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ABSTRACT 

Ablation of materials by nanosecond laser pulses involves expansion of a laser-induced vapor 

plume into a background gas. The absorption of the incident laser radiation by the plume can 

substantially decrease the amount of laser energy absorbed directly by the target, and, 

correspondingly, the amount of the ablated material. This plasma shielding effect limits the 

overall efficiency of industrial laser systems designed for material removal applications.  

The goal of the present work is to numerically study the expansion process of plumes 

induced by irradiation of a metal target by bursts or groups of nanosecond laser pulses and to 

reveal the implications of the interaction between plumes induced by individual pulses for the 

efficiency of material removal. The plume expansion induced by irradiation of a copper target in 

argon background gas is studied based on one- and two-dimensional hybrid computational 

models that include a hydrodynamic or kinetic model of plasma plumes. The hydrodynamic 

model is based on finite-difference solution of gas dynamics equations. The kinetic model is 

implemented in the form of the direct simulation Monte Carlo (DSMC) method. In this work, the 

generalization of the DSMC method for plasma flows is developed. The effects of laser fluence, 

spot size, inter-pulse separation, and background gas pressure are thoroughly studied.  

The numerical simulations of plume expansion induced by a burst of pulses indicate the 

formation of complicated flow structures with cascades of the primary and secondary shock 

waves and strong interaction between plumes induced by individual pulses. The simulations 

reveal the plume accumulation effect when the plumes induced by preceding pulses in a burst 
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change conditions of propagation of plumes generated by subsequent pulses. The degree of 

plasma shielding increases with increasing number of laser pulses due to the plume accumulation 

effect. It results in reduction of the effectiveness of material removal by the subsequent pulses. 

The degrees of the plasma shielding and plume accumulation effects strongly depend on the 

inter-pulse separation and laser spot size. The trade-off between the plume accumulation and 

thermal accumulation effects maximizes the ablation depth per pulse at a certain value of the 

time delay between pulses.
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INTRODUCTION 

1.1 Pulsed Laser Ablation and Laser-Induced Plume Expansion 

Pulsed laser ablation is the process of material removal from a solid or liquid target 

induced by irradiation of the target by a pulsed laser. In nanosecond laser ablation, individual 

laser pulses have a duration that typically varies from a few nanoseconds to tens of nanoseconds. 

This process includes absorption of laser radiation by the target material, material melting and 

vaporization, expulsion of the molten material from the keyhole, as well as expansion of a plume 

of the ablation products into a background gas. The material ejected from the target surface 

consists of neutral atoms and molecules, positive and negative ions, electrons, as well as atomic 

and molecular clusters. At elevated laser radiation intensity, the ablation process also involves 

explosive fragmentation of the target material which leads to formation of a multi-phase gas-

droplet plume expanding from the target surface [1-3], as well as ionization and absorption of 

laser radiation by the plasma plume [4,5].  

The expansion of the laser-induced plume into a background gas is a complex gas 

dynamics phenomenon that is accompanied by formation of multiple shock waves, gradual 

stopping of the plume, convective and diffusive mixing of the ablation products with the 

background gas, instability of interfaces between the ablation products and background gas, 

formation of vortices, condensation, and redeposition of the ablated material back to the 

irradiated surface. The dynamics of laser-induced plumes affect the ablation depth [4] and 
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morphology [6] of the ablation craters through partial absorption of laser radiation in the plume, 

secondary radiative heating of the target by plasma [7], pressure-driven expulsion of the molten 

material, and re-deposition of the ablated material back to the keyhole, as well as contamination 

of the irradiated target with the ablation debris [8,9]. The effects associated with the expansion of 

laser-induced plumes are known to be important for laser processing of metal targets by high-

power nanosecond pulsed lasers [10,11], laser-induced breakdown spectroscopy (LIBS) [12-

15,16], pulsed laser deposition (PLD) of functional thin film [17,18], laser shock peening (LSP) 

[19], generation and deposition of nanoparticles [20], as well as for machining, scribing, drilling 

and patterning of various targets including metals, semiconductors, glasses, and ceramic 

materials [21,22,23]. This work is focused on the study of the laser-induced plume expansion 

process for material removal and processing applications. The examples of materials machined 

with pulsed laser systems are shown in Figure 1 and Figure 2 [23]. 

The absorption of laser radiation by the plasma plume reduces the amount of laser energy 

incident to the irradiated surface, surface temperature, and volume of the ablated material. 

 

Figure 1. 100µm diameter blind microvia drilled in a printed circuit board. (a) Step 1. Nd laser 

trepanned hole in top copper conductive layer. (b) Step 2. CO2 laser drilling of fiber reinforced 

composite FR4 layer to copper below [23]. 

(a) (b) 
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This effect is usually referred to as the plasma shielding effect [4,5]. The plasma shielding effect 

reduces the effectiveness of laser systems applied for material removal, so that finding ways for 

mitigating the plasma shielding effect is an important direction of fundamental and applied 

research in laser ablation. Along with the major “shielding effect,” the plasma plume also 

induces a number of secondary effects like radiative heating and etching of the target by adjacent 

high-temperature plasma. Contrary to material removal applications, in LSP, the absorption of 

the laser radiation by the plasma plume is a desired process, since it increases the plasma 

pressure and compressive stresses at the target surface [19]. 

The degree of the plasma shielding effect is directly related to the laser-induced plume 

expansion process as the plasma absorption coefficient strongly depends on the plasma density, 

temperature, and degree of ionization. Multiple experimental studies, e.g., [6,10,24-29], reveal 

the effect of the laser pulse parameters, spot size, background gas pressure and species on the 

structure of plumes induced by individual laser pulses. The experimental techniques, however, 

do not allow one to directly measure the degree of plasma shielding, which is only indirectly 

assessed based on variation of plasma luminosity, ion current, and ablation depth with the 

 

Figure 2. (a) Array of 30µm diameter ink jet printer nozzles drilled in polyimide. (b) Array of 

nonlinear tapered nozzles aiding laminar fluid flow. (c) laser micromachined microfluidic 

channels in polyester [23]. 

(a) (b) (c) 
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background gas pressure, laser fluence, and other process parameters [4,5,7,30]. The effects of 

absorption and plasma shielding were studied theoretically based on one-dimensional (1D) 

hydrodynamic models, e.g., [7,30-36], while the two-dimensional (2D) absorption effects related 

to finite laser spot size did not attract attention. The known works on 2D simulations of laser-

induced plume expansion [24,26,37-40] did not quantify the degree of the plasma shielding. The 

1D models of plasma plumes, however, can be applied to describe the internal plume structure 

only if the plume length in the direction normal to the irradiated surface is smaller than the laser 

spot size. As a result, one can apply 1D models to study the plume expansion process only 

during a short initial time and only for sufficiently large laser spot size. The 1D models cannot be 

used if the laser spot diameter is on the order of a few tens of micrometers, since the plume 

expands at a similar distance from the irradiated target during a time comparable with the typical 

duration of a nanosecond pulse. The laser systems generating beams with such small spot sizes, 

however, are broadly used in fundamental studies and industry [21,24,41-45]. 

1.2 High-precision laser drilling and pattering of metals 

In applications of laser ablation for material removal such as drilling and patterning, there 

is a permanent need for increasing throughput and efficiency. The optimum irradiation 

conditions, which maximize either throughput or efficiency, can be reached by tuning the laser 

parameters depending on the target material properties and geometry of the fabricated surface 

features, e.g., the hole aspect ratio. Current demands, e.g., of microelectronic industry, require 

further reduction of individual surface features processed by lasers, which can be achieved by 

reducing the laser spot size. Although it is generally accepted that the laser spot size can affect 

the plasma plume expansion, it appeared that the effect of the spot size on the degree of plasma 

shielding was not quantitatively analyzed. In experimental studies, it was shown that, with the 
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variation of the spot size, the plume expansion turns from cylindrical-like to spherical-like 

[24,27], and the degree of plasma shielding increases when the spot size decreases at constant 

pulse energy [27], but the case of constant peak fluence for spots of different sizes was not 

considered. In multiple theoretical investigations of laser-induced plumes based on one-

dimensional (1D) models, e.g., [31,34,35,46], the effects of the spot size have been neglected. In 

numerical studies of two-dimensional (2D) plasma plume expansion, e.g., [38,47-50], the effects 

of variable spot size on the flow structure and the plasma shielding effect were not systematically 

investigated. One of the goals of the present work is to study the effect of the laser spot diameter 

varying in the broad range, from a few tens of micrometers to hundreds of micrometers, on the 

plume expansion process and degree of the plasma shielding effect in laser-induced plumes. 

1.3 Laser Ablation with Bursts of Laser Pulses 

The plume expansion process induced by a single pulse was considered in multiple 

experimental studies, e.g., [11,16,10,26,51-53]. The efficiency of material removal per single 

pulse is relatively small, so that in practical applications, the material is removed from the 

irradiated target in a multi-pulse regime. In the conventional multi-pulse irradiation regime, the 

individual laser pulses are applied with a repetition rate on the order of 10 kHz [31,32,34,37,38, 

42,53-61]. Then the time delay between pulses is ~100 µs, the interaction between plumes 

induced by individual pulses is not significant, and the plume expansion dynamics after a single 

pulse can be studied separately from other pulses.  

Recently, it was suggested that increasing throughput and efficiency of laser ablation for 

material removal can be achieved with temporal shaping of laser pulses by increasing the pulse 

repetition rate [62] and combining individual short and ultrashort pulses of constant or various 

energies into groups, trains, superpulses, or bursts with the intra-burst repetition rate from a few 
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MHz up to 1 THz with orders-of-magnitude longer separation time between bursts [9,63-65]. It 

was experimentally shown that the combining individual nanosecond or shorter pulses into 

bursts, when the inter-pulse separation is on the order of tens of nanoseconds, can enhance the 

overall performance of material processing, including increased machining speed and improved 

quality of the machining process, e.g., suppressed debris formation, as well as reduced amount of 

recast and chipping [9,66-70]. 

The expectation of increasing ablation throughput and efficiency in the burst mode is 

based on two major ideas. First, an increase in the overall number of pulses per unit time 

promises an increase in the throughput if each pulse in the burst can remove the same amount of 

material as an independent pulse [71]. Second, a decrease in the separation time between pulses 

in a burst can lead to the thermal accumulation effect, when the surface temperature before the 

onset of a subsequent pulse is retained elevated if the time of thermal diffusion in the target 

material is longer than the separation time between pulses. An elevated target temperature 

reduces the ablation threshold for subsequent pulses [72]. It also allows one to re-use a part of 

energy absorbed during preceding pulses and potentially increase the efficiency of material 

removal. In particular, the thermal accumulation effect and ablation cooling were suggested as 

the primary mechanisms of experimentally observed orders-of-magnitude enhancement in the 

rate of ablation of various materials with bursts of femtosecond pulses at an intra-burst repletion 

rate of ~1 GHz. [73]. The promise of enhancement in the ablation rate and efficiency stimulated 

increasing interest in laser ablation in the burst mode during the last decade and especially during 

a few recent years, e.g., Refs. [9,33,62,69,70,73-82]. 

The thermal accumulation effect alone cannot explain the experimental results on the 

laser ablation in the burst mode. If the thermal accumulation effect would be the only dominant 
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factor, then the maximum ablation rate would always correspond to no separation between 

pulses, when the thermal accumulation is strongest. It has been shown, however, that grouping of 

picosecond pulses into bursts can increase the material removal efficiency of laser drilling, 

whereas for line scribing and surface milling the efficiency does not exceed the one obtained in 

non-burst process [70]. It was shown from multiphase simulations that the hydrodynamic flow of 

the molten material can significantly affect the material removal in burst processing. Moreover, 

some studies reported a decreasing ablation depth per pulse with decreasing separation time 

between pulses or increasing number of pulses [79,81]. For instance, the ablation efficiency of 

the stainless steel with a burst of picosecond pulses is found to decrease compared to individual 

pulses, while the ablation depth of copper non-monotonously depends on the number of pulses, 

when a double pulse with 25 ns separation between pulses produces a less total amount of the 

ablated material than a single pulse [81]. 

Contrary to the conventional multi-pulse irradiation regime, one can expect that the 

plumes induced by individual laser pulses in burst laser ablation strongly interact with each 

other, so their propagation in the background gas cannot be considered independently from each 

other. This expectation is based on the fact that the typical time delay between pulses in the 

burst, from ~10 ns to ~100 ns, is shorted than the typical stopping time of the plume i.e., the time 

when the plume actively expands until its further expansion is ceased due to the stopping effect 

of the background gas. The experimental results on laser ablation in the burst mode, indeed, 

suggest that the interaction of plumes induced by individual pulses and plasma shielding under 

conditions of inter-plume interactions are the factors that strongly affect the overall material 

removal rate and can limit the efficiency of laser ablation with bursts of pulses. The ICCD 

images of plumes induced by a burst of picosecond pulses with the separation time ~10-100 ns 
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show that the plumes induced by individual pulses interact with each other to form a merged 

plume (Figure 3) [81]. Strong interaction and inter-penetration of plasma plumes induced by 

irradiation of a silicon target with two nanosecond pulses were also observed for the delay time 

between pulses from 0 to 400 ns [78]. These experimental observations are supported by results 

of 1D simulations of laser-induced plume expansion induced by double and multiple 

nanosecond pulses [33,83], which also predict strong inter-plume interaction at similar inter-

pulse separation times. The 1D hydrodynamic simulations of plasma plumes induced by 

irradiation of a copper target with a double nanosecond pulse reveal an increase in the degree of 

the plasma shielding with decreasing inter-pulse separation [33]. The reduced ablation rate and 

efficiency with bursts of ultrashort pulses are also attributed to the effects of absorption of laser 

radiation from subsequent pulses in the plume created by preceding pulses in the burst [74]. In 

particular, the decreasing amount of ablated material in the case of double-pulse ablation of 

 

Figure 3. ICCD images 2, 12, 18 and 24 ns after the fourth pulse of a burst with eight pulses 

on copper. The sample surface is marked by the red horizontal line [81]. 
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copper is explained by the strong absorption of the second pulse in the plume, which not only 

ceases the material removal during the second pulse, but also induces strong re-deposition of 

material removed during the first pulse back to the irradiated surface [79]. Interestingly, the 3-

fold increase in the ablation rate observed during drilling of high-aspect-ratio holes with a high-

power double nanosecond pulse was also explained by the absorption of laser radiation in the 

second pulse, which presumably induces evaporation of droplets in the plume and enhances the 

vapor removal through the cavity throat [9]. 

Currently, the interaction between plumes induced in burst laser ablation only marginally 

studied experimentally and is not investigated theoretically, with the exception of a few works on 

laser ablation with double pulse [9,78,81]. The present work pretends on filling this gap and is 

focused on the study of the inter-plume interaction effects under conditions typical for laser 

ablation with burst of nanosecond pulses.  

1.4 Computational Modeling of Laser-Induced Plasma Plume Expansion 

Numerical modeling of laser ablation is an important tool that allows one to understand 

the experimental data, reveal the relationships between various physical processes occurring 

during material removal and plume expansion, e.g., ignition, propagation, and decay of the 

plasma, as well as improve and optimize the laser ablation-based technologies. The simulations 

of laser ablation require hybrid computational models that include an unsteady heat conduction 

equation, Hertz-Knudsen model of evaporation [84], and a hydrodynamic or kinetic model of 

expansion of vapor plume into a background gas. The laser-induced plume expansion is 

simulated mostly based on the hydrodynamic (HD) model [31,34,54,85,86] even in the case of 

low background gas pressure [38], when the effects of rarefaction and non-equilibrium in the 

plume flow are presumably strong. In this model, the effects of translational non-equilibrium in 
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the Knudsen layer are accounted for in the boundary conditions that described jumps in gas 

parameters during strong evaporation and condensation of ablated material across the Knudsen 

layer [87], the viscous stress and heat flux determined by Newton’s and Fourier laws [31,38,88] 

and diffusion approximation for multi-component gas mixture. The artificial viscosity is 

introduced into the model to ensure smooth numerical solutions of hydrodynamic equations in 

the vicinity of shock waves [89]. The majority of known theoretical studies of laser-induced 

plasma plumes were performed with the equilibrium ionization models based on the Saha 

equations and HD models, e.g., [31,32,34,38,85,86]. The non-equilibrium ionization models 

based on the kinetic rates of ionization and recombination were also used. [46]. It is usually 

assumed that under conditions of nanosecond laser ablation the absorption of laser radiation 

mostly occurs due to photoionization and inverse bremsstrahlung [90].  

Laser ablation is performed in a broad range of background gas pressure 𝑝𝑏, from 

vacuum to the atmospheric pressure and beyond. The HD models are not able to predict correct 

plume properties for expansion of vapor plume into low-pressure background gas due to strong 

non-equilibrium and rarefaction effects specific for rarefied gas flows. The simulations of the 

plume expansion process at low densities can be based on kinetic models that can capture 

multiple phenomena [91,92]. The kinetic models of plume expansion are based on the 

Boltzmann equation and can be implemented in the form of the direct simulations Monte Carlo 

(DSMC) method [93]. The DSMC method was previously applied to study a number of laser-

induced flows when the absorption of laser radiation by the plume and, correspondingly, the 

effect of plasma shielding, are not taken into account, including plumes induced by single-pulse 

irradiation of planar targets [87,94-97], plumes expanding under conditions of spatial 

confinement [98,99] and vapor jets induced by the continuous wave laser ablation and interacting 



  

11 

with the external gas flow [100]. It was also used as a part of hybrid kinetic-hydrodynamic 

models [39,57], when the initial expansion of high-density plasma plume is described by a HD 

model, which gives a way to the kinetic DSMC simulation, when the recombination eliminates 

charged species as a result of dropping temperature and density in the plume expanding into a 

low-pressure background gas. 

The computational studies of the plasma shielding effect in a broad range of the 

background gas pressure and laser intensity require kinetic computational models of plasma 

plumes, while the classical DSMC method is designed only for simulations of neutral gas flows. 

In this work, an extension of the DSMC method for plasma flows is developed, where the 

equilibrium degrees of ionization are calculated based on the Saha equations [31,34,36] and the 

absorption of laser radiation in the photoionization and inverse bremsstrahlung processes is 

described based on the models suggested in [90]. Moreover, contrary to the majority of the 

known kinetic and HD models, which were used so far to study the plasma shielding effect only 

in 1D simulations, where the effects of finite laser spot sizes cannot be considered, in the present 

work, the modified DSMC method is designed and systematically used for simulations of 2D 

axisymmetric plasma plumes. 

1.5 Research Objectives and Outline 

This work is targeted at the development of a computational model and numerical 

analysis of the plasma plume expansion processes induced by irradiation of a metal target in a 

background gas with a burst of short (nanosecond) laser pulses. The goal of the present work is 

to numerically study the expansion process of neutral and plasma plumes induced by irradiation 

of a metal target by a burst of short laser pulses and to find out how the interaction between 
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plumes induced by individual pulses can affect the material removal. More specifically, the 

objectives of the present study are  

• To develop a computational model for 1D and 2D simulations of the laser ablation and 

plasma plume expansion; 

• To numerically study the expansion process of neutral and plasma plumes induced by 

irradiation of a metal target by a burst of short (nanosecond) laser pulses; 

• To describe the process of interaction between plumes induced by individual laser pulses 

at high repletion rates; 

• To study the effects of variable peak laser fluence, laser spot size, inter-pulse separation, 

and background gas pressure on the degree between thermal accumulation and plasma 

shielding effects; 

• To reveal the implications of the interaction between plumes induced by individual pulses 

in the burst for the efficiency of the material removal; 

• To determine the optimum conditions of burst laser ablation for attenuation of the plasma 

shielding effect and enhancement of the material removal efficiency.  

 CHAPTER 2 contains a comprehensive discussion of the computational models for 

simulation of laser ablation and laser-induced plasma plume expansion The plume expansion 

induced by irradiation of a copper target in argon background gas by a burst of short laser pulses 

is studied based on 1D and 2D hybrid computational models that include a thermal model of the 

irradiated target and a kinetic or HD model of multicomponent plasma plumes. The HD model is 

based on the finite-difference approximation of gas dynamics equations. The kinetic model is 

implemented in the form of the direct simulation Monte Carlo (DSMC) method. In this work, a 



  

13 

classical DSMC method originally designed for neutral gas flows is generalized for plasma 

flows.  

 CHAPTER 3 contains a discussion of the structure and properties of the plume that are 

predicted by the 1D computational model. The obtained results correspond to the liming case of 

infinitely large laser spot size. The numerical simulations indicate the formation of extremely 

complicated flow structures with cascades of the primary and secondary shock waves and strong 

interaction between plumes induced by individual pulses. The major results of this chapter are 

published in [101]. 

 CHAPTER 4 is dedicated to study the plume interactions induced by a burst of short 

pulses based on 2D kinetic model for finite laser spot sizes. A systematic comparison of 

computational results obtained in the single and multi-pulse irradiation regimes is performed. 

The simulations reported in this chapter reveal a plume accumulation effect when the plumes 

induced by preceding pulses in a burst change conditions of propagation of plumes generated by 

subsequent pulses and, thus, expansions of plumes induced by individual pulses cannot be 

considered independently from each other. The effects of the inter-pulse separation, laser spot 

size, and background gas pressure on the plume expansion process and degree of plume 

accumulation are also discussed. The major results of this chapter are published in [102]. 

 CHAPTER 5 is devoted to the study of the effect of plasma shielding in burst laser 

ablation. It is shown that the conditions of plasma ignition can be reached by increasing the 

number of laser pulses due to the plume accumulation effect. This results in plasma shielding and 

reduction of the effectiveness of material removal by the subsequent pulses in the burst. The 

plume accumulation effect, therefore, is likely to be one of the major factors that limit the 

optimum number of pulses in a burst in applications of laser ablation for material removal. The 
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degree of plasma shielding and plume accumulation strongly depend on the inter-pulse 

separation and laser spot size. The trade-off between the plume accumulation and thermal 

accumulation effects can maximize the ablation depth per pulse at a certain value of the time 

delay between pulses in the burst. These optimum inter-pulse separations are obtained for a 

range of irradiation conditions. The major results of this chapter are published in [102,103] and 

will be published in [104]. 

 CHAPTER 6 contains a summary of the achievements, conclusions, and plans for future 

studies. 

The analysis of various factors that affect the velocities of the primary shock waves 

generated by individual pulses in burst laser ablation is presented in the APPENDIX I The 

auxiliary simulations, which are performed to prove that the effect of accumulation in neutral 

and plasma plumes occurs regardless of thermal accumulation effect, are discussed APPENDIX 

II and APPENDIX III. The analysis of applicability of the blast wave and drag models for fitting 

the positions of the shock wave and external boundary of the vapor plume is presented in 

APPENDIX IV.
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NUMERICAL MODELS OF SHORT-PULSE LASER ABLATION 

This chapter contains the description of computational models that are used in the present 

work for simulations of laser ablation and laser-induced plasma plume expansion. The models of 

intensity of incident laser radiation are introduced in section 2.1. The thermal model of irradiated 

target based on the 2D heat conduction equation is considered in section 2.2. The comprehensive 

descriptions of the HD and kinetic models of plume expansion, as well as discussion of details of 

the numerical methods implementing both models are given in sections 2.3 and 2.4. The 

equilibrium and non-equilibrium models of ionization and absorption of laser radiation are 

discussed in section 2.5. In section 2.7, the results obtained based on the HD and kinetic models 

are compared with each other. 

2.1 Model of Laser Intensity 

In is assumed that the distribution of the laser energy in the laser spot corresponds to a 

Gaussian radial beam mode, so that the dependence of the intensity of incoming laser radiation 

for a single pulse on the radial distance 𝑟 from the spot center and time 𝑡 can be represented in 

the form 𝐼𝐿(𝑝)(𝑟, 𝑡) = 𝐼𝑚𝑎𝑥𝐼𝑡(𝑡) exp[−𝑟
2/(2𝜎𝑟

2)] , where 𝐼𝑚𝑎𝑥 is the maximum incident laser 

intensity, 𝐼𝑡(𝑡) is the laser pulse shape function, 𝜎𝑟 = 𝐷𝐿/(2√2 ln(2)), and 𝐷𝐿 is the full with at 

half maximum (FWHM) dimeter of the laser spot. 
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Single pulses of the incident laser radiation with duration 𝜏𝐿 and peak fluence 𝐹𝐿 are 

assumed to have different temporal shapes (Figure 4) with the following laser pulse shape 

functions:

  

  

Figure 4. Sketch of the laser pulse shape function, 𝐼𝑡(𝑡), for the flat-top (a), triangular (b), 

smoothed flat-top (c), and Gaussian (d) pulses. The temporal profiles of laser intensity are 

shown for the pulse duration 𝜏𝐿= 10 ns and peak laser fluence 𝐹𝐿= 2.5 Jcm-2. 
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1. Flat-top pulse: 

𝐼𝑚𝑎𝑥 = 
𝐹𝐿
𝜏𝐿 
,             𝐼𝑡(𝑡) = {

1, 𝑡 ≤ 𝜏𝐿;
0, 𝑡 > 𝜏𝐿 ,

                                                                                               (1a) 

2. Triangular pulse: 

𝐼𝑚𝑎𝑥 =
2𝐹𝐿
𝜏𝐿 
,                𝐼𝑡(𝑡) =

{
 
 

 
 

2𝑡

𝜏𝐿
,   𝑡 ≤ 𝜏𝐿/2;

2 −
2𝑡

𝜏𝐿
,         

𝜏𝐿
2
< 𝑡 ≤ 𝜏𝐿;

0 𝑡 > 𝜏𝐿 ,

                                                            (1b) 

3. Smoothed flat-top pulse: 

𝐼𝑚𝑎𝑥 = 
𝐹𝐿

𝜏𝐿 − 𝜏𝑆 
,    𝐼𝑡(𝑡) =

{
  
 

  
 

                 0,                                                       𝑡 ≤  0 or 𝑡 ≥  𝜏𝐿;
1

2
[1 + sin (

𝜋𝑡

𝜏𝑆
−
𝜋

2
)] ,                            𝑡 <  𝜏𝑆;

                 1,                                                           𝜏𝑆 ≤ 𝑡 ≤ 𝜏𝐿 − 𝜏𝑆;  

1

2
[1 − sin (

𝜋(𝑡 + 𝜏𝑆 − 𝜏𝐿)

𝜏𝑆
−
𝜋

2
)] ,   𝑡 >  𝜏𝐿 − 𝜏𝑆,

(1c) 

4. Gaussian pulse: 

𝐼𝑚𝑎𝑥 =
𝐹𝐿

√2𝜋 𝜎𝑡
,          𝐼𝑡(𝑡) = exp [−

(𝑡 − 𝜏𝑚𝑎𝑥)
2

2𝜎𝑡
2 ],                                                                          (1d) 

where 𝜏𝑆 is the pulse smoothing time, 𝜎𝑡 = 𝜏𝐿 / (2√2ln(2)) and 𝜏𝑚𝑎𝑥 = 5𝜎𝑡 is the time when 

the intensity of the Gaussian pulse achieves its maximal value. The total pulse energy is equal to 

𝐸𝐿 = 2𝜋𝜎𝑟
2𝐹𝐿. 

