10



	Pulse delay
	   Δ t   
	   ms   
	0.2–3.0



	Absorption coefficient
	  α  
	   1 / m   
	1.2992 × 106



	Laser spot diameter
	  d  
	   mm   
	1
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