For a burst consisting of 𝑁𝐿 individual pulses with the peak-to-peak separation 𝜏𝑝𝑝 

between two consecutive pulses and inter-pulse separation 𝛥𝜏 = 𝜏𝑝𝑝 − 𝜏𝐿, the time-dependent 

laser intensity is defined by Eq. (2) and shown in Figure 5: 
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𝐼𝐿(𝑟, 𝑡) = ∑ 𝐼𝐿(𝑝)(𝑟, 𝑡 − (𝑚 − 1)𝜏𝑝𝑝)

𝑁𝐿

𝑚=1

.                                                                                               (2) 

2.2 Thermal Model of the Irradiated Target 

The absorption of laser radiation by the target results in heating and vaporization of the 

target material. The purpose of the thermal model of the irradiated target is to predict the 

temperature distribution inside the targeted material induced by laser heating. The model is based 

in the 1D or 2D unsteady heat conduction equation numerically solved with the implicit Crank-

Nicolson numerical scheme [105] on a non-homogeneous computational mesh. The target 

temperature field 𝑇𝑡(r, 𝜉, 𝑡) is described in a moving frame of reference with curvilinear 

coordinate 𝜉 = 𝑥 − 𝑋𝑤(𝑟, 𝑡), where 𝑡 is the time, 𝑥 is the coordinate in the laboratory frame of 

reference, counting along the normal to the irradiated surface from the point 𝑥 = 0 that 

 

Figure 5. Typical incident laser intensity at the center spot versus time in a 3-pulse burst flat-

top laser pulses. The temporal shape of the burst is determined by the pulse duration 𝜏𝐿, 

smoothing time 𝜏𝑆, peak-to-peak separation time 𝜏𝑝𝑝 and inter-pulse separation 𝛥𝜏. The laser 

intensity shown in the figure corresponds to 𝐹𝐿 = 2.5 Jcm-2, 𝜏𝐿 = 10 ns 𝐼𝐿,max = 3.6 ∙ 10
12 

Wm-2, 𝜏𝑆 = 3 ns, 𝜏𝑝𝑝= 15 ns (∆𝜏 = 5 ns). 
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corresponds to the initial position of the surface at 𝑡 = 0, and the interface function 𝑋𝑤(𝑟, 𝑡) is 

equal to the coordinate 𝑥 of the surface at time 𝑡, so that −𝑋𝑤(𝑟, 𝑡) is the ablation depth at time 

𝑡. Then 𝑇𝑡(𝑟, 𝜉, 𝑡) is determined by the 2D unsteady heat conduction equation that can be written 

as follows: 

𝑟𝐽𝜌𝑡[𝑐𝑡 + 𝐿𝑚𝛿(𝑇𝑡 − 𝑇𝑚)] (
𝜕𝑇𝑡
𝜕𝑡

+ 𝑉𝑤𝑛𝑥
𝜕𝑇𝑡
𝜕𝜉
)

=  
𝜕

𝜕𝜉
(𝑟𝐽𝑞𝑥) −

𝜕

𝜕𝑟
(𝑟𝐽𝑞𝑟) −

𝜕𝑋𝑤
𝜕𝑟

𝜕

𝜕𝜉
(𝑟𝐽𝑞𝑟) + 𝑟

𝐽𝑄𝑙𝑎𝑠𝑒𝑟 ,                                         (3) 

𝑄𝑙𝑎𝑠𝑒𝑟 = (1 − 𝑅𝑡)𝛼𝑡𝐼𝐿𝑤(𝑟, 𝑡) exp(−𝛼𝑡𝜉),                                                                                             (4) 

𝑞𝑟 = 𝜅𝑡(𝑇𝑡)
𝜕𝑇𝑡
𝜕𝑟
,                                                                                                                                           (5) 

𝑞𝑥 = 𝜅𝑡(𝑇𝑡)
𝜕𝑇𝑡
𝜕𝑧
,                                                                                                                                           (6) 

where 𝐽 = 0 or 1 for the planar trench and cylindrical cavity. 𝑐𝑡, 𝜌𝑡 , 𝜅𝑡, 𝛼𝑡, 𝑅𝑡 , 𝐿𝑚, and 𝑇𝑚are 

the specific heat, density, thermal conductivity, linear absorption coefficient, reflectivity, latent 

heat of melting, and melting temperature of the target material. Hereinafter the subscript “𝑡”, 

“𝑤”, “m” denotes parameters of the target material, target surface (wall), and melting parameters. 

𝑉𝑤 is the velocity of surface recession due to the net effect of evaporation and condensation (𝑉𝑤 

is positive, if the net effect is evaporation), 𝐼𝐿𝑤(𝑟, 𝑡) is the intensity of laser radiation incident to 

the target, and 𝛿(𝑇) is Dirac’s delta function. The term 𝐿𝑚𝛿(𝑇𝑡 − 𝑇𝑚) in Eq. (3) accounts for the 

energy required to melt or re-solidify the target material in the framework of the enthalpy 

formulation approach [106,107]. The last term on the right-hand side of Eq. (3) that defined in 

Eq. (4) describes volumetric absorption of incident laser radiation according to Beer’s law. 𝑞𝑟 

and 𝑞𝑥 are the 𝑟- and 𝑥-components of heat flux vector given by the Fourier law. 𝑛𝑥 is the 𝑥-
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component of the unit normal of 𝑛𝑤 directed toward the target surface. The local values of 

material properties 𝑐𝑡, 𝜌𝑡  , and 𝜅𝑡 in Eq. (3-6) are dependent on the material temperature and take 

constant values specific for solid and liquid material at 𝑇 < 𝑇𝑚 and 𝑇 > 𝑇𝑚 + ∆𝑇, 

correspondingly, where ∆𝑇 = 100 𝐾. In the range 𝑇𝑚 ≤ 𝑇 ≤ 𝑇𝑚 + ∆𝑇, 𝑐𝑡, 𝜌𝑡  , and 𝜅𝑡 are 

calculated by linear interpolation between values for solid and liquid material. Temperature 

dependent model of optical properties also used to predict the values of the material 

reflectivity 𝑅𝑡 and linear absorption coefficient 𝛼𝑡 as functions of the material temperature. Eq. 

(3) is solved together with the equation for the interface function:  

𝑑𝑋𝑤
𝑑𝑡

= −𝑉𝑤𝑛𝑥 .                                                                                                                                             (7) 

In Eqs. (3) and (7), the interface velocity 𝑉𝑤 is defined by the mass flux densities of 

evaporating, 𝐹𝑒, and condensing, 𝐹𝑐, atoms: 

𝑉𝑤 =
𝐹𝑒 − 𝐹𝑐
𝜌𝑡

.                                                                                                                                                (8) 

The evaporation flux density 𝐹𝑒 is calculated based on the Hertz-Knudsen model, 

assuming that the vaporized material is an atomic vapor, the distribution function of evaporated 

atoms is half-Maxwellian with zero macroscopic velocity, and the evaporation coefficient is 

equal to a unity [84]: 

𝐹𝑒 =
𝑝𝑣(𝑇𝑤)

√2𝜋(𝑘𝐵/𝑚𝑣)𝑇𝑤
.                                                                                                                               (9) 

Here 𝑚𝑣 is the mass of a vapor atom, 𝑘𝐵 is the Boltzmann constant, 𝑝𝑣(𝑇) is the saturated vapor 

pressure at temperature 𝑇, and 𝑇𝑤 is the surface temperature of the irradiated target. The 

equilibrium vapor pressure 𝑝𝑣(𝑇) is determined by the Clausius-Clapeyron equation:  
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𝑝𝑣(𝑇) = 𝑝𝑣,0 exp [
𝐿𝑣

𝑘𝐵/𝑚𝑣
(
1

𝑇𝑣,0
−
1

𝑇
)],                                                                                               (10) 

where 𝐿𝑣 is the latent heat of boiling, and 𝑇𝑣,0 is the boiling temperature at pressure 𝑝𝑣,0. In Eq. 

(8), the condensation flux density 𝐹𝑐 is determined by the kinetic model of plume expansion as 

described in sections 2.3.3 and 2.4.2.  

Eq. (3) is solved in a domain of size 𝐻𝑡 and laterally is bound by 𝑟 = 𝐷. A characteristic 

diameter of the laser beam 𝐷𝐿 is assumed to be smaller than the target length 𝐷. At the irradiated 

surface, the boundary conditions for Eq. (3) express the energy balance between heat conduction 

and the thermal effect of evaporation and condensation: 

At    𝜉 = 0:       𝐿𝑣𝜌𝑡𝑉𝑤 = −𝜅𝑡
𝜕𝑇𝑡
𝜕𝑥

.                                                                                                         (11) 

The lower boundary and lateral walls of the target in the computational domain for Eq. (3) is 

assumed to be isothermal and kept at the initial target temperature 𝑇0: 

 

Figure 6. Sketch of the computational setup for 1D simulations. 
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At    𝜉 = −𝐻𝑡    and    𝑟 = 𝐷:         𝑇𝑡 = 𝑇0.                                                                                         (12a) 

At    𝑡 = 0:         𝑇𝑡(𝑟, 𝜉, 0) = 𝑇0,        𝑋𝑤(𝑟, 𝜉, 0) = 0.                                                                      (12b) 

The formulations of 1D model can be obtained from corresponding 2D models assuming that all 

parameters do not depend on radial coordinate 𝑟 (𝑟 = 0) as shown in Figure 6. 

2.3 One-Dimensional Hydrodynamic Model of Plume Expansion 

The expansion of the laser-induced plume into a background gas is described by one-

dimensional HD model. The model accounts for jump in properties of evaporating vapor atoms 

in the non-equilibrium Knudsen layer, diffusion of ablated products into background gas atoms 

in the mixing layer, and generation of strong shock wave as shown in Figure 7. 

 

Figure 7. Distributions of mixture number density obtained at a time 𝑡 = 50 ns with the HD 

model in simulations of copper vapor expansion (solid curve, red online) into argon 

background gas (dashed curve, green online) at 𝑝𝑏= 1 bar induced by a smoothed flat-top 

laser pulse with 𝜏𝐿 = 10 ns, 𝜏𝑠 = 1 ns, and 𝐹𝐿= 5 Jcm-2. The thin blue rectangle close to the 

target surface with letter “K” marks the Knudsen layer, the gray rectangle with letter “𝑀” 

mark the mixing layer, and letter “𝑆” indicates the position of the primary shockwave. 
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The HD model includes a few sub-models that determine transport properties of the gas 

mixture (section 2.3.2), boundary conditions on the irradiated surface (section 2.3.3), ionization 

(sections 2.5.1 and 2.5.2) and absorption of laser radiation (section 2.5.3).  

2.3.1 Conservation laws 

In the HD model, the expansion of the laser-induced plume into a background gas is 

described by unsteady 1D Navier-Stokes equations in Cartesian or spherical coordinates for the 

multi-component gas mixture written in the diffusion approximation, when the gas mixture has 

single temperature 𝑇 and macroscopic velocity 𝑢 [31,88,108]: 

𝜕𝜌𝑖
𝜕𝑡

+
𝜕𝜌𝑖(𝑢 + 𝑢𝑑𝑖)

𝜕𝑟
= −

𝐽

𝑟
𝜌𝑖𝑢,      𝑖 = 1,… ,𝑁,                                                                                (13a) 

𝜕(𝜌𝑢)

𝜕𝑡
+
𝜕

𝜕𝑟
(𝜌𝑢2 + 𝑝 − 𝜏𝑟𝑟) =

𝑗

𝑟
[
2𝜏𝑟𝑟 − 𝜏𝜃𝜃 − 𝜏𝜑𝜑

2
],                                                                 (13b) 

𝜕(𝜌𝑈)

𝜕𝑡
+
𝜕

𝜕𝑟
(𝜌𝑢𝑈 + 𝑢(𝑝 − 𝜏𝑟𝑟) + 𝑞𝑟)

= −
𝐽

𝑟
[(𝑝 − 𝜏𝑟𝑟 +

2𝜏𝑟𝑟 − 𝜏𝜃𝜃 − 𝜏𝜑𝜑

2
)𝑢 + 𝑞𝑟 ] + 𝛼𝐼𝐿 − 휀𝑟𝑎𝑑,                          (13c) 

where 𝜌𝑖 and 𝑢𝑑𝑖 are the density and the diffusion velocity of species 𝑖 (𝑖 = 1 stands for the target 

material vapor and 𝑖 = 2,… , N stand for multi-component background gas), 𝜌 = ∑𝜌𝑖 is the 

mixture density, 𝐽 is the coordinate parameter (𝐽 = 0 and 𝐽 = 2 stand for planar and spherical 

expansion respectively), 𝜏𝑟𝑟, 𝜏𝜃𝜃, and 𝜏𝜑𝜑 are the diagonal components of the viscous stress tensor 

which are described by the Newtonian fluid model [108]:  
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𝜏𝑟𝑟 =
2

3
 μ (

2𝜕𝑢

𝜕𝑟
− 𝐽

𝑢

𝑟
) + 𝜏𝑟𝑟(𝑎),                                                                                                           (14a) 

2𝜏𝑟𝑟 − 𝜏𝜃𝜃 − 𝜏𝜑𝜑

2
= 𝐽μ (

𝜕𝑢

𝜕𝑟
−
𝑢

𝑟
),                                                                                                      (14b) 

and 𝜏𝑟𝑟(𝑎) is the artificial viscous stress.  

In Eq. (13), 𝑝 is the mixture pressure, 𝐸 = 𝑢2/2 + 𝑈 is specific total energy, and 𝑈 is the specific 

internal energy: 

𝑝 =∑(𝑛𝑖 + 𝑛𝑒,𝑖)𝑘𝐵𝑇

𝑖=1

,                                                                                                                          (15a) 

𝜌𝑈 =∑
3

2
 (𝑛𝑖 + 𝑛𝑒,𝑖)𝑘𝐵𝑇

𝑖=1

,                                                                                                                 (15b) 

 

Figure 8. Sketch of the computational setup for one-dimensional simulations of laser-induced 

planar and spherical plume expansions. 
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where 𝑛𝑖 and 𝑛𝑒,𝑖 are number density of atoms and electrons for species 𝑖. 𝑞𝑟 is the heat flux 

determined by Fourier laws with an additional energy flux due to diffusion of individual species 

[31,38]: 

𝑞𝑟 = −𝜅 
𝜕𝑇

𝜕𝑟
+∑𝑢𝑑𝑖𝜌𝑖ℎ𝑖

𝑖

,                                                                                                                     (16) 

here ℎ𝑖 = ∫ 𝐶𝑝,𝑖𝑑𝑇
𝑇

0
, is the heat of formation of species 𝑖, and 𝐶𝑝,𝑖 = (휁𝑖 + 5/2)𝑘𝐵/𝑚𝑖 is the gas 

specific heat capacity at constant pressure of species 𝑖. 𝐼𝐿 is the laser intensity which varies with 

the distance to the target because of the absorption of laser radiation by the plasma plume, 𝛼 is the 

plasma linear absorption coefficient, and term 휀𝑟𝑎𝑑 accounts for re-radiation, i.e. emission of 

radiation by the plasma plume. In the case of planar flow (𝐽 = 0), coordinates 𝑟 should be 

exchanged with 𝑥 (Figure 8). 

The artificial viscosity is introduced into the model to ensure smooth numerical solutions 

of the HD equations in the vicinity of shock waves. In the computational code, the artificial 

viscous stress is given by the modified expression proposed by Landshoff [109]: 

𝜏𝑟𝑟(𝑎) = 𝜌𝐽𝑎 (𝐶𝐿∑√
𝛾𝑖𝑘𝐵𝑇

𝑚𝑖
𝑖

+ 𝐶𝑄Δ𝑟 |
𝜕𝑢

𝜕𝑟
|)Δ𝑟

𝜕𝑢

𝜕𝑟
,                                                                         (17) 

where 𝑚𝑖 is the mass of a molecule of species 𝑖, 𝛾𝑖 = (휁𝑖 + 5)/(휁𝑖 + 3) is the ratio of gas specific 

heat capacity at constant pressure and volume of species 𝑖 (휁𝑖 is the number of internal degrees of 

freedom of an individual molecule of species 𝑖). Coefficients 𝐶𝐿 and 𝐶𝑄 are constant parameters 

of the model chosen in order of 0.1 to 5.0 dependent of shock wave strength, Δ𝑟 is the local spacing 

of the computational mesh, and integer number 𝐽𝑎, which can be equal to either 0 or 1, allows one 

to exclude the density from the equation for the artificial viscosity.  
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2.3.2 Model of the gas mixture transport properties 

The mixture shear viscosity 𝜇, thermal conductivity 𝜅, and diffusion velocities are 

calculated based on models suggested in [88]. The shear viscosity 𝜇𝑖 and thermal conductivity 𝜅𝑖 

of an individual species 𝑖 are assumed to be defined by standard power dependencies on 

temperature 

𝜇𝑖 = 𝜇𝑟𝑒𝑓,𝑖 (
𝑇

𝑇𝑟𝑒𝑓
)

𝜔𝑖

,                                                                                                                              (18a) 

𝜅𝑖 = 𝜅𝑟𝑒𝑓,𝑖 (
𝑇

𝑇𝑟𝑒𝑓
)

𝜔𝑖

 ,                                                                                                                             (18b) 

where 𝜇𝑟𝑒𝑓,𝑖 and 𝜅𝑟𝑒𝑓,𝑖 are values of viscosity and thermal conductivity of species 𝑖 at the reference 

temperature 𝑇𝑟𝑒𝑓 and 𝜔𝑖 is the viscosity index of species 𝑖. The reference values 𝜇𝑟𝑒𝑓,𝑖 and 𝜅𝑟𝑒𝑓,𝑖 

are calculated based on known molecular kinetic diameters 𝑑𝑟𝑒𝑓,𝑖 assuming that the binary 

collisions between individual gas molecules are described by the variable hard sphere (VHS) 

model [93]: 

𝜇𝑟𝑒𝑓,𝑖 =
15 (

𝑚𝑖𝑘𝐵𝑇𝑟𝑒𝑓
𝜋

)

1
2

 2(5 − 2𝜔𝑖)(7 − 2𝜔𝑖)𝑑𝑟𝑒𝑓,𝑖
2  
,                                                                                            (19a) 

𝜅𝑟𝑒𝑓,𝑖 =
𝜇𝑟𝑒𝑓,𝑖𝐶𝑝,𝑖

𝑃𝑟𝑖
,                                                                                                                                   (19b) 

where 𝑃𝑟𝑖 is the Prandtl number of species 𝑖.Then the viscosity and thermal conductivity of the 

gas mixture calculated as suggested in [88]: 

𝜇 =∑𝜇𝑖 (1 +
√2

4𝑛𝑖  
∑𝑛𝑗𝜑𝑖𝑗 
𝑖≠𝑗

)

−1

𝑖

  ,                                                                                                  (20a) 
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𝜅 =∑𝜅𝑖 [1 +
1.065

2√2𝑛𝑖 
∑𝑛𝑗𝜙𝑖𝑗 
𝑖≠𝑗

]

−1

𝑖

,                                                                                                (20b) 

where 𝑛𝑗  is the number density of species 𝑗, and 

𝜑𝑖𝑗 =

[1 + (
𝜇𝑖
𝜇𝑗
)

1
2
(
𝑚𝑖

𝑚𝑗
)

1
4
]

2

 [1 +
𝑚𝑖

𝑚𝑗
]

1
2
  

,                                                                                                                 (21a) 

𝜙𝑖𝑗 =

[1 + (
𝜅𝑖
𝜅𝑗
)

1
2
(
𝑚𝑖

𝑚𝑗
)

1
4
]

2

 [1 +
𝑚𝑖

𝑚𝑗
]

1
2
  

,                                                                                                                  (21b) 

The diffusion velocities of heavy species in the multicomponent gas mixture, 𝑢𝑑𝑖, can be 

found by solving the following system of equations [88]: 

𝜕𝑋𝑖
𝜕𝑟

=∑
𝑋𝑖𝑋𝑗

𝐷𝑖𝑗
(𝑢𝑑𝑗 − 𝑢𝑑𝑖),   𝑖 = 1, … , 𝑁,

𝑗

                                                                                         (22a) 

∑𝜌𝑖𝑢𝑑𝑖 = 0,

𝑖

                            𝑖 = 1,… ,𝑁,                                                                                         (22b) 

where 𝜕𝑋𝑖/𝜕𝑟 is the given gradient of the molar fraction 𝑋𝑖 = 𝑛𝑖/(∑ 𝑛𝑖𝑖 ) for species 𝑖,  and 𝐷𝑖𝑗 is 

the binary diffusion coefficient defined in the approximation of the VHS molecular model [93] as: 

𝐷𝑖𝑗 =

3
8√𝜋 (

2𝑘𝐵𝑇
𝑚𝑟

)
𝜔𝑖𝑗

 Γ (
7
2 − 𝜔𝑖𝑗) 𝑛(𝜎𝑇,𝑟𝑒𝑓)𝑖𝑗𝐶𝑟,𝑟𝑒𝑓,𝑖𝑗

2𝜔𝑖𝑗−1   
.                                                                                            (23) 
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In this equation, 𝑚𝑟 is the reduced mass, 𝜔𝑖𝑗 is the viscosity index, (𝜎𝑇,𝑟𝑒𝑓)𝑖𝑗 is the reference 

cross section, and 𝐶𝑟,𝑟𝑒𝑓,𝑖,𝑗 is the reference velocity for pair of molecules of species 𝑖 and 𝑗. 

These variables are defined as 

𝑚𝑟 =
𝑚𝑖𝑚𝑗

𝑚𝑖+𝑚𝑗   
,                                                                                                                                         (24) 

𝜔𝑖𝑗 =
𝜔𝑖+𝜔𝑗

2   
,                                                                                                                                            (25) 

(𝜎𝑇,𝑟𝑒𝑓 )𝑖𝑗 = 𝜋𝑑𝑟𝑒𝑓,𝑖𝑗
2,                                                                                                                              (26) 

𝑑𝑟𝑒𝑓,𝑖𝑗 =
𝑑𝑖,𝑟𝑒𝑓+𝑑𝑗,𝑟𝑒𝑓

2 
,                                                                                                                            (27) 

𝐶
𝑟,𝑟𝑒𝑓,𝑖𝑗

2𝜔𝑖𝑗−1   =

[
 
 
 
 
(
2𝑘𝐵𝑇𝑟𝑒𝑓
𝑚𝑟

)
𝜔𝑖𝑗−

1
2

 Γ (
5
2 − 𝜔𝑖𝑗)  

]
 
 
 
 
 

1
2𝜔𝑖𝑗−1

 .                                                                                                   (28) 

In the particular case of four species in the plume flow, the system of linear equations that 

defines the diffusion velocities can be re-written as: 

𝐌

[
 
 
 
 
 
 
𝑢𝑑1         
𝑢𝑑2       
𝑢𝑑3        
𝑢𝑑4]

 
 
 
 
 
 

=

[
 
 
 
 
 
 
𝜕𝑋1
𝜕𝑧
𝜕𝑋2
𝜕𝑧
𝜕𝑋3
𝜕𝑧
0 ]
 
 
 
 
 
 

,                                                                                                                                    (29a) 
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𝐌 =

[
 
 
 
 
 
 
 
 −∑(𝜗1𝑗)

𝑗≠1

𝜗12 𝜗13 𝜗14

𝜗21 −∑(𝜗2𝑗)

𝑗≠2

𝜗23 𝜗24

𝜗31 𝜗32 −∑(𝜗3𝑗)

𝑗≠3

𝜗34

𝜌1 𝜌2 𝜌3 𝜌4 ]
 
 
 
 
 
 
 
 

,                                                                    (29b) 

where ratio of molar fractions and diffusion coefficients is defined as 𝜗𝑖𝑗 = 𝑋𝑖𝑋𝑗/𝐷𝑖𝑗 . 

2.3.3 Boundary conditions 

The boundary conditions at the irradiated surface subjected to strong evaporation or 

condensation must account for the presence of the Knudsen layer. The Knudsen layer is a thin 

region adjacent to the surface with strongly non-equilibrium gas flow, where the velocity 

distribution of vapor molecules transforms from a non-equilibrium distribution at the surface, 

which is often approximated by a half-Maxwellian distribution corresponding to the surface 

temperature, to the equilibrium Maxwell-Boltzmann distribution at the top of this layer [84]. 

Since the thickness of the Knudsen layer is a few tens of the mean free path of gas molecules, its 

thickness is usually neglected in HD simulations of evaporation and condensation-induced flows. 

In this case, the target is considered as a surface where gas parameters exhibit a jump from their 

values at the surface to the values at the top boundary of the Knudsen layer. The parameters after 

this jump, at the top boundary of the Knudsen layer, can be used as the boundary conditions for 

the HD model of laser-induced plume flow. 

The number of boundary conditions at the irradiated surface depends on whether 

evaporation or condensation occurs and on the local Mach number at the top of the Knudsen 

layer 𝑀𝑎. The key factor that determines the evaporation or condensation state is the ratio of the 

pressure right above the Knudsen layer 𝑝𝐾𝐿 to the pressure at the target surface 𝑝𝑣(𝑇𝑤) . The 
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ratio 𝑝𝐾𝐿/𝑝𝑣(𝑇𝑤) can be used in order to distinguish between evaporation and condensation 

cases and to serve as an input parameter to determine the Mach number at the top of the Knudsen 

layer.  

In the present work, the approach for calculating the gas dynamic parameter at the top of 

the Knudsen layer is based on the approximate equations suggested in Ref. [54]. As the first step, 

the values of gas mixture temperature, pressure, and density of species at the surface are 

estimated by applying linear extrapolation from inside the computational domain toward the 

boundary. This extrapolation approach, in particular, predicts 𝑝𝐾𝐿. Then the pressure ratio 𝑃 =

𝑝𝐾𝐿/𝑝𝑣(𝑇𝑤) is calculated. The 𝑃 is used to discriminated between three cases. 

When the pressure ratio is equal to one; no evaporation or condensation occurs, so there 

is no flow and Mach number is zero.  

When the pressure ratio is smaller than one, the evaporation occurs, the Mach number is 

positive and can increase up to unity, which corresponds to a sonic flow with �̅�𝑠𝑜𝑛𝑖𝑐 =

𝑝𝐾𝐿/𝑝𝑣(𝑇𝑤) = 0.206185 and �̅�𝑠𝑜𝑛𝑖𝑐 = 𝑇𝑠𝑜𝑛𝑖𝑐/𝑇𝑤 = 0.669. In the case of evaporation [54], 

𝑀𝑎 =
1.0 − (

𝑝𝐾𝐿
𝑝𝑤
)
−0.275

1.0 − �̅�𝑠𝑜𝑛𝑖𝑐
−0.275 ,                                                                                                                     (30a) 

𝑇𝐾𝐿
𝑇𝑊

=
�̅�𝑠𝑜𝑛𝑖𝑐 − �̅�𝑠𝑜𝑛𝑖𝑐

−0.125 + (1.0 − �̅�𝑠𝑜𝑛𝑖𝑐) (
𝑝𝐾𝐿
𝑝𝑤
)
−0.125

1.0 − �̅�𝑠𝑜𝑛𝑖𝑐
−0.125 ,                                                          (30b) 

where 𝑝𝑤 = 𝑝𝑣(𝑇𝑤). The vapor velocity above the Knudsen layer is measured by 𝑢𝑤 =

𝑀𝑎 √𝛾1𝑘𝐵𝑇𝐾𝐿/𝑚1 . 

When the pressure ratio is greater than one, the condensation occurs, and the Mach 

number is negative and is calculated with the equation: 
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𝑀𝑎 = −
1 − (

𝑝𝑤
𝑝𝐾𝐿

)
𝐴

1 − 𝐼𝐴
,                                                                                                                                (31) 

where parameters 𝐴 and 𝐼 are functions of 𝑇𝐾𝐿/𝑇𝑤, which are given in the tabulated form in Ref. 

[54]. The Mach number at condensation depends on 𝑇𝐾𝐿/𝑇𝑤, where 𝑇𝐾𝐿 is calculated using the 

extrapolation approach. 

The mass removal rated can be then calculated 𝐹𝑤 = 𝜌𝑤𝑢𝑤 where 𝜌𝑤 and 𝑢𝑤 are density 

and velocity of vapor right above the Knudsen layer. The condensation or “back” flux is then 

calculated as 𝐹𝑐  = 𝐹𝑒 − 𝐹𝑤, where the evaporation flux 𝐹𝑒 is given by Eq. (9) [87,110]. At the 

exit boundary, no outflow during the simulation time is assumed:  

𝐴𝑡 𝑥 = 𝐿 ∶    𝜌1 = 0,   𝜌2 =
𝑚2𝑝𝑏
𝑘𝐵𝑇0

,   𝑢 = 0,   𝑇 = 𝑇0.                                                                         (32) 

 

Figure 9. Mach number 𝑀𝑎 (red solid curve) and ratio of the pressure 𝑝𝑣(𝑇𝑤)/𝑝𝐾𝐿 (green 

dashed curve) obtained for expansion of copper vapor into argon background gas at 𝑝𝑏 =1 bar 

in simulations with the HD model for 𝐹𝐿 = 5 Jcm-2 and Gaussian pulse with 𝜏𝐿 = 10 ns. 
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The typical variation of the Mach number at the top of the Knudsen layer and pressure ratio 

during the expansion of copper vapor induced by a single laser and obtained with the HD model 

is illustrated with Figure 9. 

2.4 Kinetic Model of Plume Expansion 

The laser-induced plume expansion is a subject of strong rarefaction and non-equilibrium 

effects. The small laser spot size and low pressure of the background gas are the factors that 

additionally enhance the rarefaction effects. It is well known that the flows of highly rarefied 

gases cannot be predicted based on the Navier-Stokes equations and the kinetic models of 

rarefied gas dynamics based on the Boltzmann kinetic equation [93] are required for modeling of 

such flows. The numerical method used in this work for kinetic simulations of laser-induced 

plumes is described in sections 2.4.1-2.4.3. In this section, contrary to section 2.3, the subscripts 

“𝑣” and “𝑏” are used to denote parameter of the vapor and background gas, while the subscript 

𝑖 = 1,2, … is used to denote parameters of individual simulated gas particles. 

2.4.1 Direct simulation Monte Carlo method 

The kinetic model of the two-component gas mixture plume expansion is based on the 

Boltzmann kinetic equation and is implemented in the form of the direct simulation of Monte 

Carlo (DSMC) method [93]. The DSMC method is a particle-based stochastic numerical method. 

In DSMC simulations, the gas flow is described as a motion of a large number of simulated 

particles, which represent individual atoms or molecules in the real gas flow. The simulated 

particles participate in binary collisions, move between collisions, and interact with interphase 

boundaries. In the DSMC method, each simulated particle represents a number of molecules in 

real gas flow, and the ratio of the number densities of real gas molecules and simulated particles 
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is known as the statistical weight 𝑊. For a neutral monatomic gas, which molecules do not have 

rotational and vibrational degrees of freedom, the current state of each simulated particle 𝑖 is 

completely described by the particle velocity vector 𝐯𝑖. The computational approach for 

sampling of random collisions between simulated particles is derived in agreement with the 

structure of the collision term in the Boltzmann kinetic equation [111]. 

In the present work, the simulations are performed with the DSMC code based on the No 

Time Counter scheme for collision sampling [93], which was previously used for simulations of 

two-dimensional laser-induced plumes and jets [96-101]. The domain of the gas flow is divided 

into a computational mesh of cells. The simulated particles are indexed into each cell based upon 

the particle location, and only binary collisions between particles belonging to the same cell are 

accounted for at each computational time step. During each binary collision, the velocities of 

colliding particles before the collision are replaced by post-collisional velocities, which are 

calculated based on an adopted molecular model. In the present work, the binary collisions 

between atoms of vapor and background gas are described by the Variable Hard Sphere (VHS) 

molecular model [93].  

The computational algorithm at each computational time step consists of a few sub-steps 

including the free motion of particles, which lead to the redistribution of particles between cells, 

indexing of particles to corresponding cells of the computational mesh, sampling binary 

collisions, interaction of particles in the boundaries of the computational domains, and 

generation of new particles at the domain boundaries. In the course of a simulation, the 

parameters of individual simulated particles are accumulated in special variables-counters that 

are associated with cells of the computational mesh for future calculations of gas macroscopic 

parameters. This step is referred to as the sampling step of the DSMC method. For each cell of 



  

34 

volume 𝑉, which contains 𝑁 simulated particles,the total number density 𝑛, macroscopic velocity 

𝐮, thermal energy density of particles 𝐸𝑇, and temperature of cell 𝑇 can be calculated as follows: 

𝑛 =
𝑊

𝑉
 𝑁,                                                                                                                                                 (33a) 

𝐮 =∑𝑚𝑖𝐯𝑖

𝑁

𝑖=1

∑𝑚𝑖

𝑁

𝑖=1

⁄ ,                                                                                                                        (33b) 

𝐸𝑇 =
𝑊

𝑉
∑

𝑚𝑖(𝐯𝑖 − 𝐮)
2

2

𝑁

𝑖=1

,                                                                                                                     (33c) 

𝑇 =
𝐸𝑇
3
2𝑛𝑘𝐵

,                                                                                                                                                (33𝑑) 

where 𝑚𝑖 is the mass of particle 𝑖. 

2.4.2 Initial and boundary conditions in the DSMC method 

The computational domain 𝐴𝐵𝐶𝐷 for 2D DSMC simulations of laser-induced plume 

expansion is shown in Figure 10. Both the thermal field inside the target 𝐴𝐵𝐴′𝐴′ and plume flow 

above it in the domain 𝐴𝐵𝐶𝐷 are assumed to be axisymmetric and calculated in the half-domain 

that is bounded by the problem axis of symmetry 𝐴𝐷. Before the onset of irradiation, surface 𝐴𝐵 

of the irradiated metal target is planar. The space above the target is filled with a background gas 

at pressure 𝑝𝑏 and initial temperature 𝑇0. The lateral size of the target and target thickness 𝐻𝑤 are 

assumed to be sufficiently larger to preserve the constant temperature 𝑇0 at boundaries 𝐴′𝐵′ (at 

𝜉 = −𝐻𝑤) and 𝐵′𝐵 (at 𝑟 = 𝐷/2) (Figure 10) during the whole simulation time. The vaporization 

of the target material results in the inflow of atomic vapor from the irradiated surface. The vapor 

mixing with the background gas forms a two-component expanding plume above the target as it 
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is shown in Figure 10. At the exit boundary (boundary 𝐵𝐶𝐷 in Figure 10), new background gas 

atoms entering the domain are generated at every time step of the computational algorithm, while 

all atoms, leaving the domain through this boundary, are excluded from further computations. 

The size of domain is chosen to be sufficiently large, so that outflow of vapor through the exit 

boundary does not occur during the considered process time. 

 

Figure 10. Sketch of the computational setup for 2D axisymmetric simulations of laser-

induced plume expansion. The surface of the irradiated target is placed at 𝑥 = 0. The DSMC 

simulations of the plume expansion are performed in the domain 𝐴𝐵𝐶𝐷 bounded by the target 

surface 𝐴𝐵, axis of symmetry 𝐴𝐷, and free boundaries 𝐵𝐶 and 𝐶𝐷 penetrable for gas 

molecules, where the inflow of the background gas molecules is calculated assuming the 

Maxwell-Boltzmann equilibrium distribution at pressure 𝑝𝑏 and temperature 𝑇0. The gray 

rectangle schematically depicts the irradiated target. The heat conduction equation is solved in 

the domain 𝐴𝐵𝐵′𝐴′, which has a shape of rectangle of height 𝐻𝑤 at 𝑡 = 0. The laser beam is 

directed from top to bottom along the axis 𝑟 = 0. The local Mach number field of gas mixture 

shown in the figure is obtained at a time of 130 ns for a 3-pulse burst with 𝜏𝑝𝑝 = 60 ns at 𝐹𝐿 =

2.5 Jcm-2, 𝜏𝐿 = 10 ns, 𝐷𝐿 = 20 μm, and at 𝑝𝑏 = 1 bar. In this and following figures, 𝑆𝑛 and 

𝑠𝑛 mark the primary and secondary shock waves induced by 𝑛-th pulse. 𝑆𝑛−𝑚 marks a shock 

wave that is formed after merging the primary shock waves from 𝑆𝑛 to 𝑆𝑚. White curves mark 

boundaries of the mixing layer, where the vapor molar fraction varies between 1% and 99%. 
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The thermal model of the irradiated target and kinetic model of the plume flow are 

coupled with each other through the boundary conditions that express the energy and mass 

balance at the irradiated surface. The kinetic boundary conditions at the irradiated target account 

for evaporation and condensation of vapor of the target material with the evaporation and 

condensation coefficients equal to unity. In particular, the local velocity of surface recession due 

to the net effect of evaporation and condensation is represented in the form of Eq. (8). The 

evaporation flux density 𝐹𝑒 is calculated based on the Hertz-Knudsen model of evaporation [84] 

in the form given by Eq. (9). In the framework of the DSMC method, this model is used to 

generate new simulated vapor atoms at the target surface during every time step of computations. 

The number of such atoms is defined by 𝐹𝑒in Eq. (9) and the velocity distribution function of 

evaporated atoms, 𝑓𝑣(𝑥, 𝐯, , 𝑡), is a half-Maxwellian distribution at the surface temperature 𝑇𝑤: 

At 𝐴𝐵 (𝑥 = 0)   and  𝑣𝑥 > 0 ∶      𝑓𝑣(0, 𝐯, , 𝑡) =
𝑝𝑣(𝑇𝑤)/(𝑘𝐵𝑇𝑤)

√2𝜋(𝑘𝐵/𝑚𝑣)𝑇𝑤
exp (−

𝑚𝑣𝐯
2

2𝑘𝐵𝑇𝑤
),                   (34) 

where 𝐯 = (𝑣𝑥, 𝑣𝑦, 𝑣𝑧) is the molecule velocity vector. All vapor atoms incident to the irradiated 

surface with 𝑣𝑥 < 0 are assumed to be absorbed at the surface and form the condensation flux 𝐹𝑐 

that is calculated in the DSMC method by counting vapor atoms that return to the target surface 

from the plume. The interaction of the background gas atoms with the irradiated surface is 

described by the model of diffuse scattering [91,92], where the relaxation temperature is equal to 

the surface temperature 𝑇𝑤:  

At 𝐴𝐵 (𝑥 = 0)   and  𝑣𝑥 > 0:      𝑓𝑏(0, 𝐯, 𝑡) =
2

𝜋
exp(−

𝐯2

𝐶𝑤2
) ∫

|𝑣′𝑥|

𝐶𝑤4
𝐯′∙𝐧𝑤<0

𝑓𝑏(0, 𝐯
′, 𝑡)𝑑𝐯′.        (35) 
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In Eq. (35), 𝐧𝑤 is the local unit vector that is normal to the target surface and directed outwards 

from the target, 𝐶𝑤 = √2𝑘𝑇𝑤/𝑚𝑏, and 𝑚𝑏 is the mass of a background gas atom. 

At the exit boundary of the computational domain, 𝑥 = 𝐿, the velocity distribution 

function of the background gas atoms, 𝑓𝑏(𝐯, 𝑥 , 𝑡), entering the domain through this boundary, is 

assumed to be a Maxwellian at temperature 𝑇0 and pressure 𝑝𝑏: 

At 𝐶𝐷   (𝑥 = 𝐻)   and  𝐵𝐶 (𝑟 = 𝐷/2), 𝐯 ∙ 𝐧𝑤 > 0:                                                                             

                                                     𝑓𝑏(𝐻, 𝐯, 𝑡) =
𝑝𝑏/(𝑘𝐵𝑇0)

√2𝜋(𝑘𝐵/2)𝑇0
exp (−

𝑚𝑏𝐯
2

2𝑘𝐵𝑇0
),                                (36) 

where 𝐧𝑤 is local unit vector that is normal to the surface of exit boundary surface and directed 

inward to the computational domain.  

2.4.3 Generalization of the DSMC method for plasma flows 

The developed computational framework for simulations of plasma flows based on the 

modified DSMC method can be used for simulations of non-equilibrium plasma flows, where the 

local degrees of ionization are determined by kinetic rates of ionization and recombination, and 

the electron temperature differs from the temperature of heavy particles In the present work, 

however, the developed approach is used assuming the equilibrium degrees of ionization 

predicted by Saha equations that results in equity of electron and atoms temperature 𝑇𝑎 = 𝑇𝑒. 

The extension of the DSMC method for simulations of laser-induced plasma plume flows 

is developed to capture the most important effects of ionization and radiation absorption to the 

energy budget. In the present development of the DSMC method, the state variables of every 

simulated particle in addition to its coordinates and velocity vector is described by temperature 

of electrons 𝑇𝑒, and mole fractions of ions 𝑋𝑧 with charges z (𝑧 = 1, . . , 𝑍𝑚𝑎𝑥), so that every 
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particle represents simultaneously some number of neutral particles and ions with various 

charges. The developed approach is based on the assumption of locally neutral plasma, which 

allows one to do not consider the electrons as simulated particles. Instead, one can assume that 

electrons move together with their “parent” ions and is characterized only by the electron 

temperature 𝑇𝑒; e.g. the temperature of heavy particles (neutral particles and ions) and electrons 

is assumed to the same locally in every cell of the computational mesh so that local electrically 

neutrally of plasma is always maintained. This approach allows one to avoid explicit 

consideration of electrons in simulations and significantly decrease the computational costs of 

simulations.  

Moreover, in the developed approach, a single simulated particle represents neutral atoms 

and ions of the same species with various charges 𝑧 (𝑧 = 0, . . , 𝑍𝑚𝑎𝑥, where 𝑒𝑍𝑚𝑎𝑥 is the 

maximum ion charge considered in simulations, 𝑒 is the charge of an electron). It can be done, 

since, in the classical DSMC method. Then, in plasma flows, one can assume that a single 

simulated particle 𝑖 simultaneously represents 𝑊𝑋𝑖
𝑧 ions with charges 𝑧. Thus, the current state 

of any simulated particle is defined by its translational velocity 𝐯𝑖, molar fractions of ions 𝑋𝑖
𝑧 

(𝑧 = 0, . . , 𝑍𝑚𝑎𝑥; ∑ 𝑋𝑖
𝑧 𝑧 = 1), and temperature of electrons 𝑇𝑒,𝑖 associated with this particle. In 

the course of a simulation, values of 𝑋𝑖
𝑧 and 𝑇𝑒,𝑖 are updated due to ionization and recombination 

process, as well as radiation absorption. This approach can be straightforwardly implemented in 

virtually any classical DSMC code. 

In order to implement collisions between heavy particles, as well as ionization and 

absorption processes, the computational domain is divided into a mesh of cells. If a cell of 

volume 𝑉 contains 𝑁 simulated particles, then the number density 𝑛𝑧 of ions with charge 𝑧 and 

total number density of electrons 𝑛𝑒 can be determined as 
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𝑛𝑧 =
𝑊

𝑉
 ∑𝑋𝑖

𝑧

𝑁

𝑖=1

,                                                                                                                                       (37a) 

𝑛𝑒 =
𝑊

𝑉
 ∑ ∑ 𝑧𝑋𝑖

𝑧

𝑍𝑚𝑎𝑥

𝑧=1

 

𝑁

𝑖=1

.                                                                                                                           (37b) 

The energy density of atoms 𝐸𝑎 and electron 𝐸𝑒 can be calculated as 

𝐸𝑎 =
𝑊

𝑉
∑

𝑚𝑖(𝐯𝑖 − 𝐮)
2

2

𝑁

𝑖=1

,                                                                                                                      (38c) 

𝐸𝑒 =
𝑊

𝑉
 ∑ ∑

3

2
𝑧𝑋𝑖

𝑧𝑘𝐵𝑇𝑒,𝑖

𝑍𝑚𝑎𝑥

𝑧=1

𝑁

𝑖=1

,                                                                                                             (38d) 

while the total thermal energy density 𝜌𝑈, which includes the latent energy of ionization in this 

cell can be calculated as  

𝜌𝑈 = 𝐸𝑎 + 𝐸𝑒 +
𝑊

𝑉
∑ ∑ 𝑋𝑖

𝑧 ∑ 𝐼𝑃𝑠𝑖
𝑚

𝑧

𝑚=1

𝑍𝑚𝑎𝑥

𝑧=1

𝑁

𝑖=1

,                                                                                          (39) 

where 𝐼𝑃𝑠
𝑧 is the 𝑧-th ionization potential energy of species 𝑠. All these parameters can be 

calculated using the standard DSMC technique in every cell of the computational mesh at every 

computational time step except 𝑋𝑖
𝑧 and 𝑇𝑒,𝑖 that are the molar fraction of particle 𝑖, at local ion 

charge number of 𝑧 and electron temperature of particle 𝑖, which can be extracted from solution of 

model of ionization (section 2.5.1) but initially are equal to a small residual value (this residual 

value is assumed to be equal to 10-12 in all simulations) and local temperature of heavy particles, 

respectively. Then the average temperature in the cell can be calculated as follows: 

𝑇∗ =
𝑛𝑇𝑎 + 𝑛𝑒𝑇𝑒
(𝑛 + 𝑛𝑒)

.                                                                                                                                      (40) 
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This temperature is for the scaling of velocities of individual simulated particles according to the 

eqaution: 

𝐯∗𝑖 = 𝐮 + (𝐯𝑖 −  𝐮)√
𝑇∗

𝑇
.                                                                                                                         (41) 

This approach changes only the temperature of heavy particles retaining the macroscopic plasma 

velocity. 

Each time step, the computational algorithm includes four major sub-steps: (1) motion of 

particles, which lead to the redistribution of particles between cells, (2) binary collisions of 

heavy particles in cells, (3) absorption of laser radiation in cells, and (4) ionization and 

recombination of particles in cells. During the motion step, the effect of electron pressure, which 

is important in laser-induced plasma plumes, is accounted for. This effect is usually taken into 

account in the hydrodynamic model of plasma plume expansion, e.g., [31,34,53,86]. For this 

purpose, the averaged electron temperature 𝑇𝑒 = 𝐸𝑒/((3/2)𝑛𝑒𝑘𝐵) and pressure 𝑝𝑒 = 𝑛𝑒𝑘𝐵𝑇𝑒 are 

calculated in every cell and then are used to determine numerically the gradient of the electron 

pressure ∇𝑝𝑒. The equation of motion for every simulated particle in the form 

𝑚𝑖

𝑑𝐯𝑖
𝑑𝑡

= −
1

𝑛𝑎
∇𝑝𝑒 ,                                                                                                                                    (42) 

where 𝑛𝑎 = 𝑊𝑁/𝑉 is the total number density of heavy particles, is solved numerically with the 

second-order Runge-Kutta method. Binary collision between heavy particles is implemented based 

on the approach used in simulations of neutral gas flows [93]. 

The propagation of laser radiation through the plume is described by Beer’s law in the 

form 𝑑𝐼/𝑑𝑥 = 𝛼𝐼, where 𝐼 = 𝐼(𝑥, 𝑟, 𝑡) is the intensity of laser radiation in a point with 
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coordinates (𝑥, 𝑟) at time 𝑡 (𝑥 is the coordinate counted along the laser beam from the irradiated 

surface and 𝑟 is a radial coordinate counted from the laser beam axis along the target surface), 

and 𝛼 is the plasma linear absorption coefficient. In the present work, the absorption coefficient 

is calculated locally in every cell of the computational mesh based on the model presented in 

section 2.5.3. The equation of the radiation transfer is solved with the initial condition 

𝐼(𝑥, 𝑟, 𝑡) → 𝐼𝐿(𝑟, 𝑡) at 𝑥 → ∞. The amount of energy, which is absorbed in a unit volume of a 

cell during a time step of duration ∆𝑡, is then equal to ∆𝐸 = ∆𝑡𝛼𝐼. This quantity is used to update 

thermal velocities of heavy particles in the cell according to equation 

𝐯𝑖
∗ = 𝐮 + (𝐯𝑖 −  𝐮)√

𝐸𝑎 + ∆𝐸

𝐸𝑎
,                                                                                                              (43) 

so that the total thermal energy density and temperature of heavy particles in the cell calculated 

based on updated velocities are equal to 𝐸∗ = 𝐸 + ∆𝐸 and 𝑇∗ = 𝐸∗/((3/2)𝑛𝑎𝑘𝐵). 

The value of 𝐸∗ and number densities of every species 𝑛𝑠 (𝑠 = 1 for vapor and 𝑠 = 2 for 

the background gas) are then used to find the updated fractions of ions 𝑋(𝑠)
𝑧∗∗ and temperature in 

the cell 𝑇∗∗ based on the solution of the Saha equations coupled with the equations of the energy 

balance, local neutrality of plasma, and conservation of the heavy particle number for every 

species. The full set of equations that are used to predict 𝑋(𝑠)
𝑧∗∗ and 𝑇∗∗ is presented in section 

2.5.1. At the final stage of computations, values of 𝑋𝑖
𝑧 and 𝑇𝑒,𝑖 for all simulated particles in each 

cell are updated with values of 𝑋(𝑠)
𝑧∗∗ for corresponding species and 𝑇∗∗, while the velocities of 

heavy particles are updated according to the equation 

𝐯𝑖
∗∗ = 𝐮 + (𝐯𝑖

∗ −  𝐮)√
𝑇∗∗

𝑇∗
.                                                                                                                     (44) 
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This approach enforces thermalization of the whole system of particles in every cell at the end of 

the time step, so that 𝑇𝑎
∗∗ = 𝑇𝑒

∗∗ = 𝑇∗∗. 

2.5 Ionization and Absorption Models 

2.5.1 Equilibrium model of ionization 

The model of ionization is applied at every time step in every cell of the computational 

mesh in order to enforce equilibrium degrees of ionization by the end of the time step. In each 

cell at every time step of the computational algorithm, the number densities of individual species 

𝑛𝑠 and total thermal energy density 𝐸 (the sum of the energy of chaotic motion of all particles 

and ionization energy per unit volume) are determined based on parameters of individual 

simulated gas particles. The molar fraction of particles of species 𝑠 with ion charge 𝑧, 𝑋(𝑠)
𝑧 , and 

temperature, 𝑇, are determined based on the solution of the Saha equations [31].  

𝑛𝑒,𝑠𝑋𝑠
𝑧

𝑋𝑠𝑧−1
= (

2𝜋𝑚𝑒𝑘𝐵𝑇

ℎ2
)

3
2
exp (−

𝐼𝑃s
𝑧

𝑘𝐵𝑇
) ,          𝑧 = 1,… , 𝑍𝑚𝑎𝑥 ,                                                           (45) 

where ℎ is the Planck constant, 𝑚𝑒 is the electron mass, 𝐼𝑃s
𝑧 and 𝑋𝑠

𝑧 are ionization potential and 

molar fraction of species 𝑠 and charge 𝑧, 𝑛𝑒,𝑠 is the electron number density of species 𝑠. In order 

to predict the local value of molar fractions for ionization of every species in the plume, the 

solution of the Saha equations is coupled with the conditions of energy and particle number 

conservation and local electrical neutrality of plasma.  

The system of the Saha equations for all species and charges and is solved together with 

the energy balance equation and equations representing the conditions of the conservation of the 

total number of particles for each species and quasi-neutrality of plasma:  
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𝜌𝑈 =∑[
3

2
(𝑛𝑠 + 𝑛𝑒,𝑠)𝑘𝐵𝑇 + ∑ (∑𝐼𝑃s

𝑗

𝑧

𝑗=1

𝑋𝑠
𝑧𝑛𝑠)

𝑍𝑚𝑎𝑥

𝑧=1

],                       

𝑠=1

                                             (46) 

∑ 𝑋𝑠
𝑧

𝑍𝑚𝑎𝑥

𝑧=0

= 1,                                                                                                                                              (47a) 

∑ 𝑧𝑋𝑠
𝑧

𝑍𝑚𝑎𝑥

𝑧=1

 = 𝑋𝑒,𝑠.                                                                                                                                      (47b) 

In these equations, 𝑋𝑠
0 is the molar fraction of neutral atoms of species s, 𝑋𝑒 is electron molar 

fraction of species s, and 𝑛𝑠  is number density of species s. The system of equations (45)-(47) is 

solved with respect to variables 𝑇, 𝑋𝑠
0, 𝑋𝑠

𝑧, and 𝑋𝑒,𝑠 at given values of 𝑈 and 𝑛𝑠 where local 

values of 𝑈 and number density of all species are assumed to be known as a result of the 

numerical solution of plume expansion by kinetic or hydrodynamic model. The system of 

multiple non-linear equations, Eqs. (45)-(47), is solved iteratively with the Newton-Raphson 

method.  

2.5.2 Non-equilibrium model of ionization  

In the present work, the non-equilibrium model of ionization is used only with the HD model of 

laser-induced plume expansion. This model is based on known kinetic rates of ionization and is 

applied to predict the molar fraction of only singly ionized atoms, i.e. at 𝑍𝑚𝑎𝑥 = 1. In this case, 

Eqs. (13) are solved together with the additional continuity equation for the ion density for each 

species 𝑠 

𝜕(𝜌𝑠𝑋𝑠
1)

𝜕𝑡
+
𝜕(𝜌𝑠𝑋𝑠

1𝑢)

𝜕𝑥
= 𝑅𝑠

1.                                                                                                                    (48) 
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This kinetic rate is calculated assuming quasi-neutrality of plasma based on the models proposed 

in Ref [46]: 

𝑅𝑠
1 = 𝑚𝑠𝑛𝑒[𝐶1𝑛𝑠

0 − (𝐶2 + 𝐶3)𝑛𝑠
1],                                                                                                         (49) 

where 𝑛𝑖,0 and 𝑛𝑖,1 is the number density of neutral and singly ionized species 𝑠. In Eq. (49), 𝐶1, 

𝐶2, and 𝐶3 are the rate constants for electron impact ionization, three-body recombination, and 

photorecombination: 

𝐶1 = 2
(2𝜋𝑚𝑒𝑘𝐵𝑇𝑒)

3
2

𝑛𝑒ℎ3
𝐶2 exp(−

𝐼𝑃𝑠
1

𝑘𝑇𝑒
),                                                                                              (50𝑎) 

𝐶2 =
4𝜋(2𝜋)

1
2

9

𝑘𝑒
5𝑒10

𝑚𝑒

1
2(𝑘𝐵𝑇𝑒)

9
2

𝑛𝑒 ,                                                                                                             (50𝑏) 

𝐶3 =
2 ∙ 10−13

√𝑇𝑒
.                                                                                                                                        (50𝑐) 

2.5.3 Model of absorption of laser radiation 

The laser intensity is attenuated due to absorption of laser energy by plasma. The model 

of absorption of incident laser radiation accounts for the dominant laser absorption mechanisms 

in UV laser systems, including the inverse Bremsstrahlung in electron-neutral and electron-ion 

collisions and photoionization corresponding to absorption of radiation 𝛼(𝑟, 𝑡) based on the 

models proposed in Ref. [90]. The thermal effect of absorption is accounted for through scaling 

of thermal velocities of heavy particles enforcing the equilibrium fractions of charged species 

and single plasma temperature. In order to measure the local laser intensity, 𝐼𝐿(𝑟, 𝑡), for known 

distribution of 𝛼(𝑟, 𝑡), the local intensity of the laser radiation is defined as follows: 
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𝐼𝐿(𝑟, 𝑡) = 𝐼𝐿(𝑟0, 𝑡) exp(−∫ 𝛼(�̃�, 𝑡)𝑑�̃�

∞

𝑥

),                                                                                           (51) 

where 𝐼𝐿(𝑟, 𝑡) is the intensity of incident laser radiation varying during a pulse. This equation is 

used, in particular, in order to define the laser intensity incident to the surface in equation (1) as 

𝐼𝐿𝑤 = 𝐼𝐿(0, 𝑡). The plasma linear absorption coefficient 𝛼 = 𝛼𝐼𝐵,𝑖(𝑠)+𝛼𝐼𝐵,𝑖(𝑠)+𝛼𝑃𝐼(𝑠) includes 

contributions from the inverse Bremsstrahlung process in electron-neutral (𝛼𝐼𝐵,𝑛(𝑠)) and electron-

ion (𝛼𝐼𝐵,𝑖(𝑠)) collisions and photoionization (𝛼𝑃𝐼(𝑠)) [90]: 

𝛼𝐼𝐵,𝑛(𝑠) = [1 − exp (−
ℎ𝑐

𝜆𝑘𝐵𝑇
)] 𝜎𝐼𝐵,𝑛(𝑠)(𝑇)𝑛𝑒𝑛𝑠

0,                                                                             (52a) 

𝛼𝐼𝐵,𝑖(𝑠) = [1 − exp (−
ℎ𝑐

𝜆𝑘𝐵𝑇
)]√

2𝜋

3𝑚𝑒𝑘𝐵𝑇

4𝑒6𝑘𝑒
3𝜆3𝑛𝑒𝑛s

3ℎ𝑐4𝑚𝑒
∑ 𝑧2𝑋(𝑠)

𝑧

𝑍𝑚𝑎𝑥

𝑧=1

,                                        (52𝑏) 

𝛼𝑃𝐼(𝑠) = ∑ ∑ 𝑛𝑗(𝑠)
𝑧 𝜎𝑃𝐼,𝑗(𝑠)

𝑧

𝑁𝑚𝑎𝑥(𝑠)
𝑧

𝑗=𝑁∗(s)
𝑧

(𝑇).

𝑍𝑚𝑎𝑥

𝑧=0

                                                                                                 (52c) 

Here 𝑘𝑒 the Coulomb constant, 𝑒 is electron charge, 𝜆 is the laser wavelength, 𝑐 is the speed of 

light, 𝑍𝑚𝑎𝑥  is the maximum charge, 𝑗 is the energy level, 𝑁∗(s)
𝑧 = 𝑁∗(s)

𝑧 (𝜆) is the minimum 

energy level number of an ion of species 𝑠 and charge 𝑧 ion can be ionized by absorbing a 

photon of wavelength 𝜆, 𝑁max(𝑠)
𝑧  is the maximum energy level considered in calculations, and 

𝑛𝑗(𝑠)
𝑧  is the number density of particles in energy level 𝑗, which is calculated based on the 

Boltzmann equilibrium distribution, 𝑛𝑗(𝑠)
𝑧 = 𝑛0(s)

𝑧 (𝑔𝑗(𝑠)
𝑧 /𝑔0(s)

𝑧 ) exp[−(𝐸𝑗(𝑠)
𝑧 − 𝐸0(s)

𝑧 )/

(𝑘𝐵𝑇)], where 𝑔𝑗(𝑠)
𝑧  and 𝐸𝑗(𝑠)

𝑧  are the statistical weight and energy at level 𝑗. 𝜎𝐼𝐵,𝑒−𝑛,s and 𝜎𝑃𝐼,s
𝑍  

are the electron neutral temperature dependent cross section in Eq. (52a) for species 𝑠 [112]: 



  

46 

𝜎𝐼𝐵,𝑛(𝑠)(𝑇) =  ∫ 𝐾𝑎(𝑠)(𝐸)𝑓𝑀𝐵(𝐸, 𝑇)
∞

0

𝑑𝐸,                                                                                            (53) 

where 

𝐾𝑎(𝑠)(𝐸) =  
2𝑒2𝑘𝑒

3𝜋𝑚𝑒𝑐𝜈2
√(
2(𝐸 + ℎ𝜈)

𝑚𝑒
)
𝐸 + ℎ𝜈

ℎ𝜈
𝜎𝑇(𝑠)(𝐸 + ℎ𝜈)                                                         (54) 

is the partial cross section,  

𝑓𝑀𝐵(𝐸, 𝑇) = 2√
𝐸

𝜋(𝑘𝐵𝑇)3
exp (−

𝐸

𝑘𝐵𝑇
)                                                                                               (55) 

is Maxwell-Boltzmann distribution function, 𝜎𝑇(𝑠)(𝐸) is the momentum transport cross section for 

electron-neutral collisions and calculated based on model presented in Ref. [113]. The 

photoionization cross section 𝜎𝑃𝐼,𝑗(𝑠)
𝑍  for every species in energy level 𝑗, and in charge state 𝑧 can 

be calculated as:  

𝜎𝑃𝐼,𝑗(𝑠)
𝑧 (𝑇) =  

32𝜋2(z + 1)2𝑒6𝑘𝑒
3

3√3ℎ4𝑐𝜈3𝑔𝑗(𝑠)
𝑍

𝑢(𝑠)
𝑧+1(𝑇)

𝑑𝐸𝑗(𝑠)
𝑧

𝑑𝑗
,                                                                            (56) 

where 𝜈 = 𝑐/𝜆 is the laser radiation frequency, 𝑢𝑍+1(𝑇), 𝑔𝑗
𝑍, and 𝑑𝐸𝑗

𝑍/𝑑𝑗 denote the partition 

function in charge state 𝑧 + 1, statistical weight, and the spacing between energy levels at 𝑗th 

electronic level in charge state 𝑍, respectively. The number density of every species in charge 

state 𝑧 that reside in energy level 𝑖 can be obtained from the Boltzmann distribution: 

𝑛𝑖,𝑗
𝑍 = 𝑛𝑖,0

𝑍
𝑔𝑖
𝑍

𝑔0
𝑍 𝑒

−
𝐸𝑖
𝑍−𝐸0

𝑍

𝑘𝐵𝑇 .                                                                                                                             (57) 

Here 𝑛𝑖
𝑍 is the number density of species 𝑖 in charge state 𝑧 that resides in ground state 𝑗. The 

partition function in charge state 𝑧 is calculated as 
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𝑢(𝑠)
𝑧 (𝑇) =  ∑ 𝑔𝑗(𝑠)

𝑧 exp [
−(𝐸𝑗(𝑠)

𝑧 − 𝐸0(s)
𝑧 )

𝑘𝐵𝑇
]

𝑁max(𝑠)
𝑧

𝑗=0

.                                                                                (58) 

 In the energy equation of the HD model, Eq. (13c), the term 

휀𝑟𝑎𝑑 = 휀𝑟𝑎𝑑(1) + 휀𝑟𝑎𝑑(2),                                                                                                                         (59a) 

where 휀𝑟𝑎𝑑(𝑠) is the amount of energy emitted and loss due to radiation emission by species 𝑠 per 

unit volume and time. This term is calculated based on the assumption that the electrons are 

characterized by a Maxwellian velocity distribution as [31] 

휀𝑟𝑎𝑑(𝑠) = √
2𝜋𝑘𝑇

3𝑚𝑒

32𝜋𝑘𝑒
3𝑒6

3ℎ𝑚𝑒𝑐3
𝑛𝑒 ∑ 𝑧2𝑛(𝑠)

𝑧

𝑍𝑚𝑎𝑥

𝑧=1

.                                                                                       (59b) 

2.6 Simulation Parameters 

The expansion of the laser-induced plume into a background gas is simulated in the 

computational domain on the top of the irradiated target. At 𝑡 = 0, the whole domain above the 

target is assumed to be filled with a background gas at pressure 𝑝𝑏 and temperature 𝑇0. Both 

background gas and vapor are considered as monatomic gases in this dissertation. Simulations 

are performed for an argon or helium background gas and a copper target with the initial 

temperature 𝑇0 = 300 K irradiated by a different laser wavelength. Material properties for liquid 

and vapor copper [31], temperature dependent optical properties of copper at 266 nm [31], and 

VHS molecular parameters of copper vapor [114] and argon [93] used in simulations are listed in 

Table 1. The tables with energy levels and their statistical weights for copper and argon ions and 

ionization potentials are adopted from Refs. [115] and [116]. The values of the momentum 

transport cross section 𝜎𝑇(𝑠)(𝐸) for copper and argon atoms in the tabulated form are taken from  
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Table 1. Material properties and parameters of the VHS molecular model for copper vapor 

and argon used in simulation. 

Parameter Value 

Thermo-physical properties of copper, Ref. [31] 

Solid density 𝜌𝑡 

Specific heat of solid material 𝐶𝑡 

Thermal conductivity of solid material 𝜅𝑡 

Liquid density 𝜌𝑡 

Specific heat of liquid material 𝐶𝑡 

Thermal conductivity of liquid material 𝜅𝑡 

Melting temperature 𝑇𝑚 

Latent heat of fusion 𝐿𝑚 

Reference boiling temperature 𝑇𝑏 

Reference boiling pressure 𝑃𝑏 

Latent heat of boiling 𝐿𝑡 

Critical temperature 𝑇𝑐, Ref. [36] 

8960 kgm-3 

420 Jkg-1K-1 

380 Wm-1K-1 

8000 kgm-3 

494 Jkg-1K-1 

170 Wm-1K-1 

1358 K 

204579.4 Jkg-1 

2836 K 

101325 Pa 

4796525.4 Jkg-1 

8280 K  

VHS model parameters for copper vapor, Ref. [114] 

Molar mass 𝑚𝑣 

Molecular diameter at reference temperature 273 K 𝑑𝑣 

Viscosity index 𝜔𝑣 

0.063546 kg/mole 

4.5∙10-10 m 

0.92 

VHS model parameters for argon, Ref. [93] 

Molar mass 𝑚𝑏 

Molecular diameter at reference temperature 273 K 𝑑𝑏 

Viscosity index 𝜔𝑏 

0.039948 kg/mole 

4.17∙10-10 m 

0.81 

VHS model parameters for helium, Ref. [93] 

Molar mass 𝑚𝑏 

Molecular diameter at reference temperature 273 K 𝑑𝑏 

Viscosity index 𝜔𝑏 

0.004 kg/mole 

2.33∙10-10 m 

0.66 
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Refs. [117] and [118] and then interpolated for calculations of 𝜎𝐼𝐵,𝑛(𝑠)(𝑇) according to Eqs (53) 

and (54). 

2.7 Comparison of Structures of Laser-Induced Plumes Predicted by 1D Hydrodynamic 

and Kinetic Models 

In this section, the results obtained in simulations of neutral plumes based on the one-

dimensional (1D) HD and kinetic models are compared with each other in the broad range of the 

background gas pressure. The goal of this study is to establish the degree of agreement between 

the HD and kinetic models and to reveal the effects of translation non-equilibrium, which cannot 

be predicted by the HD model. The analysis of literature indicated that the HD and kinetic 

models of laser-induced plumes have never been compared in identical conditions. 

2.7.1 Structure of the Knudsen and mixing layers at atmospheric background gas pressure 

 The structure of the Knudsen and mixing layer obtained with the kinetic model with the 

distributions of gas parameters predicted by the HD model in case of plume expansion into argon 

background gas at atmospheric pressure are compared with each other (Figure 11). The kinetic 

simulation predict the thickness of the Knudsen layer on the order of a few tens of mean free 

paths of gas molecules. At the initial stage of plume expansion, the sonic evaporation ( 𝑃/𝑃𝑤<1, 

Ma = 1) takes place. After the termination of the laser pulse, it changes to subsonic evaporation 

(𝑃/𝑃𝑤 <1, 0 < Ma < 1) and then, e.g., at 𝑡 = 70 ns, to condensation, when the vapor velocity in 

the Knudsen layer becomes negative, i.e., the vapor flow is directed towards the target (𝑃/𝑃𝑤  > 

1, Ma < 0).  

                      𝑡 = 20 ns                       𝑡 = 30 ns                       𝑡 = 70 ns 
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Figure 11. Distributions of number density (a-c), temperature (d-f), and velocity (g-i) in the 

copper vapor plume expanding into argon background gas at a pressure of 𝑝𝑏 = 1.0 bar 

obtained based on the kinetic (red curves) and HD (green curves) models for a Gaussian pulse 

with 𝐹𝐿= 5 Jcm-2 and 𝜏𝐿= 10 ns at a time 𝑡 = 20 ns (a,d,g), 30 ns (b,e,h), and 70 ns (c,f,i). 

It is worth noting that the HD model cannot predict a rapid change of the flow parameters 

within the Knudsen layer, since this variation is modeled through boundary conditions (section 

2.3.3). According to these boundary conditions, the gas parameters at the target surface predcited 

by the HD model correspond to the parameters predicted by the kinetic model at the external 

boundary of the Knudsen layer. The comparison of density and velocity distributions obtained 

with the HD and kinetic models allows one to make a conclusion that, during the initial stage of 

the plume expansion, when sonic evaporation from the target surface occurs, , e.g., at 𝑡 = 20 ns 
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and 30 ns, both models well agree with each other roughly each other at the external boundaries 

of the Knudsen layer. This is one of the key factors that affects the degree of accuracy of the HD 

model.  

The mass flow rates at the targeted surface predicted by the HD and kinetic models are 

compared with each other in Figure 12. As one can see, the evaporation rates predicted by both 

models agree very well with each other. At the same time, the HD model tends to somewhat 

underestimate the condensation rate compared to the kinetic model. Since the condenstaion rate 

is relatively small compared to the evaporation rate, both models predict practically the same 

ablation depth. 

 

Figure 12. Surface temperature 𝑇𝑤, as well as evaporation, 𝐹𝑒, condensation, 𝐹𝑐, and net 

material removal, 𝐹𝑤, rates versus time 𝑡 obtained with the kinetic (red solid curves) and HD 

(green dashed curves) models in simulations of plume expansion into argon background gas at 

𝑝𝑏= 1 bar induced by a Gaussian pulse with 𝐹𝐿= 5 Jcm-2 and 𝜏𝐿 = 10 ns. 
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2.7.2 Accuracy the HD model in at various background gas pressures 

In order to quantify effects of translation non-equilibrium in the plume flow at arbitrary 

background gas pressure, the systematic comparison of the simulation results obtained with both 

models is performed in the range of the background gas pressure 𝑝𝑏 from 0.001 bar to 1 bar. The 

variation of the plume structure predicted by the HD model with variation of the background gas 

pressure is shown in Figure 13.  

With the increasing 𝑝𝑏, the shock propagates slower, while the maximum temperature at 

the shock wave decreases. The increasing 𝑝𝑏 also suppresses expansion of the vapor plume: The 

peak in vapor density that roughly corresponds to the position of the mixing (diffusion) layer 

between the vapor and the background gas propagates with smaller velocity. This finding is in 

agreement with “freezing” of the vapor plume expanding into background gas at atmospheric 

  

Figure 13. Distributions of mixture density (a) and temperature (b) in neutral copper vapor 

plume at a time of 100 ns calculated with the HD model for the Gaussian pulse with 𝐹𝐿 = 5 

Jcm-2 and 𝜏𝐿 = 10 ns and argon background gas at 𝑝𝑏= 1 bar (red solid curves), 𝑝𝑏= 0.1 bar 

(green dashed curves), and 𝑝𝑏= 0.01 bar (blue dashed-dotted curves). 
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pressure previously observed in two-dimensional DSMC simulations of the laser-induced 

plumes. The maximum density of vapor close to the mixing layer also increases, although the 

total amount of the ablated material exhibits only marginal variation between all cases 

considered in Figure 13. From the prospective of the plasma plume expansion, once can 

speculate then that the increasing background gas pressure and suppression of the plasma plume 

expansion provide conditions for stronger absorption of the incident laser radiation by the plasma 

plume. 

To study the ability of the HD model to predict the plume expansion process at the 

atmospheric background gas pressure, a systematic compassion of HD and kinetic models for 

expansion of copper into argon and helium with pressure 𝑝𝑏= 1 bar is peformed (Figure 14). The 

agreement between the results obtained by HD and kinetic models is very well. There is a very 

small disagreement in plume properties near the tagreted surface in the Knudsen layer. In the 

case of the helium background gas, there are additional spikes in the mixing layer, since the mass 

density of helium is small compared to the mass of copper atoms. 

It was found that the non-equilibrium effects become progressively more important with 

decreasing 𝑝𝑏 (Figure 15). The kinetic model predicts thicker shock wave propagating through 

the relatively rarefied background gas with a less steep distribution of gas parameters within the 

front than the HD model. At the same time, the distributions of gas parameters in the relatively 

dense vapor plume close to the surface obtained with both models are in good agreement with 

each other. At 𝑝𝑏 ≪ 1 bar, the HD model can underestimate the temperature at the shock wave. 

The key factor that leads to the underestimation of temperature at the shock wave is the 

overestimation of viscous and heat conduction effects in the HD model, calculated based on 

Newton’s and Fourier laws that fail if the gas density is sufficiently low. Contrary to the HD 
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Figure 14. Distributions of mixture number density 𝑛 (a,b), temperature 𝑇 (c,d), and 

velocity 𝑢 (e,f) obtained at a time 𝑡 = 30 ns, 70 ns, and 100 ns with the kinetic (red solid 

curves) and HD (green dashed curves) models in simulations of plume expansion into argon 

(a,c,e) and helium (b,d,f) background gases at 𝑝𝑏= 1 bar induced by a Gaussian pulse with 

𝐹𝐿= 5 Jcm-2 and 𝜏𝐿 = 10 ns. 
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Figure 15. Distributions of mixture temperature 𝑇 obtained by the kinetic (red solid curves) 

and HD (green dashed curves) models in simulations of plume expansion into varied argon 

background gas at 𝑝𝑏= 0.1 bar (a,b), 𝑝𝑏= 0.01 bar (c,d), 𝑝𝑏= 0.001 bar (e,f) induced by a 

Gaussian pulse with 𝐹𝐿= 5 Jcm-2 and 𝜏𝐿 = 10 ns. at a time 𝑡 = 25 ns, 30 ns, 35 ns, 40 ns, 70 ns, 

and 100 ns. 
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model, the kinetic model implemented in the form of the DSMC method is capable of accounting 

for effects of translation non-equilibrium in the plume flow at arbitrary background gas pressure. 

Accordingly, simulations of laser-induced plume expansion can be done based on the HD model 

only if the effects of rarefaction and non-equilibrium in the plume flow are negligible 

accordingly only at high background gas (atmospheric) pressure, the simulations of laser-induced 

plume expansion can be performed based on the HD model developed for both neutral and 

plasma plumes. 

 In order to investigate the role of dissipative effects during expansion into a low-pressure 

background gas (𝑝𝑏= 0.001 bar), the additional simulations are performed based on the HD 

model, when the thermal conductivity and viscosity of the gas mixture are neglected (blue curves 

in Figure 16). The absence of conductivity and viscosity results in a strong, few-fold 

 

Figure 16. Distributions of mixture temperature (a) and velocity (b) obtained by the kinetic 

model (red solid curves), HD model including dissipation model (green dashed curves), and 

HD model neglecting dissipation model (blue solid curves) in simulations of plume expansion 

into argon background gas at 𝑝𝑏= 0.001 bar induced by a Gaussian pulse with 𝐹𝐿= 5 Jcm-2 and 

𝜏𝐿 = 10 ns. at a time 𝑡 = 40 ns, 70 ns, and 100 ns. 
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overestimation of temperature at the shock wave compared to the DSMC simulations. The 

obtained results show that the HD model both with and without dissipative terms is not capable 

of predicting the correct flow structure of the plume expanding into a low-density background 

gas. 



  

58 

  

INTERACTION OF PLUMES INDUCED BY BURSTs OF SHORT PULSES: 

ONE-DIMENSIONAL KINETIC SIMULATIONS  

In this chapter, all simulations are carried out based on the kinetic model, which is used 

as a unified numerical approach for simulations of plume expansion in a broad range of the 

background gas pressure, including plume expansion into a vacuum, when the effects of gas 

rarefaction and translational non-equilibrium dominate the flow structure. 

The goal of this chapter is to study the interaction between multiple plumes and 

corresponding shockwaves induced by a burst of nanosecond laser pulses. For this purpose, a 

systematic comparison of flow structures in plumes, which are induced by single- and multi-

pulse irradiation of a copper target with a nanosecond laser at 266 nm wavelength and expand 

into an argon background gas at various pressures, is performed. The simulations are based on a 

one-dimensional (1D) hybrid model that includes a thermal model of the irradiated target and a 

kinetic model of two-component neutral gas flows. The temporal shape of laser pulses is 

smoothed flat-top and laser intensity is below the ionization threshold. 

The laser fluence 𝐹𝐿 = 2.5 Jcm−2, pulse duration 𝜏𝐿 = 10 ns, and smoothing time 𝜏𝑠 = 3 ns 

are used in simulations with a single-pulse, hereinafter referred to as x1 pulse, as well as 3-pulse 

and 7-pulse bursts with the peak-to-peak separation time 𝜏𝑝𝑝 equal to 15 ns (Δτ = 5 ns) and 60 ns 

(Δτ = 50 ns). In order to reveal the effect of the separation time, the results obtained for 3-pulse 

and 7- pulse bursts are compared with the results obtained with single pulses of the same total 

fluences and maximum laser intensities. These two last cases are further referred to as x3 (𝐹𝐿 = 
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7.5 Jcm−2 and 𝜏𝐿 = 24 ns) and x7 (𝐹𝐿 = 17.5 Jcm−2 and 𝜏𝐿 = 52 ns) single pulses. The background 

gas pressure 𝑝𝑏 varies from zero to 1 bar. 

3.1 Comparison of a Single x1 Pulse with a 3-pulse Burst  

The purpose of this section is to systematically compare the gas dynamic structures of 

plumes, which are induced by a single x1 pulse and by a 3-pulse burst with a peak-to-peak pulse 

separation of 60 ns and the same fluence of 2.5 Jcm-2 per pulse at a background gas pressure of 1 

bar in order to reveal the effects of interaction between multiple consecutive plumes induced by 

a burst of pulses. Under considered conditions, the surface temperature increases up to 6700 K 

after the first pulse in the burst, up to 7400 K after the second pulse, and up to 7760 K after the 

third pulse (Figure 17(a)). These values are well below the thermodynamic critical temperature, 

8280 K [36], of the target material. In both cases of the single pulse and three-pulse burst, the 

considered conditions are below the threshold of volumetric boiling and intensive ionization in 

the plume. The surface temperature at the beginning of every consecutive pulse does not drop to 

the level of the initial temperature before the onset of irradiation and the maximum surface 

temperature rises from pulse to pulse, indicating substantial thermal accumulation, which is 

characteristic for laser ablation in the burst mode [9,67,69,70]. The difference between the 

maximum surface temperatures for two consecutive pulses tends to decrease with increasing 

pulse number, so that the maximum surface temperature saturates with the number of pulses. For 

instance, this difference is equal to ~700 K between the first and second pulses and only ~400 K 

between the second and third ones. Between pulses, the surface temperature does not drop below 

1300 K, remaining above the melting point of copper. The ablation depth increases from pulse to 

pulse from ~30 nm after the first pulse up to ~150 nm after the third one (Figure 17(b)). A slight 
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decrease in the ablation depth between pulses occurs due to the condensation of vapor back to 

the irradiated surface. 

  

Figure 17. Surface temperature of the irradiated target (a) and ablation depth (b) as functions 

of time for the single x1 pulse (solid curves, red online), x3 pulse (dashed curves, green 

online), 3-pulse burst with peak-to-peak separation 𝜏𝑝𝑝 = 15 ns (dash-dotted curves, blue 

online), and 3-pulse burst with 𝜏𝑝𝑝 = 60 ns (dash-double-dotted curves, magenta online). For 

the x1 pulse and 3-pulse bursts, 𝐹𝐿 = 2.5 Jcm-2 and 𝜏𝐿 = 10 ns (smoothed flat-top). For the x3 

pulse, 𝐹𝐿 = 7.5 Jcm-2 and 𝜏𝐿 =24 ns (smoothed flat-top). 

The structure of the plume induced by the single-pulse irradiation is illustrated by 

characteristic distributions of gas-dynamic parameters for times of 10 ns, 150 ns, and 300 ns 

shown in Figure 18. Gray rectangles with letter “𝑀” in individual panels of Figure 18 mark the 

positions of the nominal mixing layer between the vapor and background gas, where the vapor 

molar fraction of vapor varies from 99% to 1%. The size of the mixing layer gradually increases 

due to diffusion from 3 µm at 10 ns, to 40 µm at 150 ns, and to 60 µm at 300 ns. Evaporation 

during the pulse induces a strong increase of pressure inside the initial vapor “bubble,” and 

formation of the primary or external shock wave that propagates through the background gas. In 

Figure 18, the position of this shock wave is marked by symbol “𝑆1.” Evaporation is practically 
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terminated by the end of the pulse (Figure 17(a)), so that the surface vapor velocity is close to 

zero by this time, while the surface plume temperature is close to the surface temperature of the 

irradiated target. Plume velocity at the surface is equal to zero at a time of ~12 ns, which 

corresponds to zero net effect of evaporation and condensation, and at longer times the plume 

velocity at the surface is negative due to dominating effect of vapor condensation. 

At 𝑡 >  20 ns, the maximum temperature in the plume is realized near the external 

boundary of the mixing layer, where the molar fraction of vapor is about 1%. The temperature 

drops inside the mixing layer, and the minimum temperature is realized close to the external 

boundary of the Knudsen layer at the irradiated surface. For instance, at a time of 150 ns, the 

temperature at the external boundary of the Knudsen layer drops to ~100 K and becomes about 

ten times smaller than the surface temperature (Figure 17(a)). 

Fast expansion of the plume and deposition of vapor back to the target surface induces a 

strong drop of pressure, vapor density, and temperature near the surface. For instance, by a time 

of 150 ns, the vapor pressure at the surface drops to ~2000 Pa and appears to be in about three 

orders of magnitude smaller than the maximum pressure realized at the same time behind the 

primary shock wave. The large pressure difference inside the plume results in the formation of a 

compression wave right behind the mixing layer, which fast collapses into the secondary or 

internal shock wave. This shock wave is marked by “𝑠1” in panels of Figure 18 corresponding to 

a time of 150 ns. The formation of the internal wave in laser-induced plumes is well-known and 

predicted by hydrodynamic models, e.g., [119], as well as DSMC simulations [96,97]. 
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Figure 18. Distributions of mixture pressure, velocity, and temperature (solid curves, red 

online), as well as number densities of vapor (dashed curves, green online) and background gas 

(dash-dotted curves, blue online), obtained at a time of 10 ns (left column), 150 ns (central 

column), and 300 ns (right column) during plume expansion into argon background gas at a 

pressure of 1 bar induced by the single x1 pulse with 𝐹𝐿 = 2.5 Jcm-2 and 𝜏𝐿 = 10 ns. The gray 

rectangles with symbol “𝑀” mark the nominal mixing layer, where the molar fraction of vapor 

varies from 99% to 1%. The symbols “𝑆1” and “𝑠1” mark the positions of the primary and 

secondary (internal) shock waves. 
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This wave propagates towards the irradiated surface through the region of the reduced 

vapor density and, correspondingly, increased local Knudsen number. Since the thickness of a 

shock wave in a rarefied gas increases with increasing mean free path of gas molecules, e.g., 

[93], this wave has a thicker front compared with the primary shock wave. Moreover, under 

conditions illustrated in Figure 18, the internal wave gradually disappears inside the strongly 

rarefied flow region near the target surface, so the secondary wave does not exist anymore at a 

time of 300 ns. This effect can be captured only in kinetic simulations, since hydrodynamic 

simulations based, e.g., on Euler equations for inviscid gas flows [46], as well as theoretical 

hydrodynamic model [119], predict reflection of the secondary wave from the target surface. 

It is notable that the lower boundary of the mixing layer, where the molar fraction of 

vapor is equal to 99%, does not propagate downstream during the time between 150 ns and 300 

ns. It means that the plume stops and can further evolve mostly due to slow diffusion of the 

vapor through the background gas. For the case shown in Figure 18, the stopping time and 

distance are equal to 250 ns and 160 µm, correspondingly. The stopping time divides the first, 

inertial stage of plume expansion from the subsequent diffusive stage. During the diffusive stage, 

the macroscopic gas velocity is close to zero only near the mixing layer. At the diffusive stage, 

the gas velocity is negative inside the vapor plume, which structure is dominated by the re-

deposition of vapor at the target surface. For instance, at a time of 300 ns, the absolute 

macroscopic gas velocity inside the plume close to the irradiated surface is as large as 170 ms-1. 
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Figure 19. Distributions of mixture pressure, velocity, and temperature (solid curves, red 

online), as well as number densities of vapor (dashed curves, green online) and background gas 

(dash-dotted curves, blue online), obtained at a time of 70 ns (left column), 90 ns (central 

column), and 130 ns (right column) during plume expansion into argon background gas at a 

pressure of 1 bar induced by the 3-pulse burst with 𝐹𝐿 = 2.5 Jcm-2, 𝜏𝐿 = 10 ns, and 𝜏𝑝𝑝 = 60 ns, 

and (𝛥𝜏 = 50 ns). The gray rectangles with symbol “𝑀” mark the positions of the nominal 

mixing layer, where the molar fraction of vapor varies from 99% to 1%. The symbol “𝑆𝑖” (𝑖 =
1,2,3) marks the positions of the primary shock wave produced by 𝑖-th pulse in the burst. The 

symbols “𝑠𝑖” (𝑖 = 1,2,3) mark the positions of the secondary (internal) shock wave. 
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Under conditions of a multi-pulse irradiation with small inter-pulse separation, the 

plumes produced by individual pulses strongly interact with each other. In the case of 3-pulse 

burst with a peak-to-peak separation of 60 ns, the mechanism of interaction between plumes is 

illustrated by distributions of gas parameters shown for various times in Figure 19 and Figure 

19cont, as well as by contour plots shown in Figure 20. By the end of the first pulse, the flow 

structure in the plume is identical to the structure shown for a time of 10 ns in Figure 18. Times 

of 70 ns and 130 ns in Figure 19 correspond to the ends of the second and third pulses. Every 

individual pulse induces strong evaporation of the target material (Figure 17(b)) and formation of 

a new primary shock wave propagating ahead of the new vapor “bubble” formed at the irradiated 

surface. The primary shock wave induced by 𝑖-th pulse in the burst is marked by symbol “𝑆𝑖” in 

Figure 19 and Figure 19cont. Contrary to the first shock wave 𝑆1, the shock waves generated by 

the second and third pulses propagate initially through the vapor plume created by preceding 

pulses. The amount of material ablated by every subsequent pulse is larger than that by the 

preceding pulse, so that the vapor density and pressure in the vapor “bubble” by the end of a 

pulse increase from pulse to pulse. At the same time, the pressure above the vapor “bubble,” e.g., 

produced by the second pulse, is smaller than the background gas pressure. As a result, the 

intensity of the shock wave 𝑆2, i.e. the pressure ratio after and before the shock, is larger than the 

intensity of the shock wave 𝑆1. Correspondingly, the second shock wave moves faster than 𝑆1 

and approaches it with time, while vapor velocity and temperature behind the second shock 𝑆2 at 

the end of the second pulse (70 ns) are larger than those behind the first shock wave 𝑆1 at the end 

of the first pulse (10 ns). For example, at a time of 90 ns, the temperature behind the shock wave 

𝑆2 increases up to ~10000 K, while in the single-pulse case the maximum plume temperature is 

equal to ~4800 K at a time of 30 ns, i.e. at 20 ns after the end of the pulse. The merging of shock 
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waves 𝑆1 and 𝑆2 (Figure 19cont and Figure 20) results in the formation of a discontinuity, which 

breaks into a new shock wave 𝑆1−2, contact surface 𝐶2, and rarefaction wave (not marked in 

Figure 19cont). This process can be understood by solving a corresponding Riemann problem, 

e.g., [120]. The resultant shock wave 𝑆1−2 propagates faster than 𝑆1, but slower than 𝑆2. 

The arrival of the third pulse results in repeating the process described above for the 

second pulse. The third pulse produces the vapor “bubble” with even higher density and 

temperature than those after the second pulse. The new primary shock wave 𝑆3 forms ahead this 

bubble, which moves with higher speed than the shock wave 𝑆2 (Figure 19 for 𝑡 = 130 ns) and 

finally merges with the shock wave 𝑆1−2, inducing formation of a new shock wave 𝑆1−3, and 

contact surface 𝐶3. Thus, a burst of pulses produces a cascade of the primary shock waves, which 

move, from pulse to pulse, with increasing velocities, and merge one by one with the farthest 

shock wave. 

Similar to the case of a single pulse, fast expansion of individual plumes can also induce 

a cascade of secondary shock waves. The number of the secondary waves may not be equal, 

however, to the number of pulses in the burst. For instance, in the case of a 3-pulse burst, the 

second shock wave 𝑆2 interacts with the mixing layer prior to formation of the first secondary 

shock wave. The first secondary shock wave, marked by “𝑠1” in Figure 19, is formed only 

behind the shock wave 𝑆2 at a time when this shock wave already crossed the mixing layer (see 

distribution for 𝑡 = 130 ns in Figure 19 and Figure 20). In comparison with the single-pulse 

case, the secondary shock wave 𝑠1 produced by the burst is much stronger. When the shock wave 

𝑆3 crosses the mixing layer, a new secondary wave 𝑠2 appears behind the mixing layer  
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Figure 19cont. Distributions of mixture pressure, velocity, and temperature (solid curves, red 

online), as well as number densities of vapor (dashed curves, green online) and background gas 

(dash-dotted curves, blue online), obtained at times of 180 ns (left column), 300 ns (central 

column), and 450 ns (right column) during plume expansion into argon background gas at a 

pressure of 1 bar induced by the 3-pulse burst with 𝐹𝐿 = 2.5 Jcm-2, 𝜏𝐿 = 10 ns, and 𝜏𝑝𝑝 = 60 ns. 

The gray rectangles with symbol “𝑀” mark the nominal mixing layer, where the molar fraction 

of vapor varies from 99% to 1%. The symbol “𝑆𝑖” (𝑖 = 1,2,3) marks the positions of the 

primary shock wave produced by 𝑖-th pulse in the burst. Symbols “𝑠𝑖” (𝑖 = 1,2,3) mark the 

positions of the secondary (internal) shock wave. The symbol “𝑆1−𝑘” marks the shock wave 

formed after merging the primary shock waves from 𝑆1 to 𝑆𝑘. The symbols “𝐶𝑖” (𝑖 = 2,3) mark 

positions of the contact surfaces. 
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(Figure 19cont for 𝑡 = 300 ns and 450 ns, as well as Figure 20). Contrary to focusing and 

merging of the primary shock waves, individual secondary waves do not approach each over and 

slowly diverge (Figure 20). 

 

Figure 20. Contour plots of plume velocity (a) and temperature (b) on the plane (𝑥, 𝑡) 
obtained for the 3-pulse burst with 𝐹𝐿 = 2.5 Jcm-2, 𝜏𝐿 = 10 ns, and 𝜏𝑝𝑝 = 60 ns. The black 

curves mark the boundaries of the nominal mixing layer, where the molar fraction of vapor is 

equal to 99% and 1%. The symbols “𝑆𝑖” and “𝑠𝑖” (𝑖 = 1,2,3) mark the primary and secondary 

shock waves. 

In a case of a burst, the motion of multiple shock waves and their interaction with each 

other create complex, multimodal distributions of gas density and temperature by a time of 300 

ns. After merging of the primary shock waves, e.g., at a time of 450 ns, the distributions of gas 

velocity and pressure, however, become qualitatively similar to those for a single pulse, differing 

only by additional jumps at relatively weak secondary waves and contact surfaces. 

Interaction of the second shock 𝑆2 with the mixing layer at a time of ~120 ns increases 

the velocity of the mixing layer with respect to the irradiated surface (Figure 20). Every 

additional primary shock wave also pushes the mixing layer forward. In simulations, the process 

time of plume expansion induced by the 3-pulse burst is limited by 500 ns. By this time the 
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mixing layer reaches a distance of 560 µm from the target and continues to move, so that the 

conditions of the plume stopping are not achieved. It is notable that the effect of individual 

pulses on the stopping distance is not additive in a sense that the stopping distance after the 3-

pulse burst becomes much larger than the triple stopping distance after the corresponding single 

pulse. 

3.2 Effect of the Pulse Separation 

In order to reveal the effect of the inter-pulse separation, the simulations of plume 

expansions, induced by a 3-pulse burst with a peak-to-peak separation of 15 ns, as well as a x3 

single pulse are performed (Figure 21). The obtained results are compared with results obtained 

before for longer inter-pulse separations shown in Figure 19, Figure 19cont, Figure 20. The x3 

single pulse can be considered as a 3-pulse burst in the limit of zero inter-pulse separation. The 

surface temperature of the target and ablation depths versus time are compared in Figure 17. 

These results indicate that the surface target temperature and ablation depth tend to increase and 

approach the value obtained for the x3 pulse with decreasing inter-pulse separation. For short 

inter-pulse separation, ∆𝑡 = 5 ns, the maximum surface temperature during the 3-pulse burst 

reaches almost the same level as in the case of the x3 pulse, but the ablation depth is in ~17% 

smaller. 

For a plume generated by a 3-pulse burst with a peak-to-peak separation of 15 ns (solid 

curves in Figure 21), the expansion process develops to large extent similarly to the plume 

generated by a burst with longer peak-to-peak separation of 60 ns (Figure 19 and Figure 19cont). 

At shorter 𝜏𝑝𝑝, the process of merging of the primary shock waves 𝑆𝑖 takes shorter time, since 

these shock waves are initially separated by smaller distances and move with larger velocities 
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(Figure 20 and Figure 22). At 𝜏𝑝𝑝 = 15 ns, the merged shock wave 𝑆1−3 forms at a time of 135 

ns, while at 𝜏𝑝𝑝 = 60 ns it forms only at 410 ns. Once the shock waves 𝑆𝑖 merge, the distribution 

of temperature in the plume generated by the 3-pulse burst at 𝜏𝑝𝑝 = 15 ns qualitatively becomes 

remarkably close to the temperature distribution produced by a single x3 pulse (Figure 21 for 𝑡 ≥

200 ns). Quantitatively, however, the maximum plume temperature in the case of the burst with 

𝜏𝑝𝑝 = 15 ns remains in 1000-2000 K smaller than in the case of the single x3 pulse. In addition, 

the maximum temperature in the plume generated by a burst with 𝜏𝑝𝑝 = 60 ns is also in ~2000 K 

smaller than in the case of 𝜏𝑝𝑝 = 15 ns. This result confirms that the plasma ignition in the 

plume produced by a burst of pulses can be substantially delayed by increasing the inter-pulse 

separation at fixed total energy of the burst. 

Qualitatively, the major difference between the plumes generated by bursts with 𝜏𝑝𝑝 =

15 ns and 𝜏𝑝𝑝 = 60 ns is related to the process of formation of the secondary shock waves 𝑠𝑖. 

This difference is apparent from the comparison of contour plots shown in Figure 20 and Figure 

22. In the case of shorter inter-pulse separation, a cascade of three secondary waves is formed, 

while only two secondary shock waves appear in the case of longer 𝜏𝑝𝑝 during the considered 

process time. Moreover, at 𝜏𝑝𝑝 = 15 ns, all three shock waves 𝑠𝑖 appear after moving the 

primary shock wave 𝑆3 through the mixing layer. These secondary waves are much weaker than 

the secondary waves in the case of longer 𝜏𝑝𝑝. 
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Figure 21. Distributions of mixture temperature obtained at times of 30 ns, 50 ns, 90 ns, 200 

ns, 300 ns, and 450 ns during plume expansion into argon background gas at a pressure of 1 

bar induced by the 3-pulse burst (𝐹𝐿 = 2.5 Jcm-2, 𝜏𝐿 = 10 ns, and 𝜏𝑝𝑝 = 15 ns; solid curves, red 

online) and by the single x3 pulse (𝐹𝐿 = 2.5 Jcm-2 and 𝜏𝐿 = 10 ns; dashed curves, green online). 

The gray rectangles with symbol “𝑀” mark the nominal mixing layer in the case of the 3-pulse 

burst, where the molar fraction of vapor varies from 99% to 1%. The symbol “𝑆𝑖” (𝑖 = 1,2,3) 

marks the positions of the primary shock wave produced by 𝑖-th pulse in the burst. The 

symbols “𝑠𝑖” (𝑖 = 1,2,3) mark the positions of the secondary (internal) shock wave. The 

symbol “𝑆1−𝑘” marks the shock wave formed after merging the primary shock waves from 𝑆1 

to 𝑆𝑘. The symbols “𝐶𝑖” (𝑖 = 2, 3) mark positions of the contact surfaces. 
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Figure 22. Contour plots of plume velocity (a) and temperature (b) on the plane (𝑥, 𝑡) 
obtained for a 3-pulse burst with 𝐹𝐿 = 2.5 Jcm-2, 𝜏𝐿 = 10 ns, and 𝜏𝑝𝑝 = 15 ns. The black curves 

mark the boundaries of the nominal mixing layer, where the molar fraction of vapor is equal to 

99% and 1%. The symbols “𝑆𝑖” and “𝑠𝑖” (𝑖 = 1,2,3) mark the primary and secondary shock 

waves. 

3.3 Effect of the Number of Pulses in a Burst. Comparison of a Seven-pulse Burst and x7 

Single Pulse 

Simulations performed for a 7-pulse burst and a single x7 pulse (Figure 23) reveal the 

same major trends that were previously established for a 3-pulse burst and x3 single pulse 

(Figure 19, Figure 19cont, and Figure 21). Individual pulses in the burst produce a cascade of 

primary shock waves that overtake each other and finally merge into a single wave. The process 

of merging of shock waves results in the sequential formation of multiple contact surfaces, while 

a cascade of the secondary shock waves appears behind the mixing layer. As a result, a very 

complicated multimodal distribution of temperature retains even when the process of merging of 

the primary shock waves is completed. 

The comparison of temperature distributions obtained for the 7-pulse burst (solid curves 

in Figure 23) with distributions obtained for the single x7 pulse (dashed curves in Figure 23) 
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shows that with increasing number of pulses in the burst, the temperature in the plume increases 

much slower than the temperature in the single pulse with the same total fluence and duration. 

For instance, by a time of 300 ns, the maximum temperature in the plume generated by the burst 

is below 5500 K with exception of a narrow spike corresponding to the shock wave 𝑆4, while in 

the case of a single x7 pulse, the temperature is about 8000-10000 K in an extended domain 

behind the primary shock wave. Under such conditions, one can expect much weaker ionization 

and plasma shielding effect in the case of a burst compared to a single pulse of the same total 

energy and duration.  

At the same time, the comparison of results obtained for the single x1 pulse, 3-pulse, and 

7-pulse bursts indicates that the maximum vapor number density and temperature progressively 

increase with increasing number of pulses due to both the effect of thermal accumulation in the 

target material and propagation of longer cascades of shock waves through the vapor plume. As a 

result, one can expect that, with increasing number of pulses in a burst, subsequent pulses can 

induce strong ionization and plasma shielding even if the degree of plasma shielding is negligible 

for the initial pulses in the burst. For example, for a 7-pulse burst at a time of 420 ns, the average 

vapor number density is ~1026 m−3 and temperature increases up to 6500 – 7200 K behind the 

shock waves 𝑆5 and 𝑆6. The Saha equations [32,36,59,86] then predict the equilibrium molar 

fraction of singly ionized copper ions of ~7%, which is enough to induce the strong shielding of 

the irradiated surface from the subsequent pulses. At the same time, the simulations for the 3-

pulse burst with the same fluence and duration of individual pulses, as well as the same inter-

pulse separation, predict negligible effect of plasma shielding.
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𝑡 = 200 ns 𝑡 = 300 ns 𝑡 = 700 ns 

   

Figure 23. Distributions of mixture temperature obtained at 𝑡 = 200 ns (left column), 300 ns 

(central column), and 700 ns (right column) during plume expansion into argon background 

gas at a pressure of 1 bar induced by the 7-pulse burst (𝐹𝐿 = 2.5 Jcm-2, 𝜏𝐿 = 10 ns, and 𝜏𝑝𝑝 = 60 

ns; solid curves, red online) and by the single x7 pulse (𝐹𝐿 = 17.5 Jcm-2 and 𝜏𝐿 = 52 ns; dashed 

curves, green online). The gray rectangles with symbol “𝑀” mark the nominal mixing layer in 

the case of the 7-pulse burst, where the molar fraction of vapor varies from 99% to 1%. The 

symbol “𝑆𝑖” (𝑖 = 1, . . ,7) marks the position of the primary shock wave produced by 𝑖-th pulse 

in the burst. The symbol “𝑆1−𝑘” marks the shock wave formed after merging the primary 

shock waves from 𝑆1 to 𝑆𝑘. 

Thus, an excessive number of pulses in the burst can induce strong shielding of the 

irradiated surface from the remaining part of the burst, so that, at a fixed fluence of a single 

pulse, both the optimum inter-pulse separation and number of pulses in the burst can be limited 

by the effect of plasma shielding. 

3.4 Effect of the Background Gas Pressure 

It is known that the background gas pressure strongly affects the properties of laser-

induced plumes [6,10,28,32,51,53,55,121] In order to reveal the effects of the background gas 

pressure on the expansion of plumes induced by bursts of pulses, the simulations of plumes 

generated by the 3-pulse burst and expanding into a vacuum and an argon background gas at a 
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pressure of 100 Pa, as well as a plume generated by the single x1 pulse and expanding into a 

vacuum, are performed (Figure 24). The obtained results are compared with corresponding 

results for plumes expanding into argon at a pressure of 1 bar and shown in Figure 18, Figure 19, 

and Figure 19cont. 

In the case of a plume induced by a single x1 pulse and expanding into a vacuum (solid 

curves in Figure 24), no actual shock wave is formed. In simulations, one can observe, however, 

the formation of a front with a sharp jump in velocity and temperature. This front corresponds to 

the positions of the fastest vapor atoms and is located at the boundary of the plume, where the 

vapor number density of vapor is extremely small. For instance, at a time of 130 ns, the vapor 

number density in a vicinity of this front is about 1019 m-3, and, correspondingly, the mean free 

path of vapor atoms is about 0.1 m. Thus, during expansion into a vacuum, the maximums of 

temperature and velocity propagate ahead of the maximum of vapor density. The maximum 

velocity is about 5.5 kms-1, and the maximum temperature is about 1000 K, i.e. the maximum 

velocity is ~ 2 times higher, but the maximum temperature is a few times smaller than in the case 

of the plume expansion into an argon background gas at a pressure of 1 bar (Figure 18). The 

distribution of vapor velocity is practically linear inside the plume, and the temperature is about 

100 K in the whole region of the plume where the number density is above 1023 m-3. In both 

cases of a vacuum and 1 bar pressure, during the process time considered in Figure 18 and Figure 

24, the vapor number density of vapor and vapor velocity at the target surface after the end of the 

laser pulse have the same orders of magnitude. It indicates that the rate of vapor condensation at 

the irradiated surface only marginally depends on the background gas pressure. 

In the case of a plume induced by a 3-pulse burst and expanding into a vacuum (dashed 

curves in Figure 24), a part of the plume induced by the first pulse has the same distributions of 
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gas parameters as in the case of a single x1 pulse. The plumes generated by the subsequent 

pulses are formed inside the “atmosphere,” created by the preceding pulses. Correspondingly, the 

distinct shock waves 𝑆2 and 𝑆3 form and propagate ahead of the plumes generated by the second 

and third pulses. Due to the formation of these shock waves, the maximum temperature in the 

plume rises in about an order of magnitude, from ~1000 K in the case of a single pulse up to 

~9000 K in the case of a 3-pulse burst. Contrary to the case of expansion into a background gas 

at a pressure of 1 bar, in the case of expansion into a vacuum, merging of the primary shock 

waves produced by individual pulses is not observed. The propagation speed of the plume 

boundary, corresponding to jumps of velocity and temperature at the front of the plume, is larger 

than the speed of the shock wave generated by the second pulse 𝑆2. In turn, the speed of the 

shock wave 𝑆2 is larger than the speed of the shock wave 𝑆3, so that the distance between these 

discontinuities increase during the plume expansion. 

In the case of a 3-pulse burst expanding into a background gas at a pressure of 100 Pa 

(dash-dotted curves in Figure 24), the sharp boundary of the plume is replaced by a thick mixing 

layer. In this case, the upper boundary of the mixing layer roughly moves like the position of the 

plume boundary with jumps in temperature and velocity during expansion into a vacuum. Inside 

the mixing layer, the gas is compressed with a strong increase in temperature and pressure, 

although the number density is still too small to induce the formation of a distinct shock wave. 

It is interesting that the gas temperature in this case increases up to ~16000 K inside the 

mixing layer, i.e. becomes larger than the temperature after the shock wave 𝑆1 during expansion 

into a background gas at a pressure of 1 bar (Figure 19). The flow structure in the plume region 

between the target surface and the shock wave 𝑆2, induced by the second pulse in the burst, is not 

affected by the background gas pressure until a time when the shock wave 𝑆2 reaches the lower 
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Figure 24. Distributions of mixture number density, velocity, and temperature obtained at 𝑡 =
130 ns (left column), 350 ns (central column), and 500 ns (right column) for plumes induced 

by the single x1 pulse and expanding into a vacuum (solid curves; red online), induced by the 

3-pulse burst with 𝜏𝑝𝑝 = 60 ns and expanding into a vacuum (dashed curves; green online), and 

induced by the same burst and expanding into argon background gas at a pressure of 100 Pa 

(dash-dotted curves; blue online). 𝐹𝐿 = 2.5 Jcm-2 and 𝜏𝐿 = 10 ns. For the case of 𝑝𝑏 = 100 Pa, 

the gray rectangles with symbol “𝑀” mark the nominal mixing layer, where the molar fraction 

of vapor varies from 99% to 1%. The symbol “𝑆𝑖” (𝑖 = 2,3) marks the position of the primary 

shock wave produced by 𝑖-th pulse in the burst. 

boundary of the mixing layer. One can see, therefore, that the dashed and dash-dotted curves in 

Figure 24 coincide with each other in this region at 𝑡 = 130 ns and 350 ns. Once the shock wave 

𝑆2 reaches the lower boundary of mixing layer, this shock wave practically disappears.  
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Thus, there are two most prominent differences between the dynamics of plumes induced 

by a burst of pulses and expanding into low- and high-pressure background gases. First, in the 

case of a low-pressure background gas, the first pulse in the burst does not produce a shock 

wave, and the shock waves produced by subsequent pulses may not merge with each other, while 

the shock wave cascade formed at atmospheric pressure always merges into a single shock. It 

happens because of the smaller stopping effect and faster expansion of the plume at a reduced 

background gas pressure. Second, for a low-density background gas, the temperature in the 

mixing layer can be substantially higher, while density, in average, is smaller than the 

temperature and density behind the primary shock wave 𝑆1 in the case of high-pressure 

background gas. The gas mixture in the high-temperature and low-density mixing layer can be 

ionized by subsequent laser pulses, since the equilibrium degree of ionization increases with 

increasing temperature and decreasing density according to the Saha equations 

[31,32,34,38,85,86]. This effect of earlier plasma ignition may not result in the increased overall 

plasma shielding effect of subsequent laser pulses, because of relatively small number density 

realizing inside the mixing layer during expansion into a low-density background gas and, 

correspondingly, relatively low plasma absorption coefficient. 

3.5 Effect of Splitting of a Pulse into a Burst of Pulses on Plasma Shielding Effect 

It is instructive to compare the plume flows produced by multi-pulse irradiation with 

corresponding flows induced by single pulses with the same laser fluence and same 𝜏𝐿 in order to 

reveal the effect of splitting laser energy into pulses in a burst. For this purpose, in Figure 25, the 

number density and temperature distributions in plumes produced by the 3-pulse burst previously 

considered in section 3.1 (𝐹𝐿 = 2.5 Jcm-2, 𝜏𝐿 = 10 ns, and 𝜏𝑝𝑝 = 60 ns; case 𝐴 in Figure 25) are 
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compared with a single pulse of energy 𝐹𝐿 = 7.5 Jcm-2 and pulse duration 𝜏𝐿 = 10 ns (cases 𝐵 and 

𝐶 in Figure 25) 

The maximum laser intensity in the single pulse with duration of 10 ns is in three times 

larger than the maximum intensity in the burst and in the single pulse of duration 30 ns. This 

short pulse produces more vapor, as well as the faster and stronger primary shock wave, than 

both the 3-pulse burst and single x3 pulse with the same total fluence. For instance, by a time of 

130 ns, the temperature behind the shock wave in case 𝐵 reaches 10,000 K and is in about five 

times larger than the maximum temperature in case 𝐴. The number density right behind the 

shock wave in case 𝐵 is about the same as in case 𝐴, because, for strong shock waves the density 

rise at a shock wave is limited and weakly sensitive to the shock wave speed. The number 

density at the mixing layer, however, in case 𝐵, is about twice larger than in case 𝐴. 

In spite of the prediction based on simulations of neutral plume expansion that the single 

pulse of the same fluence as the whole burst and the same duration as the duration of a single 

pulse in the burst can produce larger ablation depth, the actual ablation depth in the case of such 

a short single pulse can be smaller due to the shielding effect, since the short pulse can produce 

denser and higher temperature plume that can strongly absorb incident laser radiation. To 

confirm this speculation, the additional simulations of the plume expansion produced by the 3-

pulse burst and a single pulse with a fluence of 7.5 Jcm-2 and a duration of 10 ns are performed 

based on the model where the ionization and absorption of laser radiation are taken into account 

as described in section 2.5. 

The simulations performed with this model show that the effects of ionization and 

absorption are negligible in the case of the 3-pulse burst, so distributions of parameters in the 
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plasma plume visually coincide with those already shown for case 𝐴 in Figure 25. On the 

contrary, the plume induced by the short single pulse of the same total energy is strongly affected 

by ionization and absorption (case 𝐶 in Figure 25), indicating a strong shielding effect, when 

13% of incident laser energy is absorbed by the plume. The ablation depth decreases in ~1.8 

times in case 𝐶 compared to case 𝐵 due to plasma shielding. The absorption of laser radiation is 

primarily absorbed inside the vapor cloud, since copper has smaller ionization potential and 

larger photoionization cross sections compared to argon. It results in a strong increase of vapor 

temperature (up to 25,000 K near the surface at the end of the pulse), and pressure at the mixing 

layer, which, in turn, causes faster propagation of the primary shock wave and stronger drop of 

vapor density due to faster expansion. By a time of 130 ns, the maximum temperature of the 

plume drops down to 10,000K, but the maximum degree of ionization 𝑛𝑒/𝑛 (𝑛 and 𝑛𝑒 are the 

total number densities of heavy particles and electrons) is about 14%. These preliminary results 

clearly demonstrate that the splitting of a high-energy pulse into a burst of pulses of smaller 

energy and longer total duration is beneficial for reducing the degree of plasma shielding. 

 



  

81 

 

Figure 25. Distributions of mixture number density (a,b) and temperature (c,d) obtained at 𝑡 =
 70 ns (left column) and 130 ns (right column) during plume expansion into argon background 

gas at a pressure of 1 bar induced by the 3-pulse burst with 𝐹𝐿 = 2.5 Jcm-2 and 𝜏𝑝𝑝 = 60 ns 

(case 𝐴, solid curves, red online), single pulse with 𝐹𝐿 = 7.5 Jcm-2 without ionization and 

absorption in the plume (case 𝐵, dashed green curves), and single pulse with 𝐹𝐿 = 7.5 Jcm-2 

with ionization and absorption in the plume (case 𝐶, dash-dotted blue curves). The pulse 

duration 𝜏𝐿 is equal to 10 ns in all cases. The gray rectangles with symbols “𝑀𝐴,” “𝑀𝐵,” and 

“𝑀𝐶”mark the nominal mixing layer, where the molar fraction of vapor varies from 99% to 

1%, in cases 𝐴, 𝐵, and 𝐶, correspondingly. 
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INTERACTION OF PLUMES INDUCED BY BURSTS OF SHORT PULSES: 

TWO-DIMENSIONAL KINETIC SIMULATIONS 

Irradiation of a metal target with a small laser spot size induces a plume with a strongly 

two-dimensional (2D) axially symmetric flow field. In this chapter, all simulations are carried 

out based on the two-dimensional kinetic model, which is also used to compare with results 

obtained by the 1D model to figure out its domain of applicability (section 4.1). The major goal 

of this chapter is to study the interaction between multiple plumes and corresponding shockwave 

patterns induced by a burst of nanosecond laser pulses under conditions of finite laser spot size. 

For this purpose, a systematic comparison of flow structures in plumes, which are induced by 

single- and burst of short laser pulse irradiation of a copper target with a nanosecond laser at 266 

nm wavelength and varied spot size 20 μm < DL< 200 μm and expansion into an argon 

background gas at various pressures, is performed. The simulations are based on a two-

dimensional (2D) hybrid model that includes a thermal model of the irradiated target and a 

kinetic model of two-component neutral gas flows. The temporal shape of laser pulses is 

smoothed flat-top and laser intensity is below ionization threshold. 

The peak laser fluence at the center spot 𝐹𝐿 = 2.5 Jcm−2, pulse duration 𝜏𝐿 = 10 ns, and 

smoothing time 𝜏𝑠 = 3 ns are used in simulations with a single-pulse, hereinafter referred to as x1 

pulse, as well as 3-pulse with the peak-to-peak separation time 𝜏𝑝𝑝 equal to 15 ns (Δτ = 5 ns) and 
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60 ns (Δτ = 50 ns). In order to reveal the effect of the separation time, the results obtained for 3-

pulse burst are compared with the results obtained with a single pulse of the same total fluences 

and maximum laser intensities, which is referred to as x3 (𝐹𝐿 = 7.5 Jcm−2 and 𝜏𝐿 = 24 ns) single 

pulse. The background gas pressure 𝑝𝑏 varies from 100 Pa to 1 bar. 

4.1 Applicability of 1D Model in the Limiting Case of Infinitely Large Spot Size 

In this section, the effect of the spot size and applicability of the 1D model for simulation 

the laser-induced plume expansion is assessed by comparing the results of 1D and 2D 

simulations. For this purpose, the simulations of the plume expansion process induced by a 

single laser pulse at a background gas pressure of 1 bar are performed at various laser spot sizes 

and a fixed peak fluence at the spot center. The qualitative changes in the plume flow when the 

laser spot diameter varies from 20 µm to 200 µm are apparent from the flow fields shown in 

Figure 26. 

At a small laser spot size, the plume expansion process resembles a spherical expansion 

from the point source bot at 30 ns and 90 ns. On the contrary, at a large laser spot size, the plume 

expansion initially, at 𝑡 = 30 ns is strongly non-spherical with the streamlines that are almost 

parallel to the axis of symmetry. The latter means that the flow in the corresponding part of the 

plume is closer to planar 1D dimensional flow rather than to spherically symmetric flow. With 

increasing time, however, the quasi-planar plume flow gradually turns into quasi-spherical 

expansion shown, e.g., in Figure 26(b) for 𝑡 = 90 ns. 
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The degree of disagreement between the results of 1D and 2D simulations can be 

assessed from the distributions of the plume temperature shown in Figure 27. The temperature 

 

 

Figure 26. Temperature fields of gas mixture during plume expansion into argon background 

gas at a pressure of 1 bar obtained at a time 30 ns (a) and 90 ns (b) and induced by a single 

smoothed flat-top pulse with 𝐹𝐿 = 2.5 Jcm-2 and 𝜏𝐿 = 10 ns for 𝐷𝐿 = 20 μm (𝐸𝐿 = 11.33 μJ; 

fields to the left from the axis of symmetry) and 𝐷𝐿 = 200 μm (𝐸𝐿 = 1133 μJ; fields to the right 

from the axis of symmetry). 
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distributions obtained in the 2D simulation at 𝐷𝐿 = 200 μm coincide with the ones obtained in the 

1D simulation until 𝑡 = ~10 ns. In the case of smaller laser spot diameter, the temperature 

distribution in the 2D case is different from the distribution obtained in the 1D simulation even at 

a time of 10 ns. With increasing time, the degree of disagreement between the distributions 

obtained at 𝐷𝐿 = 200 μm and in the 1D case gradually increases. The transition from quasi-planar 

to quasi-spherical expansion results in decelerating of the primary shock wave and decreasing 

the gas temperature behind it. These results allow one to conclude that the plume expansion 

induced by a laser with a sufficiently small spot size cannot be simulated by the 1D model even 

during the pulse. The distribution of the gas parameters along the axis of symmetry in plume 

expansion process induced by a laser with relatively large spot size can be approximately 

described by the 1D model only during some initial time. This time increases with increasing the 

laser spot size.  

For fixed irradiation parameters, the domain of applicability of the 1D model for 

predicting the flow field at the axis of symmetry can be depicted on the plane of parameters 𝑡 

and 𝐷𝐿. In Figure 18, the colored contour plot on the plane (𝑡, 𝐷𝐿) defines the position of the 

primary shock wave as a function of time and laser spot size at 𝐹𝐿 = 2.5 Jcm-2 and 𝜏𝐿 = 10 ns. 

Curves drawn on top of this contour plot determine the boundaries of the domains where the 1D 

model can be used to predict the distribution of flow parameters along the axis of symmetry, 

which are calculated based on various criteria.  

Above white curves, the 1D model predicts the plume temperature behind the shock wave 

(dotted curve) and position of the shock wave (dashed curve) with an error less than 1% 

compared to the results obtained with the 2D model at corresponding 𝐷𝐿. Above black curves, 
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Figure 27. Temperature distributions of gas mixture along the axis of symmetry obtained for 

plume expansion into argon background gas at a pressure of 𝑝𝑏 = 1 bar at a time if 10 ns (a), 

30 ns (b), 50 ns (c), and 90 ns (d) induced by a single smoothed-flat-top pulse with 𝐹𝐿 = 2.5 

Jcm-2 and 𝜏𝐿 = 10 for 𝐷𝐿 = 20 μm (𝐸𝐿 = 11.33 μJ; red dashed curves), 𝐷𝐿 = 200 μm (𝐸𝐿 = 1133 

μJ; green solid curves), and in a 1D simulation (blue dashed-dotted curves). 

the 1D model predicts the plume temperature behind the shock wave (dotted curve) and position 

of the shock wave (dashed curve) with an error less than 10% compared to the results obtained 

with the 2D model at corresponding 𝐷𝐿. Below corresponding curves, the 1D model 

overestimates both the position of the shock wave and the plume temperature behind it. 
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Figure 28. Contour plot depicting the position of the primary shock wave at the axis of 

symmetry as a function of time t and laser spot diameter 𝐷𝐿. All simulations are performed for 

argon background gas at a pressure of 1 bar and a single smoothed flat-top pulse with 𝜏𝐿 = 10 

ns and 𝐹𝐿 = 2.5 Jcm-2. Above white curves, the 1D model predicts the plume temperature 

behind the shock wave (dotted curve) and position of the shock wave (dashed curve) with an 

error less than 1% compared to the results obtained with the 2D model at corresponding 𝐷𝐿. 

Above black curves, the 1D model predicts the plume temperature behind the shock wave 

(dotted curve) and position of the shock wave (dashed curve) with an error less than 10% 

compared to the results obtained with the 2D model at corresponding 𝐷𝐿. 

4.2 Mechanisms of Inter-plume Interaction 

To reveal the mechanism of interaction between plumes produced by individual pulses in 

the burst, the plume expansion into a background gas at a pressure of 1 bar induced by a x1 pulse 

and 3-pulse burst with a moderate peak-to-peak separation 𝜏𝑝𝑝 of 60 ns (𝛥𝜏 = 50 ns) at a laser 

spot diameter of 20 µm is first considered (Figure 29-32). In particular, in Figure 29, the gas 

mixture temperature fields and streamline patterns obtained for the 3-pulse burst are compared 

with the corresponding fields and patterns obtained for the x1 single pulse. The distributions of 
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the gas mixture temperature along the axis of symmetry obtained for the 3-pulse burst are shown 

in Figure 30. 

The first laser pulse induces the primary or external shock 𝑆1 that propagates in the 

background gas ahead of the vapor plume. Due to relatively small laser spot size, the primary 

shock attains a quasi-spherical shape right after formation and the overall picture of the initial 

stage of plume expansion resembles spherical expansion from a point source (Figure 29(a)). 

Such a shape of the primary shock is observed in experimental shadowgraphs of laser-induced 

plumes both below and above the explosive boiling threshold [2,26,62,122]. The temperature in 

the plume rapidly drops and does not exceed 1373 K after 30 ns. By this time, in the core of the 

plume, where the molar fraction of the background gas is negligible (this region is bounded by 

the inner white curve in Figure 29(a)), the density, temperature, and pressure drop. The large 

pressure difference inside the plume along the axis of symmetry results in the formation of a 

compression wave right behind the mixing layer. This wave rapidly collapses into the secondary 

or internal shock wave 𝑠1 that propagates with respect to the gas towards the target and restores 

pressure. Although the secondary shock waves are much weaker than the primary ones, the 

secondary shocks are also seen in certain experimental shadowgraphs of laser-induced plumes 

[26]. At 𝑡 > 30 ns, the flow velocity field in the plume and the streamline pattern are 

qualitatively different from those for a spherically symmetric expansion for both the x1 single 

pulse and 3-pulse burst. At 𝑡 ≥ 70 ns, the streamline patterns exhibit gradual formation of a 

circulating zone that corresponds to a mushroom-shaped rising vortex (Figure 29(d)). For a 

single pulse, this vortex, however, is weak and rapidly disappears, e.g., by a time of 130 ns, 

when the initial inertial expansion is practically ceased, and the vapor cloud continues to evolve 

only due to slow diffusion into the background gas. Thus, the obtained results show that, in the 
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considered case of a small laser spot size, the plume expansion process resembles spherical 

expansion from a point source only during short initial time. Although it has been shown, e.g., in 

Refs [26,43,123] that the position of the primary shock wave 𝑆1 can be fitted to a power-law 

predicted by the 1D spherically symmetric blast wave model obtained as a part of the Sedov-

Taylor solution of the point explosion problem, [124] the internal structure of the plume is 

essentially 2D and cannot be predicted by the model of spherically symmetric expansion. 

Every subsequent pulse in the 3-pulse burst produces a new vapor “cloud” that is 

preceded by a new primary shock wave. The shock waves 𝑆2 and 𝑆3 generated by the second and 

third pulses with high-temperature regions behind these shocks are seen in Figure 29(d) and (f). 

These temperature fields correspond to times when the second and third pulses are terminated. 

The conditions of propagation of these shocks are different from the conditions for the shock 

wave 𝑆1 generated by the first pulse. First, due to the thermal accumulation effect, the 

subsequent pulses generate somewhat higher maximum surface temperate and, correspondingly, 

produce more evaporated material. From pulse to pulse, it raises the initial pressure in the vapor 

“bubble” induced by a pulse and, correspondingly, can increase the speed of the corresponding 

shock. Second, the subsequent shock waves propagate through the plume created by preceding 

pulses. The temperature in this plume, in average, is higher than the initial temperature of the 

background gas, but the average molar mass for copper vapor-argon mixture can be only 50% 

larger than that for pure argon. The sound speed in the plume before the subsequent primary 

shocks becomes, in average, higher than the speed of sound in the undisturbed background gas. 

The subsequent shocks move through the gas flowing from the target and it increases the 

propagation speed of this shock with respect to the target compared to the first shock that moves 

through the quiescent gas. These factors can increase the speed of subsequent shocks with 
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Figure 29. Temperature fields of gas mixture during plume expansion into an argon 

background gas at a pressure of 1 bar obtained at a time 30 ns (a), 70 ns (b), 130 ns (c), 200 ns 

(d), 300 ns (e), and 400 ns (f) induced by the x1 single pulse (fields to the left from the axis of 

symmetry) and by the 3-pulse burst with the inter-pulse separation 𝜏𝑝𝑝 =15 ns (fields to the 

left from the axis of symmetry) at 𝐹𝐿 = 2.5 Jcm-2, 𝜏𝐿 = 10 ns, and 𝐷𝐿 = 20 μm. In this and 

following figures, 𝑆𝑛 and 𝑠𝑛 mark the primary and secondary shock waves induced by 𝑛-th 

pulse. 𝑆𝑛−𝑚 marks a shock wave that is formed after merging primary shock waves from 𝑆𝑛 to 

𝑆𝑚. White curves mark the mixing layer, where the vapor molar fraction varied between 1% 

and 99%. Black curves with arrows are the streamlines of the gas mixture velocity field. 
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respect to the speed of the first shock [82,83]. It was also suggested that the reduced pressure in 

the low-density region of the plume before 𝑆2 can contribute to the acceleration of this shock 

compared to 𝑆1 [33]. 

The analysis of various factors that affect the velocities of the primary shock waves 

generated by individual pulses is presented in the APPENDIX I. This analysis allows one to rule 

out the increasing vapor pressure at the laser spot due to the thermal accumulation effect and 

decreasing pressure in front of the shock wave due to formation of transient low-density region 

as the factors that lead to merging of shock waves. The analysis also suggests that the merging of 

shock waves is induced by increased temperature and non-zero flow velocity directed from the 

irradiated target in the plumes created by preceding pulses. To further prove that the merging of 

shock waves can be observed without thermal accumulation, the additional simulations are 

performed under conditions which allow one to eliminate the thermal accumulation effect. In 

these simulations, the surface temperature is artificially set equal to 300 K at the beginning of 

each pulse in the burst. The results of these simulations are described in APPENDIX II. They 

clearly show that the merging of shock waves is observed even if thermal accumulation does not 

occur. One can conclude that the thermal accumulation effect makes the merging process faster, 

but the accumulation of heat in the irradiated target from pulse to pulse is not a necessary 

condition for merging of shock waves. 

Since the subsequent primary shocks move faster than the preceding ones (Figure 29(c)), 

these shocks gradually merge with the formation of new shock waves, e.g., shock 𝑆1−2 in Figure 

29(d) which appears as a result of merging 𝑆1 and 𝑆2, as well as 𝑆1−3 in Figure 29(e) and (f) 

which appears after merging 𝑆1−2 and 𝑆3. Merging shock waves generated by individual pulses 

were previously observed in 1D simulations of laser-induced plumes [33,83]. In 2D plumes, 
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however, the merging of two shocks, e.g., 𝑆1−2 and 𝑆3, is not instant and takes a finite time, since 

the subsequent primary shock waves, e.g., 𝑆3 in Figure 29(d), contrary to the first one, are 

essentially non-spherical and propagate faster in the direction normal to the irradiated surface 

than in the radial direction. The merging of two shock waves first happens at the axis of 

symmetry and then gradually extends along the shock wave fronts towards the irradiated surface. 

The process of plume merging observed in simulations is in agreement with conclusions inferred 

based on the time-resolved visualization of plasma plumes induced by irradiation of a silicon 

target with two nanosecond pulses [77]. 

Plumes induced by individual pulses also merge and form a single plume. The shape of 

the vapor cloud at the end of the inertial stage of the plume expansion is strongly non-spherical, 

so that the plume is extended in the direction normal to the irradiated surface (Figure 29(e) and 

(f)). This effect is more pronounced for the plume generated by a burst of pulses, when the 

height of the vapor cloud is about three times larger than its maximum radius. The plume 

stopping distance depends non-linearly on the number of pulses. The plume generated by a 

single pulse stops at a time of ~140 ns, which corresponds to a stopping distance of ~65 μm. 

Here the nominal stopping distance is defined as the height of the mixing layer boundary, where 

the molar fraction of vapor is equal to 1% at the stopping time. The plume generated by a 3-pulse 

bursts stops at a time of ~320 ns, which corresponds to a stopping distance of ~144 μm.  

When the primary shock waves 𝑆2 and 𝑆3 pass the mixing layer, which is formed by the 

first pulse, the additional secondary shock waves 𝑠2 and 𝑠3 are generated. These shock waves are 

clearly seen, e.g., in the temperature distributions shown in Figure 30(e) and (g). In order to 

reliably identify the shock waves in Figure 29and Figure 30 and, in particular, to distinguish 

them from the contact surfaces that are expected to form as well [83], the axial distributions of 
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Figure 30. Distributions of gas mixture temperature along the axis of symmetry obtained 

during plume expansion into argon background gas at a pressure of 1 bar at a time 30 ns (a,c), 

70 ns (d), 70 ns (b,e), 120 ns (e), 130 ns (b,f), 200 ns (g), and 300 ns (h). The plume expansion 

is induced by induced by the 3-pulse burst with the peak-to-peak separation 𝜏𝑝𝑝 = 60 ns at 𝐹𝐿 

= 2.5 Jcm-2, and 𝜏𝐿 = 10 ns. In panel (a) and (b), the results are obtained in 1D simulations in 

previous chapter. In panels (c)-(h), the results are obtained in 2D simulations for the laser spot 

diameter 𝐷𝐿 = 20 μm. The details of notation are given in the caption of Figure 29. The gray 

rectangles with symbols “𝑀𝑛” (𝑛 = 1,2) and “𝑀1−2” mark the positions of the mixing regions, 

where the vapor molar fraction varied between 1% and 99%. 
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gas velocity are analyzed, since the shock waves is the only admitted type of discontinuities with 

jumps of gas velocity normal to the discontinuity surfaces. 

Although the general picture of merging the primary shockwaves and formation of the 

secondary shock waves revealed in 2D simulations have multiple similarities with the 

corresponding picture of 1D inter-plume interaction, [83] there are a few remarkable quantitative 

and qualitative differences between the plume interaction processes in 2D axisymmetric and 1D 

plumes. First, due to the quasi-spherical nature of expansion, the intensity and propagation speed 

of the shock wave 𝑆1 generated by the first pulse are substantially smaller in the 2D plume 

(Figure 30(a) and (c)). Second and more importantly, the rapid formation of a low-density, low-

temperature, and low-pressure region close to the irradiated surface has different consequences 

for 1D and 2D flows. The low-density region is already seen at a time of 30 ns after the 

beginning of the first pulse in Figure 30(c), Figure 31(a) (where it is marked by magenta), and 

Figure 32(c). In this region, the vapor density is more than order-of-magnitude smaller than in 

the 1D case (Figure 30(a) and (c)) and pressure varies between 2000 Pa and 8000 Pa. The 

secondary wave 𝑠1, which does not appear in the 1D flow, is then formed to restore pressure up 

to a level characteristic for the mixing layer. 

The formation of the low-pressure region is the major factor that drives the further 

process of plume expansion away from quasi-spherical expansion into essentially 2D flow. The 

existence of the low-pressure region near the axis of symmetry induces strong suction of the 

background gas along the surface of the irradiated target towards the laser spot center. This 

suction effect changes the direction of the flow along the irradiated target. The cloud of pure 

vapor is forced out and the molar fraction of the background gas raises up to 71% by a time of 60 
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ns, when the second laser pulse arrives. The second plume pushes this region with a relatively 

large fraction of the background gas away from the target as it is seen in Figure 32(d). 

 

Figure 31. Number density fields of gas mixture during plume expansion into an argon 

background gas at a pressure of 1 bar obtained at a time of 30 ns (a), 70 ns (b), 130 ns (c), 200 

ns (d), 300 ns (e), and 400 ns (f) induced by the 3-pulse burst with the inter-pulse separation 

𝜏𝑝𝑝 =15 ns at 𝐹𝐿 = 2.5 Jcm-2 , 𝜏𝐿 = 10 ns, and 𝐷𝐿 = 20 μm. The details of notation are given in 

the caption of Figure 29. 

The process of formation of the near-surface low-density region partially filled with the 

background gas is repeated after arrival of every pulse. In particular, the low-density regions 

formed after the second and third pulses are seen in the density fields in Figure 31(c) and (d) and 

in the density distributions in Figure 32(e) and (g). After the second pulse, the suction of the 

background gas into the low-density region is so strong that the background gas density becomes 
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one-two orders of magnitude larger than the vapor density in the vicinity of the laser spot (Figure 

32(h)). By a time of 200 ns, the region of pure vapor, where its molar fraction is above 99%, 

almost disappears (Figure 31(d)). At later stages of the process, when the plume induced by the 

3-pulse burst practically stops, the density in the central part of the vapor cloud [blue region in 

Figure 31(e)] gradually increases due to both convective mixing of vapor and the background gas 

in the raising mushroom-shaped vortex [96] and molecular diffusion. The region of pure vapor 

completely disappears by a time of ~210 ns. On the contrary, the 1D simulations, [83] where the 

suction of the background gas along the irradiated surface towards the axis of symmetry does not 

occur, always predict formation of a near-surface region of pure vapor, e.g., Figure 32(b). 

The appearance of the near-surface low-density regions also strongly affects the 

secondary shock waves. In the case of the x1 single pulse, the detailed analysis of computational 

results shows that the shock 𝑠1 does not reach the surface, but completely disappears due to 

increased dissipation between 65 ns and 70 ns, when this shock moves through the low-density 

region, where the number density drops below 1024 m-3 and the mean free path of gas molecules 

raises up to a few micrometers. The “dissipation” of the secondary shock during its propagation 

through the low-density region in the vicinity of the surface was also observed in the kinetic 

simulations of laser-induced evaporation of a silicon target [124]. In the case of the 3-pulse burst 

with 𝜏𝑝𝑝 = 60 ns, the vapor “cloud” induced by the second pulse is formed earlier than the shock 

𝑠1 disappears in the low-density region. In the kinetic simulations, therefore, the reflection of the 

secondary shock waves from the irradiated surface, which is predicted by the hydrodynamic 

models of laser-induced plume expansion [46,119], is not observed. 
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Figure 32. Distributions of number density of copper vapor (solid curves) and background gas 

(dashed curves) along the axis of symmetry obtained during plume expansion into argon 

background gas at a pressure of 1 bar at a time 30 ns (a,c), 70 ns (d), 70 ns (b,e), 120 ns (e), 

130 ns (b,f), 200 ns (g), and 300 ns (h). The plume expansion is induced by induced by the 3-

pulse burst with the peak-to-peak separation 𝜏𝑝𝑝 = 60 ns at 𝐹𝐿 = 2.5 Jcm-2, and 𝜏𝐿 = 10 ns. In 

panel (a) and (b), the results are obtained in 1D simulations in previous section. In panels (c)-

(h), the results are obtained in 2D simulations for the laser spot diameter 𝐷𝐿 = 20 μm. The 

details of notation are given in the caption of Figure 29. The gray rectangles with symbols 

“𝑀𝑛” (𝑛 = 1,2) and “𝑀1−2” mark the positions of the mixing regions, where the vapor molar 

fraction varied between 1% and 99%.  



  

98 

4.3 Plume Accumulation Effect 

The computational results described in section 4.2 reveal the strong interaction between 

plumes induced by individual pulses in the burst. The plumes produced by preceding pulses 

change the ambient conditions for propagation of plumes induced by subsequent pulses. From 

pulse to pulse, the amount of vapor, its temperature, and pressure in the vicinity of the laser spot, 

in average, increase, changing the shock wave speed and overall expansion rate of plumes 

produced by new pulses. This effect is further referred to as the plume accumulation effect. The 

plume accumulation effect, which is observed in simulations together with the thermal 

accumulation effect, indicates that the individual pulses are not independent but depend on the 

history of laser heating both through the thermal state of the target and conditions in the gas 

mixture above the target. 

The degree of both the plume accumulation and thermal accumulation effects must 

decrease with increasing inter-pulse separation time. The goal of this section is to determine how 

the inter-pulse separation affects interaction of plumes produced by individual pulses. For this 

purpose, the simulations with the x3 pulse and 3-pulse burst at a peak-to-peak separation 𝜏𝑝𝑝 of 

15 ns are performed (Figure 33and Figure 34). These results are compared with the x1 pulse and 

3-pulse burst at 𝜏𝑝𝑝 = 60 ns. The cases of the x3 and x1 pulses can be considered as the limit 

cases for the 3-pulse bursts corresponding to no time gaps between individual pulses and to the 

infinitely long inter-pulse separation. Besides, the simulations with the bursts of pulses when 𝜏𝑝𝑝 

is as long as 180 ns and 540 ns are also performed (Figure 35). 

The flow in the plume induced by the x3 pulse (fields to the left of the flow symmetry 

axis in Figure 33) resembles the flow induced by the single x1 pulse (fields to the left of the flow 

symmetry axis in Figure 29) with three major differences. First, the x3 pulse produces much 
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stronger primary, 𝑆1, and secondary, 𝑠1, shock waves. The propagation speed of 𝑆1 is about twice 

larger in the case of x3 pulse compared to x1 pulse. The strong suction toward the axis of 

symmetry (Figure 33(d) and (e)) results in relatively rapid collapse of the low-density region 

and, correspondingly, the secondary shock wave 𝑠1 in the case of the x3 pulse exists even at 𝑡 =

200 ns. Second, the flow during the initial stage of the plume expansion in the case of the x3 

pulse is closer to the spherical expansion from a point source. For instance, the flow streamlines 

are directed almost radially in the flow fields shown in Figure 33(a) and (b). Finally, an increased 

amount of ablated materials in the case of the x3 pulse induces almost 3-fold increase in the size 

of the vapor cloud in the direction normal to the surface. The region of pure vapor is retained 

near the irradiated surface even at a time of 200 ns (Figure 33(f)). 

The processes of merging individual plumes and formation of a single plume with a 

single shock wave ahead of it at 𝜏𝑝𝑝 = 15 ns and 𝜏𝑝𝑝 = 60 ns are qualitatively similar to each 

other, however, the overall process develops more than three times faster at 𝜏𝑝𝑝 = 15 ns (Figure 

35(a)-(d) and Figure 33 (a)-(c)). At shorter delay between pulses, the second plume develops at a 

time when the secondary shock wave 𝑠1 does not form yet. Earlier appearance of 𝑆2 then 

precludes formation of the secondary shock 𝑠1. The shock wave 𝑆2 propagates through a region 

of low-density gas until it approaches the mixing layer 𝑀1. At 𝜏𝑝𝑝 = 15 ns, 𝑆2 starts to merge 

with 𝑆1 at a time of ~40 ns and 𝑆3 merges with 𝑆1−2 at ~75 ns, while at 𝜏𝑝𝑝 = 60 ns the single 

shock 𝑆1−3 forms only at ~230 ns.Quantitatively, the smaller delay between pulses results in 

larger surface temperature, larger amount of the ablated material, larger merged shock wave 𝑆1−3 

with larger propagation speed, and larger plume stopping distance. 

After formation of 𝑆1−3, the further expansion of the merged plume generated by a burst  
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Figure 33. Temperature fields of gas mixture during plume expansion into an argon 

background gas at a pressure of 1 bar obtained at a time 25 ns (a), 40 ns (b), 70 ns (c), 100 ns 

(d), 130 ns (e), and 200 ns (f) induced by the x3 single pulse (𝐹𝐿 = 7.5 Jcm-2 , 𝜏𝐿 = 24 ns; fields 

to the left from the axis of symmetry) and by the 3-pulse burst (𝐹𝐿 = 2.5 Jcm-2 , 𝜏𝐿 = 10 ns, 

𝜏𝑝𝑝 =15 ns; fields to the left from the axis of symmetry) at 𝐷𝐿 = 20 μm. The details of notation 

are given in the caption of Figure 29. The black curves with arrows are the streamlines of the 

gas mixture velocity field. 
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 with 𝜏𝑝𝑝 = 15 ns proceeds closely to the expansion of the plume generated by a single x3 pulse 

(Figure 33(d)-(f)). After 40 ns, a low-density region, where the number density drops to 1023 m-3, 

is formed in the vicinity of the laser spot. The formation of this low-density region induces 

suction of the background gas towards the axis of symmetry. This region is shown as a shaded 

rectangle 𝑀2 in Figure 34(f) and (g). By this time, the flow along the surface is directed towards 

the axis of symmetry and the whole flow structure in the plume becomes essentially two-

dimensional (Figure 33(d) and (e)). A rising vortex ring gradually forms by a time of ~200 ns 

(Figure 33f)). 

In Figure 34(c)-(h), gray rectangles marked with letters “𝑀1” and “𝑀2” indicate the 

position of the regions, where the vapor mixes with the background gas. The thickness of the 

mixing layer 𝑀1 that appears after the first pulse increases from ~3 μm at 10 ns to ~28 μm at 

200 ns. The latter comprises a substantial fraction, ~20%, of the whole plume height. It 

indicates that the effect of molecular diffusion during the initial, inertial stage of the plume 

expansion is relatively strong and should not be neglected. 

The temperature distributions obtained in 1D simulations at 𝜏𝑝𝑝 = 15 ns are shown in 

Figure 34(a) and (b). These distributions are qualitatively different from the distributions 

obtained in 2D simulations at 𝐷𝐿 = 20 µm (Figure 34(d) and (g)). In the 2D flow, the shock 

waves 𝑆𝑛 (𝑛 = 1,2,3) merge much faster. For instance, by a time of 40 ns, shock waves 𝑆1 and 

𝑆2 already merged at the axis of symmetry, while in the 1D flow they are separated by a distance 

of ~26 µm. At the same time, shock waves in 1D flow are much stronger and propagate faster 

than in the 2D flow. The temperature distributions in 1D and 2D flows become completely 

dissimilar by a time of 130 ns. These results confirm that, for relatively small laser spot sizes,  
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Figure 34. Distributions of gas mixture temperature along the axis of symmetry obtained 

during plume expansion into argon background gas at a pressure of 1 bar at a time 25 ns (c), 

40 ns (a,d), 70 ns (b,e), 100 ns (f), 130 ns (g), and 200 ns (h). The plume expansion is induced 

by induced by the 3-pulse burst with the peak-to-peak separation 𝜏𝑝𝑝 = 15 ns at 𝐹𝐿 = 2.5 Jcm-

2, and 𝜏𝐿 = 10 ns. In panel (a) and (b), the results are obtained in 1D simulations in previous 

section. In panels (c)-(h), the results are obtained in 2D simulations for the laser spot diameter 

𝐷𝐿 = 20 μm. The details of notation are given in the caption of Figure 29. The gray rectangles 

with symbols “𝑀𝑛” (𝑛 = 1,2) mark the positions of the mixing regions, where the vapor molar 

fraction varied between 1% and 99%. 
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the plume flow cannot be described by the 1D model even in the first approximation. 

It is expected that the degree of the plume accumulation effect must reduce with 

increasing delay time between pulses. To figure out how fast the inter-plume interaction effects 

diminish with increasing inter-pulse separation, the simulations with 𝜏𝑝𝑝 equal to 180 ns and 

540 ns are performed (Figure 35). In these simulations, no merging of shock waves is observed 

at least until 600 ns. The analysis of trajectories of individual shock waves shown, e.g., in Figure 

36(d) for 𝜏𝑝𝑝 = 180 ns, indicates that, after a certain time, the primary shock waves move with 

practically equal velocities. The inter-plume interaction, however, is non-negligible even if the 

peak-to-peak separation is as large as 540 ns. In all considered cases, one can see the formation 

of a single vapor cloud. The height of the cloud increases with every subsequent pulse (curves 

with open symbols in Figure 36). At such long 𝜏𝑝𝑝, the thermal accumulation effect is small, so 

that the maximum surface temperatures during the first and second pulses are different from each 

other only by 303 K. The second shock wave initially propagates faster than the first one. It is 

seen in Figure 35(b), where times of 60 ns and 600 ns correspond to the same time of 50 ns after 

the end of the first and second pulses, correspondingly. Although by a time when the second 

pulse arrives the pressure in the plume produced by the first pulse becomes practically equal to 

the background gas pressure, the first plume is still substantially hotter than the background gas. 

An elevated gas temperature before 𝑆2 results in an increase of propagation speed of this shock 

wave. The relatively small thermal diffusivity of gas mixture, thus, is the major factor that makes 

the propagation of shock waves induced by sequential pulses non-independent from each other 

even at relatively long inter-pulse separations. These results suggest that the plume accumulation 

effect remains relatively strong even if the time delay between individual pulses is larger than 

500 ns. 
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Figure 35. Number density fields of gas mixture during expansion of plumes into an argon 

background gas at a pressure of 1 bar induced by a 3-pulse burst with the peak-to-peak 

separation 𝜏𝑝𝑝 = 180 ns plotted at a time of 400 ns and 600 ns (a) and induced by the 2-pulse 

burst with the peak-to-peak separation 𝜏𝑝𝑝 = 540 ns plotted at a time of 60 ns and 600 ns (b). 

At 𝑡 = 600 ns, the primary shock wave 𝑆1 is outside the domain shown in panel (b). The 

details of notation are given in the caption of Figure 29. 

To quantify the process of shock wave merging and its effect on the displacement of the 

mixing layer, the trajectories of the primary shock waves and the top boundary of the mixing 

layer are calculated (Figure 36). In agreement with the analysis of the simulation snapshots, with 

increasing inter-pulse separation, the speed of the primary shock wave 𝑆1, 𝑆1−2, and 𝑆1−3 

gradually varies from the speed corresponding to x3 pulse to the speed corresponding to the x1 

pulse. The stopping time and distance of the plume non-monotonously depend on 𝜏𝑝𝑝. The 

stopping time for both x1 and x3 pulses is about 300 − 350 ns (Figure 36(a)). If 𝜏𝑝𝑝 is such that 

the merging of shock waves occurs during this time interval, the stopping time practically does 

not change with 𝜏𝑝𝑝, while stopping distance monotonously decreases with increasing 𝜏𝑝𝑝 from 

186 µm for x3 pulse to 149 µm at 𝜏𝑝𝑝 = 60 ns (Figure 36(a) and (c)). When 𝜏𝑝𝑝 becomes such 

large that the shock wave merging occurs at 𝑡 > 300 ns or does not occur at all (Figure 36(d)), 
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each subsequent pulse pushes the plume forward, so that the inertial stage does not end even at 

𝑡 = 600 ns and the total plume size becomes larger that the plume stopping distance for the x3 

pulse. This observation suggests that the material removal, e.g., during laser drilling of high-

aspect-ratio cavities can be more efficient at increased inter-pulse separation and, 

correspondingly, increased plume stopping distance, since the removal of vaporized material 

through the cavity throat can occur only if the plume stopping distance is much larger than the 

cavity depth [125]. Increasing inter-pulse separation, however, reduces the amount of the 

vaporized material. A trade-off between variation of the plume stopping distance and degree of 

thermal accumulation can be considered as one of the factors that determine optimum inter-pulse 

separation for deep laser drilling. 

In experimental studies of laser ablation with nanosecond pulses, e.g., Ref. [6], the 

coordinate 𝑥 of the advancing boundary of luminous region of plasma plume at the axis of 

symmetry is often fitted by the model of spherically symmetric blast wave, [124] when 𝑥~𝑡2/5, 

and drag model, [126] when 𝑥~1 − exp(−𝑡/𝜏) (Here 𝜏 is the plume velocity relaxation time, 

which is considered as one of the model fitting parameters). The analysis of applicability of the 

blast wave and drag models for fitting the positions of the shock wave and external boundary of 

the region occupied by the vapor plume is presented in APPENDIX IV. This analysis shows that 

in all cases, when the plume is induced by a single pulse, the position of the external boundary of 

the plume can be accurately fitted by the drag model. On the contrary, the blast wave model 

cannot accurately fit the position of the primary shock wave inferred from the simulations, since 

the simulations which describe a relatively short initial time of the plume expansion process, the 

energy stored in the plume is relatively low, and the flow behind the shock wave is essentially 

two-dimensional. However the position of the primary shock wave at 𝑡 > 𝑡0 = 50 ns can be well 
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approximated by “generalized” blast wave models in the forms 𝑥 = 𝐿(𝑡/𝑡0)
𝛽 or 𝑥 = 𝐿(𝑡/𝑡0)

2

5 −

𝐿0, where 𝐿, 𝐿0, and 𝛽 are fitting parameters. 

 

Figure 36. Positions of shock waves 𝑆1 (squares, red online), 𝑆2 (triangles, green online) and 

𝑆3 (diamonds, blue online), as well as position of the mixing layer (open circles) versus time 

during plume expansions into an argon background gas at a pressure of 1 bar induced by the 

x1 and x3 single pulses (a), as well as the 3-pulse burst with peak-to-peak separation 𝜏𝑝𝑝 = 15 

ns (b), 60 ns (c), and 180 ns (d). 𝑆𝑛 denotes the primary shock wave induced by 𝑛-th pulse. 

The position of the mixing layer corresponds where the vapor molar fraction of vapor is equal 

to 1%. 
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4.4 Effect of the Background Gas Pressure 

The 1D simulations described in Chapter 3 suggest that the background gas pressure 𝑝𝑏 is 

one of the major factors that determine the process of interaction between plumes generated by 

multi-pulse irradiation at moderate inter-pulse separation. Here, the study of the background gas 

pressure effects is extended to the case of 2D plume expansion at finite laser spot sizes. The flow 

structure obtained after irradiation of a target with a 3-pulse burst at 𝜏𝑝𝑝 = 60 ns at 𝑝𝑏 = 0.001 

bar is shown in Figure 37 for a case of 𝐷𝐿 = 20 µm. At this pressure, the equilibrium mean free 

path of gas molecules in the background gas is 55.2 µm, so that the shock wave 𝑆1 exists only 

during short initial time (Figure 37(a)) and then it disappears at the edge of the plume, where it 

transforms into a mixing layer with monotonously varying density and elevated temperature 

(Figure 37(b)). From pulse to pulse, the residual “atmosphere” around the laser spot becomes 

denser and hotter. As a result, the shock waves 𝑆2 and 𝑆3 exist during longer time than 𝑆1. 

Moreover, merging the plumes induced by individual pulses results in the formation of a 

compressed layer ahead of the merged plume with local maxima of temperature and density. 

This compressed layer is marked by letters “𝐶𝐿” in Figure 37(c) and (d). The plume 

accumulation effect, thus, takes place under considered conditions, but it does not result in the 

formation of the merged shock wave ahead of the plume for the considered 3-pulse burst. It is 

anticipated that the compressed layer would transform into a shock wave with further increase of 

the number of pulses. For the relatively small spot size considered in Figure 37, the maximum 

plume density drops in more than two orders of magnitude during a time between pulses and it 

precludes formation of the merged shock wave.  

To make the plume accumulation effect more apparent in low-pressure environment, the 

simulations for the laser spot diameter increased up to 200 µm are also performed. At this laser 
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Figure 37. Number density fields of gas mixture during expansion of plumes induced by the 

3-pulse burst into an argon background gas at a pressure of 100 Pa obtained at a time 30 ns (a), 

70 ns (b), 130 ns (c), and 200 ns (d) for the laser spot diameter is 𝐷𝐿 = 20 μm, peak fluence at 

the center spot 𝐹𝐿 = 2.5 Jcm-2, pulse duration 𝜏𝐿 = 10 ns, and peak-to-peak separation 𝜏𝑝𝑝 = 60 

ns. The white curves with arrows are streamlines of the gas mixture velocity field. The details 

of notation are given in the caption of Figure 29. 

spot size, the changes in the plume flow structure induced by a 3-pulse burst with a peak-to-peak 

separation of 60 ns when 𝑝𝑏 varies from 1 bar to 0.001 bar are illustrated in Figure 38. With the 

decrease of the background gas pressure down to 0.03 bar, the propagation speed of the primary 

shock wave 𝑆1 increases, but the flow structure in the plume induced by the first pulse 

qualitatively does not change. At 𝑝𝑏 = 0.001 bar, the mean free path of gas molecules in the 

undisturbed background gas has an order of the laser spot radius, and the primary shock wave 

does not form. Like the case of smaller laser spot size, it is replaced by the a high-temperature 

and low-density mixing layer. The plume behind the mixing layer attains a characteristic 

cucumber-like shape extended along the normal to the irradiated surface. This plume shape is 
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characteristic for the laser-induced plumes expanding into low-pressure background gas, e.g., 

Ref. 29. The plume induced by the second pulse propagates through an “atmosphere” created by 

the first pulse. The flow structure in the second plume, including the position of the shock wave 

𝑆2, becomes sensitive to 𝑝𝑏 only when 𝑝𝑏 is in the order of 1 bar. For instance, at a time of 150 

ns, the position of the shock 𝑆2 and flow behind it are only marginally different at 𝑝𝑏 = 0.1 bar, 

0.03 bar, and 0.001 bar (Figure 38(b)-(d)). The plume induced by the third pulse becomes even 

less sensitive to 𝑝𝑏 than the plume induced by the second pulse. As a result, the position of the 

shock 𝑆3 and flow structure behind it are practically identical in all cases considered in Figure 

38. 

At 𝑝𝑏 = 0.001 bar, the first plume attains the cucumber-like shape in simulations 

performed for both the x1 pulse and 3-pulse burst (Figure 39(a)-(c)). The diameter of the plume 

“cylinder” remains close to the laser spot diameter in the case of the x1 pulse, and it increases in 

about two times in the case of the 3-pulse burst. The shock waves 𝑆2 and 𝑆3 exist only within the 

cylindrical region where a relatively dense “atmosphere” is created by the first pulse. These 

shocks gradually disappear as they move away from the irradiated surface and approach the 

region of pure background gas, where the mean free path is about the radial plume size. During a 

time, when the net mass flux at the irradiated surface corresponds to condensation of the ablated 

materials, there is a single nexus, where all streamlines are originated from. This nexus is visible 

in all fields shown for the x1 pulse in Figure 39, as well as for the 3-pulse burst in Figure 39(c) 

and (d). Below the nexus, the flow field is directed towards the irradiated surface due to 

condensation. In the simulations of plume expansion into low-pressure background gas, the 

suction of the background gas towards the laser spot along the irradiated surface is never 

observed.  



  

110 

 

Figure 38. Number density fields of gas mixture during expansion of plumes induced by the 

3-pulse burst into an argon background gas at a pressure of 1 bar (a), 0.1 bar (b), 0.03 bar (c), 

and 0.001 bar (d) obtained at a time of 150 ns for the laser spot diameter is 𝐷𝐿 = 200 μm, peak 

fluence at the center spot 𝐹𝐿 = 2.5 Jcm-2, pulse duration 𝜏𝐿 = 10 ns, and peak-to-peak 

separation 𝜏𝑝𝑝 = 60 ns. The white curves with arrows are streamlines of the gas mixture 

velocity field. The details of notation are given in the caption of Figure 29. 

In the case of the 3-pulse burst considered in Figure 39, the temperature distributions 

along the axis of symmetry are similar to the distributions obtained in 1D simulations at the same 

irradiation conditions (Figure 40). For instance, at 𝑡 = 130 ns, the positions of the shock waves 

𝑆2 and 𝑆3, their intensities, and thicknesses of high-temperature regions behind these shocks 

obtained in 1D and 2D simulations and shown in Figure 40(a) and (d) agree with each other very 

well. There are two factors that favor the quasi-1D nature of the flow in the vicinity of the axis of 

symmetry in this case. First, the results in Figure 40 are obtained for large laser spot size. An 

increase in the laser spot size increases the time interval when the flow around the axis of 

symmetry can be approximately considered as 1D planar flow. Second, at low background gas 

pressure, the plume attains the cucumber-like shape extended in the direction normal to the 
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surface, since the shock waves have a quasi-plane shape and disappear at the low-density 

environment at the lateral boundary of the plume. Correspondingly, the axial gas velocity in the 

plume, on average, is much larger than the radial one. 

The distributions shown in Figure 40 confirm the absence of the shock wave 𝑆1 induced 

by the first pulse. Instead of this shock, the expanding plume is bounded by the high-temperature 

viscous mixing layer 𝑀1. The shock waves 𝑆2 and 𝑆3 propagate along the axis of symmetry with 

the practically equal velocities, so that the distance between these shocks does not change in time 

until the shock 𝑆2 reaches the mixing layer 𝑀1 and disappears there. Then the same process 

repeats for 𝑆3. The 1D simulation predicts much higher temperature in the mixing layer 

compared to temperature at the axis of symmetry obtained in 2D simulations. For instance, at a 

time of 130 ns, the temperature inside the mixing layer is about three times higher than the 

temperature obtained in the 2D simulation (Figure 40(a) and (d)). The gas mixture density 

remains small inside the whole mixing layer. At 𝑡 = 130 ns, the density varies between 

7 × 1023 m-3 and 5 × 1022 m-3. 
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Figure 39. Number density fields of gas mixture during expansion of plumes generated by the 

single x1 pulse (fields to the left from the axis of symmetry) and 3-pulse burst (fields to the 

right from the axis of symmetry) into an argon background gas at a pressure of 100 Pa 

obtained at a time 70 ns (a), 130 ns (b), 200 ns (c), and 400 ns (d) for the laser spot diameter is 

𝐷𝐿 = 200 μm, peak fluence at the center spot 𝐹𝐿 = 2.5 Jcm-2 , pulse duration 𝜏𝐿 = 10 ns, and 

peak-to-peak separation 𝜏𝑝𝑝 = 60 ns. The white curves with arrows are streamlines of the gas 

mixture velocity field. The details of notation are given in the caption of Figure 29. 
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Figure 40. Distributions of mixture temperature during expansion of plumes generated by a 

single x1 pulse (fields to the left from the axis of symmetry) and 3-pulse burst (fields to the 

right from the axis of symmetry) into an argon background gas at a pressure of 100 Pa 

obtained at a time 70 ns (a), 130 ns (b), 200 ns (c), and 400 ns (d) for the laser spot diameter is 

𝐷𝐿 = 200 μm, peak fluence at the center spot 𝐹𝐿 = 2.5 Jcm-2, pulse duration 𝜏𝐿 = 10 ns, and 

peak-to-peak separation 𝜏𝑝𝑝 = 60 ns. The details of notation are given in the caption of Figure 

29. 
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PLASMA SHIELDING EFFECT DURING LASER ABLATION INDUCED BY BURSTS 

OF SHORT  

This chapter is devoted to the study of the plasma shielding effect in burst nanosecond 

laser ablation. The simulations are performed for a copper target with a nanosecond laser at 266 

nm wavelength and varied spot size 20 μm < DL< 500 μm and expansion into an argon 

background gas at 1 bar pressure with as many pulses as 50 in a single burst. The simulations are 

based on the 2D model and are carried out for a peak laser fluence at the center spot is in range 

of 𝐹𝐿 = 3.5 – 12.35 Jcm−2, pulse duration 𝜏𝐿 varies from 10 ns to 30 ns, smoothing time 𝜏𝑠 varies 

from 0 to 3 ns, and in a broad range of peak-to-peak separation time 𝜏𝑝𝑝.  

5.1 Plasma Shielding Effect in Plumes Induced by a Long Burst of Pulses 

In this section, the results of simulations of the plasma flow and plasma shielding effect 

induced by a long burst consisting of 35 pulses with 𝜏𝑝𝑝 = 15 ns, 𝐷𝐿 = 200 µm, and the same 

parameters of an individual pulse, which are considered in sections 4.2-4.4 (Figure 41-Figure 

43), are reported. Under such irradiation conditions, it is found that a 3-pulse burst with arbitrary 

inter-pulse separation and at arbitrary laser spot diameter does not induce a measurable plasma 

shielding effect, and the relative density of electrons 𝑛𝑒/𝑛 (here 𝑛𝑒 and 𝑛 are local number 

densities of electrons and heavy particles) in the plume does not increase above 10−2. With 

increasing the number of pulses in the burst, however, 𝑛𝑒/𝑛 increases, plasma shielding 

enhances, and the efficiency of material removal drops. 
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The intensity of laser radiation incident to the surface 𝐼𝐿𝑤 in the 35-pulse burst and ratios 

of the burst peak fluence 𝐹𝐿𝑤 and energy 𝐸𝐿𝑤 incident to the irradiated target to the incoming 

peak fluence 𝐹𝐿∞ and energy 𝐸𝐿∞ obtained in 1D and 2D simulations are shown as functions of 

time in Figure 41(a) and (b). The variation of 𝐹𝐿𝑤/𝐹𝐿∞ , in particular, clearly shows that the 

degree of plasma shielding increases gradually and the whole process can be nominally divided 

into three stages: (1) transparency stage, when there is no absorption of laser radiation in the 

plume, (2) incubation stage, when the degree of plasma shielding increases relatively slowly with 

increasing number of pulses, and (3) shielding stage, when the degree of plasma shielding 

increases much faster and induces substantial drop of the surface temperature (Figure 41(c)) and 

material removal rate (Figure 41(d)). 

During the transparency stage, the average temperature and density in the plume, in 

average, increase due to both thermal accumulation and plume accumulation effects. Strong 

thermal accumulation is apparent in Figure 41(c) and (d) during initial 4-6 pulses. The duration 

of the transparency stage is the same in the 1D and 2D simulations. 

During the incubation stage, the relative density of electrons 𝑛𝑒/𝑛 and degree of plasma 

shielding slowly increase with the number of pulses mostly due to the plume accumulation 

effect. The plasma that appears during a pulse does not decay by the beginning of the subsequent 

pulse, and the laser energy from each subsequent pulse is absorbed more efficiently compared to 

the preceding pulse. It induces further increase in the average plume temperature and degree of 

ionization. The rate of decrease of 𝐹𝐿𝑤/𝐹𝐿∞ remains almost constant during the incubation stage 
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Figure 41. Laser intensity incident to the irradiated target 𝐼𝐿𝑤 (a), ratios of the burst peak 

fluence 𝐹𝐿𝑤 and energy 𝐸𝐿𝑤 incident to the irradiated target to the incoming peak fluence 𝐹𝐿∞ 

and energy 𝐸𝐿∞ (b), surface temperature in the spot center (c), and net mass removal velocity 

𝑉𝑤 at the spot center (d), versus time and number of pulses obtained for the 35-pulse burst at 

𝐹𝐿 = 2.5 Jcm-2, 𝜏𝐿 = 10 ns, 𝜏𝑝𝑝 = 15 ns, and 𝑝𝑏 = 1 bar. The red solid curves are obtained in 

a 2D simulation at 𝐷𝐿 = 200 μm. The green dashed curves are obtained in a 1D simulation. 

The background gas pressure is equal to 1 bar. In panel (b), the horizontal dashed-double-

dotted line marks the level of 𝐹𝐿𝑤/𝐹𝐿∞  = 0.98 adopted as the nominal threshold for the onset 

of the shielding stage. The vertical dashed-dotted lines mark the boundaries of the 

transparency, incubation, and shielding stages inferred from the results of the 2D simulation. 
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and does not depend on the laser spot diameter. The duration of this stage, however, increases 

with decreasing 𝐷𝐿. This fact agrees with the above conclusion about the dominant role of the 

plume accumulation during this stage, since, as it is shown in section 4.3, 𝐷𝐿 strongly affects the 

overall rate of plume expansion. Correspondingly, with decreasing 𝐷𝐿, both temperature and 

density in the plume induced by a single pulse drop deeper during adiabatic expansion. During 

the incubation stage, the plume flow field does not contain visible traces of absorption, as it is 

seen from the plume temperature fields in Figure 42(a)-(c). The maximum degree of ionization 

also remains low and does not exceed 0.01 (Figure 43(a)). 

During the shielding stage, the relative number density of electrons and degree of plasma 

shielding rapidly increase with further increase in the number of pulses. During this stage, the 

size of plasma cloud with high relative density of electrons and opacity, which can be 

characterized by the penetration depth 1/𝛼, increases in size as it is seen in Figure 42(d)-(f) and 

Figure 43(c)-(e). The maximum number density of electrons, however, does not exceed 7 × 1025 

m-3 and remains more than two orders of magnitude smaller than the critical electron density 

equal to 1.57 × 1028 m-3 for a laser wavelength of 266 nm. Under such conditions, the plasma 

plume remains translucent, the plasma and absorption regions are coupled to each other and, the 

plasma expansion occurs in the regime of plasma combustion wave. [127] 

Since the irradiation conditions for a single pulse are fixed, the ionization and plasma 

shielding threshold can be measured by a threshold number of pulses 𝑁𝑡ℎ, which are sufficient to 

induce strong ionization and absorption of laser radiation. The nominal ionization threshold is 

then can be assumed to be equal to the number of pulses corresponding to the beginning of the 

shielding stage, when, 𝐹𝐿𝑤/𝐹𝐿∞ starts to decrease faster compared to the constant rate specific 

for the incubation stage. In the 2D simulation, it occurs when 𝐹𝐿𝑤/𝐹𝐿∞ drops below 0.98 as it is 
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illustrated in Figure 41(b). Under conditions of simulations, this threshold approximately 

corresponds to the time when the maximum local relative density of electrons increases up to 0.1 

and the local penetration depth decreases below 10 µm (Figure 43(a) and (b)). Then the nominal 

plasma shielding threshold is equal to 𝑁𝑡ℎ = 19 pulses. In the 1D simulation, 𝑁𝑡ℎ = 11. 

Contrary to the case of 1D plume expansion, when the degree of plasma shielding 

increases abruptly during 3-4 pulses, in the 2D plume the magnitude of the plasma shielding 

effect increases slower during the shielding stage. This is explained by peculiarities of plasma 

formation and expansion of the plasma “cloud.” The plasma formation process is illustrated by 

the snapshots with the number density fields shown in Figure 42, as well as by the distributions 

of the relative density of electrons 𝑛𝑒/𝑛 and plasma penetration depth 1/𝛼 along the axis of 

symmetry shown in Figure 43. The “sandwich” or layered structure of plumes shown in Figure 

42 appears due to the generation of individual shock waves by each pulse in the burst. The local 

values of 𝑛𝑒/𝑛 remain below 10−2 (Figure 43(a)) and no noticeable traces of plasma formation 

and radiation absorption are visible in the flow field (Figure 42(a)-(b)) until ~250 ns. 

At a time of 300 ns, the plasma regions appear at ~110 μm from the irradiated target, 

where 𝑛𝑒/𝑛 raises up to ~0.45 (Figure 43(b)). Then the small plasma clouds grow in the central 

part of the plume in the regions with increased density and temperature behind the shock waves 

(Figure 42(d)). The enhanced absorption of laser radiation in these regions induces strong 

increase of plasma temperature and pressure, so that the plasma regions start to expand, and the 

gas density drops there. In the snapshots shown in Figure 42, therefore, the plasma regions that 

provide the major contribution to the overall absorption of laser radiation, correspond to areas 

around the axis of symmetry with reduced number density marked by cyan. Barely visible at 𝑡 =

300 ns (Figure 42(c)), these regions substantially grow both in the radial and normal to the  
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Figure 42. Number density fields of gas mixture during expansion of plumes generated by the 

35-pulse burst with 𝜏𝑝𝑝 = 15 ns obtained at a time of 100 ns after 7 pulses (a), 200 ns after 14 

pulses (b), 300 ns after 20 pulses (c), 350 ns after 23 pulses (d), 400 ns after 27 pulses (e), and 

520 ns after 35 pulses (f). The simulation is performed at 𝐷𝐿 = 200 μm, 𝐹𝐿 = 2.5 Jcm-2, 𝜏𝐿 =
10 ns, and 𝑝𝑏 = 1 bar. The low-density regions at the axis of symmetry marked by cyan 

approximately correspond to regions with high degree of ionization, which provide major 

contribution to plasma shielding. All linear scales are in micrometers. 
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Figure 43. Distributions of the relative density of electrons 𝑛𝑒/𝑛 (left column) and plasma 

penetration depth 𝛼−1 (right column) along the axis of symmetry obtained at a time 200 ns (a), 

300 ns (b), 350 ns (c), 400 ns (d), and 520 ns (e) in a 2D simulation for the 35-pulse burst with 

𝜏𝑝𝑝 = 15 ns at 𝐹𝐿 = 2.5 Jcm-2, 𝜏𝐿 = 10 ns, 𝐷𝐿 = 200 μm, and 𝑝𝑏 = 1 bar. 

surface directions by a time of 350 ns (Figure 42(d)) and further merge at later times (Figure 

42(e)-(f)), when an additional shock wave propagating ahead of the plasma “cloud” is formed. In 
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these regions, values of 𝑛𝑒/𝑛 raises up to ~1.1 and 1/𝛼 can be as small as 5 µm (Figure 43(c)-

(d)). The non-monotonous variation of the maximum surface temperature in Figure 44(b) is 

explained by the trade-off between increasing plasma “cloud” size and temperature and its 

decreasing density due to radial expansion.  

The computational results shown in Figure 42 and Figure 43 indicate that the plasma 

regions initially form in the central part of the plume, where the gas parameters, first of all, vapor 

density and temperature, are strongly affected by the plume accumulation effect. At the 

beginning of 19-th pulse that corresponds to the onset of the shielding stage, the surface 

temperature is equal to 5850 K before the beginning of 19-th pulse and then decreases at the 

beginning of subsequent pulses. In order to prove that the strong increase in the degree of plasma 

shielding is solely explained by the plume accumulation effect and cannot be explained by 

thermal accumulation, an additional simulation under the same irradiation conditions as in Figure 

44-Figure 43, but with the initial surface temperature equal to 5850 K, i.e., the maximum surface 

temperature before 19-th pulse in simulations with 35-pulse burst, is performed. In this 

simulation, which is described in APPENDIX III, only a slow increase in the degree of plasma 

shielding is observed. This increase corresponds to the incubation stage and is much smaller that 

the degree of plasma shielding obtained in real simulations with 35-pulse burst. A simulation 

with the 35-pulse burst and increased peak fluence per pulse, where the thermal accumulation 

effect is eliminated by setting the surface temperature to 300 K at the beginning of each pulse, is 

also carried out. In this simulation, the transparency stage is not observed, but it is found that a 

relatively long incubation stage is required before the onset of strong shielding. The results of 

this simulation are also discussed in APPENDIX III. Thus, the results of all these simulations 

confirm that the observed transition from weak shielding during the incubation stage to strong 
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shielding at a threshold number of pulses 𝑁𝑡ℎ is a result of plume accumulation during preceding 

pulses in the burst. 

5.2 Effect of Laser Spot Size on Degree of Plasma Shielding 

In order to reveal the effects of the spot size on the characteristics of laser-induced 

plumes, a series of simulations with fixed laser pulse duration 𝜏𝐿= 30 ns (smoothing time 𝜏𝑆= 3 

ns), pulse peak-to peak separation 𝜏𝑝𝑝 = 60 ns, peak fluence at the spot center 𝐹𝐿 = 12.35 Jcm-2, 

and variable spot diameter 𝐷𝐿 is performed. These irradiation conditions are chosen to ensure 

strong interaction between plumes produced by individual pulses and to avoid ionization in the 

plume during the first pulse in the burst. The simulations are performed at a background gas 

pressure of 1 bar and initial temperature of the target and the background gas equal to 300 K for 

𝐷𝐿 = 20 μm (𝐸𝐿 = 0.056 mJ), 𝐷𝐿 = 150 μm (𝐸𝐿 = 3.15 mJ), and 𝐷𝐿 = 500 μm (𝐸𝐿 = 35 mJ). 

Simulations under such conditions allow one to investigate how the interaction between plumes 

affect the ionization and plasma shielding effect during the second and subsequent pulse 

depending on the laser spot size. It is worth noting that the problem considered in the present 

work is different from the problems considered experimentally in Refs. [24,27], where the effect 

of the laser spot size was investigated under conditions of constant pulse energy, so that 

decreasing spot size results in stronger ionization in the plume. 

Under conditions of fixed peak fluence, the surface temperature and the amount of the 

evaporated material at the spot center during the first pulse only marginally depend on 𝐷𝐿, but 

the overall rate of plume expansion and plume characteristics are strongly affected by the spot 

size. Figure 44 shows the distributions of the plume number density along the axis of flow 

symmetry obtained in a case of neutral plume flow induced by a single pulse at 𝐷𝐿 = 20 μm, 𝐷𝐿 
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= 150 μm, and 𝐷𝐿 = 500 μm. In these simulations, the effects of ionization and laser radiation 

absorption are not accounted for. The black curves in Figure 44 are calculated based on a 1D 

model of plume expansion and correspond to a limit case of 𝐷𝐿 → ∞. These curves are obtained 

based on a special 1D version of the laser-induced plume expansion model previously developed 

and used in Ref. [101]. By a time of 30 ns (Figure 44(a)), when the pulse ends, the distributions 

of number density obtained for relatively large spot diameters of 150 μm and 500 μm practically 

coincide with the distribution obtained in the 1D simulation. For these spot sizes, the 

distributions of plume temperature and macroscopic velocity also agree well with the 

distributions of corresponding plume parameters found in 1D simulations. At the same time, the 

number density distribution obtained for 𝐷𝐿 = 20 μm strongly deviates from the distribution 

established in the 1D simulation. Although all considered cases are characterized by practically 

the same plume density at the irradiated surface, the density in the plume obtained at 𝐷𝐿 = 20 

μm drops much faster with increasing distance from the surface than in cases of larger 𝐷𝐿. At 

𝐷𝐿 = 20 μm, the primary shock wave 𝑆1 that propagates ahead of the plume in the background 

gas also moves slower and has a much smaller intensity. With increasing time, the distributions 

of plume parameters along the axis of symmetry obtained for larger spot diameters also start to 

gradually deviate from the distributions obtained by the 1D simulation. At a given time, the 

overall disagreement between 1D and 2D simulations decreases with increasing spot size. For 

instance, by a time of 60 ns (Figure 44(b)), the position of the shock wave at 𝐷𝐿 = 150 μm is 

already substantially different from the position of the shock wave obtained by the 1D 

simulation, while the shock waves obtained at 𝐷𝐿 = 500 μm and by the 1D simulation still have 

the same position and intensity. With further increase in time, the distributions of plume 
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parameters along the axis of symmetry in a case of 𝐷𝐿 = 500 μm also begin to deviate from the 

corresponding distributions predicted by the 1D model. 

 

Figure 44. Distributions of mixture number density at the axis of flow symmetry obtained at a 

time of 30 ns (a) and 60 ns (b) in simulations of a neutral plume expansion induced by a single 

laser pulse with the spot size 𝐷𝐿 = 20 μm (red curves), 𝐷𝐿 = 150 μm (green curves), and 𝐷𝐿 = 

500 μm (blue curves). The black curves are obtained based on a 1D model (chapter 2) and 

correspond to the case when 𝐷𝐿 → ∞. All simulations are performed with the same peak 

fluence at the spot center 𝐹𝐿 = 12.35 Jcm-2. 𝑆1 and 𝑠1mark the primary and secondary shock 

waves. 

For any finite spot size, with increasing time, the average density and temperature in the 

plume drop faster than it is predicted by the 1D model. It can be explained by the gradual 

change in geometrical shape of the plume. Once the plume is formed, the “vertical” plume size 

𝑥𝑀 in the direction normal to the irradiated surface (𝑥𝑀 is the nominal coordinate of the mixing 

layer, where the vapor mixes with background gas, at the axis of symmetry) is much smaller than 

the characteristic radius of the plume in the lateral direction 𝑟𝑀, which has an order of 𝐷𝐿/2. 

Under such conditions, flow around the axis of symmetry is close to 1D flow, primary shock 

wave has small curvature at the axis of symmetry, and the average density in the plume along the 

axis of symmetry drops with time as 1/𝑥𝑀. During further expansion, the vertical size of the 
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plume increases faster than its lateral size, so that eventually the vertical and lateral sizes become 

close to each other, 𝑥𝑀~𝑟𝑀, while the primary shock wave and the mixing layer attain a 

characteristic quasi-hemispherical shape with much larger curvature at the axis of symmetry. The 

flow in the plume along the axis of symmetry is then affected by the curvature of the shock 

wave, volume of the plume increases proportionally to 𝑥𝑀
2 , and the average density drops as 

1/(𝑥𝑀
2 ). Thus, the gradual deviation of the plume flow along the axis of symmetry from 

corresponding 1D flow can be described as transition from plane-like expansion when 𝑥𝑀 ≪

 𝑟𝑀~𝐷𝐿 to spherical-like expansion when 𝑥𝑀 ≳ 𝑟𝑀. This transition occurs for any finite spot size, 

so that distributions of plume parameters along the axis of symmetry in 2D flow can be 

approximated by a 1D model only during some limited time 𝑡1𝐷. This time increases with 

increasing spot diameter, but 𝑡1𝐷 remains relatively short even for relatively large 𝐷𝐿. For 

instance, if one assumes that the deviation between 2D and 1D simulations occurs when the 

positions of the primary shock waves differ from each other in 10%, then, under conditions 

considered in Figure 44, 𝑡1𝐷 = 14 ns at 𝐷𝐿 = 20 μm, 𝑡1𝐷 = 64 ns at 𝐷𝐿 = 150 μm, and 𝑡1𝐷 =

206 ns at 𝐷𝐿 = 500 μm. The simulations, thus, show that 𝑡1𝐷 varies roughly proportionally to 𝐷𝐿. 

At 𝑡 ≫ 𝑡1𝐷, the average plume density and temperature, as well as the plume density and 

temperature in the vicinity of the irradiated surface, become substantially smaller than the 

corresponding values predicted by 1D simulations. It can affect the plasma ignition threshold, 

which depends on the maximum temperature and density in the plume, and results in the strong 

dependence of the degree of plasma shielding, i.e. the amount of laser energy absorbed by the 

plume, on the laser spot size. Under conditions of multi-pulse irradiation, when plumes induced 

by individual pulses can strongly interact with each other, the effect of the spot size on the 

degree of plasma shielding can be further intensified. This preliminary reasoning agrees with  
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 Figure 45. Temperature (left panels) and total pressure (right panels) fields in plasma plumes 

at a time of 90 ns induced by the 3-pulse burst and obtained for laser spot diameters 𝐷𝐿 = 20 

μm (a), 𝐷𝐿 = 150 μm (b), and 𝐷𝐿 = 500 μm (c). 𝑆1 and 𝑆2 mark the primary shock waves 

induced by the first and second pulses, 𝑠1 marks the secondary shock wave, and 𝑀 marks the 

mixing layer. The mixing layer is shown by two black curves. Between these curves the molar 

fraction of vapor varies from 99% to 1%. In the temperature fields (left panels), the 

streamlines of the vapor velocity field are shown by black curves with arrows. White in the 

color tables corresponds to the initial background gas temperature (300 K) and pressure (1 

bar). 

results of simulations performed for plasma plumes induced by multi-pulse laser radiation. 

In Figure 45 and Figure 46, the temperature and total pressure fields (the total pressure is 

the sum of ion/atom and electron pressures) obtained in simulations of plasma plumes induced 

by a 3-pulse burst for various 𝐷𝐿 are shown at times of 90 ns and 150 ns. These times correspond 
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to the ends of the second and third pulses in the burst. In the figures, 𝑆𝑛 (𝑛 = 1,2,3) indicates the 

primary shock wave induced by 𝑛-th pulse. The primary shock wave 𝑆1 travels through the 

background gas, while other primary waves initially propagate through vapor plumes induced by 

preceding pulses. The plume of ablated material is bounded by the mixing layer, where the 

copper vapor partially diffuses through the background gas. In Figure 45 and Figure 46, the 

mixing layer is marked by letter “𝑀” and shown by two black curves corresponding to its 

nominal boundaries, where the vapor molar fraction is equal to 99% and 1%. 

It has been shown in 1D simulations of neutral plume expansions induced by multi-pulse 

laser radiation that, under the conditions of sufficiently large background gas pressure, the 

primary shock waves induced by subsequent pulses move faster than the shock waves induced by 

preceding pulses, so eventually the multiple shock waves merge [101]. The larger velocity of 

subsequent shocks is primarily explained by the fact that these shock waves propagate through 

the high-temperature gas created by preceding pulses, where the sound speed is higher. As one 

can conclude based on results shown in Figure 45 and Figure 46, a similar process of merging of 

primary shock waves is observed in 2D simulations of plasma plume expansion. In the 

practically neutral plume observed at 𝐷𝐿 = 20 µm (Figure 45(a) and Figure 46(a)), the second 

shock wave 𝑆2 propagates through the relatively hot vapor created by the first pulse and 

gradually approaches 𝑆1. The arrival of the third pulse results in repeating the process: The new 

shock wave 𝑆3 moves with even higher velocity and finally merges with 𝑆1 and 𝑆2. The 

difference between the maximum plume temperature in two consecutive pulses tends to increase 

with increasing pulse number. For plasma plumes obtained at 𝐷𝐿 = 150 µm (Figure 45(b) and 

Figure 46(b)) and 500 µm (Figure 45(c) and Figure 46(c)), the velocities of subsequent shock 

waves can be further increased compared to velocities of preceding shock waves due to 
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absorption of laser radiation in the plume. For instance, in a case of 𝐷𝐿 = 500 µm, velocity of 

shock 𝑆2 with respect to shock 𝑆1 increases as a result of absorption of laser radiation in the 

plasma “cloud” formed behind 𝑆2. The release of the absorbed energy behind 𝑆2 strongly 

increases the local plume temperature and pressure, thus, increasing the intensity of 𝑆2 and its 

velocity.  

The fast expansion of the ablation products, which is accompanied by the drop of 

pressure, also results in the formation of secondary shock waves that propagate, in the frame of 

reference moving with the local gas velocity, towards the target [101,119]. In Figure 44, this 

secondary shock wave 𝑠1 is seen only in distributions for 𝐷𝐿 = 20 µm. In Figure 45 and Figure 

46, the secondary waves produced by n-th pulse are marked with 𝑠𝑛. These shock waves are 

located close to boundaries of plasma clouds facing towards the irradiated target (Figure 47). 

One can conclude that interaction of multiple primary and secondary shock waves induced by 

multi-pulse irradiation results in a complicated flow structure in the plume.  

The considered irradiation conditions correspond to only a small degree of ionization and 

plasma shielding during the first pulse independently of 𝐷𝐿, so that the laser intensity incident to 

the surface during the first pulse is only marginally different from the incoming laser intensity. 

The conditions during the second pulse are more favorable for the onset of ionization. The 

degree of ionization in the plumes can be estimated from Figure 47, where the number density 

fields of electrons and heavy particles are shown for a time of 150 ns, and Figure 48, where the 

distributions of electron number density along the axis of symmetry obtained for 𝐷𝐿 = 150 µm 

and 𝐷𝐿 = 500 µm are compared with each other. As one can see, at 𝐷𝐿 = 20 µm, the plume 

practically consists of neutral atoms, while substantial ionization develops in plumes at 𝐷𝐿 =

150 µm and 500 µm. The difference between the target temperatures at the beginning of the 
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Figure 46. Temperature (left panels) and total pressure (right panels) fields in plasma plumes 

at a time of 150 ns induced by the 3-pulse burst and obtained for laser spot diameters 𝐷𝐿 = 20 

μm (a), 𝐷𝐿 = 150 μm (b), and 𝐷𝐿 = 500 μm (c). 𝑆𝑛 and 𝑠𝑛 mark the primary and secondary 

shock waves induced by 𝑛-th pulse and 𝑀 marks the mixing layer. The mixing layer is shown 

by two black curves. Between these curves the molar fraction of vapor varies from 99% to 1%. 

In the temperature fields (left panels), the streamlines of the vapor velocity field are shown by 

black curves with arrows. White in the color tables corresponds to the initial background gas 

temperature (300 K) and pressure (1 bar). 
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Figure 47. Fields of number density of electrons (left panels) and heavy particles (right 

panels) in plasma plumes at a time of 150 ns induced by the 3-pulse burst and obtained for 

laser spot diameters 𝐷𝐿 = 20 μm (a), 𝐷𝐿 = 150 μm (b), and 𝐷𝐿 = 500 μm (c). 𝑆𝑛 and 𝑠𝑛 mark 

the primary and secondary shock waves induced by 𝑛-th pulse and 𝑀 marks the mixing layer. 

The mixing layer is shown by two black curves. Between these curves the molar fraction of 

vapor varies from 99% to 1%. In the temperature fields (left panels), the streamlines of the 

vapor velocity field are shown by black curves with arrows. White in the color tables 

corresponds to the initial background gas temperature (300 K) and pressure (1 bar). 

second pulse for different spot sizes is small and cannot explain the strongly different degrees of 

ionization in the plumes induced by the laser beams of different diameters. For instance, the 
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surface temperature at the spot center at the beginning of the second pulse is equal to 3050 K at 

𝐷𝐿 = 20 µm, 3200 K at 𝐷𝐿 = 150 µm, and 3300 K at 𝐷𝐿 = 500 µm at 𝑡 = 60 ns. 

In a case of small spot size, 𝐷𝐿 = 20 µm, by the time of beginning of the second pulse, 

the primary shock wave 𝑆1 already attained the quasi-hemispherical shape. On the contrary, the 

size of the plume flow in the direction normal to the surface in the case of large sport size (𝐷𝐿 =

500 µm, Figure 45(c)) for the same 𝑡 is still smaller than the laser beam radius. In this case, the 

curvature of the primary shock wave is much smaller and, accordingly, much higher temperature 

and densities are retained near the surface by the time of arrival of the second pulse than for the 

small spot. For large spot diameters, the plume density and temperature behind the second shock 

𝑆2 become sufficiently high to induce photoionization. For small spot diameter, on the contrary, 

the second shock wave cannot raise the temperature and density in the plume behind the shock 

front to levels supporting the onset of ionization. For instance, at 𝑡 = 65 ns, the number density 

and temperature of vapor plume induced by the first pulse behind the second primary shock 

wave are equal to 0.6⋅1025 m-3 and 6100 K at 𝐷𝐿 = 20 μm, 12⋅1025 m-3 and 6100 K at 𝐷𝐿 = 150 

μm, and 17⋅1025 m-3 and 6200 K at 𝐷𝐿 = 500 μm. The energy absorbed by the plume in 

photoionization results in a further increase in the temperature behind 𝑆2 and induces further 

ionization in this region of the plume. The formation of plasma with a relatively high density of 

electrons right behind the shock wave 𝑆2 at 𝑡 = 75 ns is seen in Figure 48(a). The high-pressure 

and high-temperature plasma cloud behind 𝑆2 expands in the directions both to and from the 

irradiated surface, increasing the intensity of the secondary wave (Figure 45(b) and (c)). This 

cloud provides the major contribution to overall plasma shielding during the second pulse, when 

28% and 51% of incoming laser energy at the axis of symmetry is absorbed by the plasma plume 

at 𝐷𝐿 = 150 µm and at 𝐷𝐿 = 500 µm, correspondingly (Figure 49). The lateral size of the 
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Figure 48. Distributions of the electron number density along the axis of the laser beam at a 

time 75 ns (a), 90 ns (b), 120 ns (c), 135 ns (d), and 150 ns (e) induced by the 3-pulse burst 

and obtained for 𝐷𝐿 = 150 μm (left column) and 𝐷𝐿 = 500 μm (right column). The gray bars 

with letters “𝑀” indicate the positions of the mixing layer where the molar fraction of copper 

vapor varies from 99% to 1%. 𝑃𝑛 marks the plasma region induced by 𝑛-th pulse. 
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plasma cloud is about the laser spot radius, so that strong plasma shielding inside the cloud 

results in the formation of the local minimum of laser energy at the spot center (Figure 50). Thus, 

under considered conditions, the process of plasma ignition in the plume during the second pulse, 

which occurs near the surface and behind the shock wave generated by that pulse, is only 

marginally affected by changes in the thermal state of the target between the first and second 

pulses, but it is dominated by the conditions in the plume created by the first pulse near the target 

surface at the time when the second pulse arrives. These conditions, in turn, depend on the rate of 

overall plume expansion between pulses. It predetermines the strong effect of the spot size on the 

formation of the plasma cloud and overall plasma shielding effect.  

At 𝐷𝐿 = 20 µm, an additional increase of surface temperature by the beginning of the 

third pulse up to 3600 K due to thermal accumulation effect does not overcome strong drop of 

vapor density and temperature in the plume between the second and third pulses. In this case, the 

simulations predict only marginal degree of plasma screening during the whole burst (Figure 49).  

The flow fields, shown in Figure 45(a), Figure 46(a), and Figure 47(a), thus, correspond 

to the neutral gas flow. By the end of the second pulse (𝑡 = 90 ns), the size of the plasma cloud 

and the electron number density obtained at 𝐷𝐿 = 150 µm and 𝐷𝐿 = 500 µm are only slightly 

different. The further simulations in these two cases continued until the arrival of the third pulse 

reveal, however, two different scenarios. 

At 𝐷𝐿 = 150 µm, the plasma cloud expands relatively fast. It induces a strong drop in 

temperature, as well as number densities of heavy particles and electrons. The corresponding 

region of low-density plasma is shown in shades of blue in Figure 47b. In particular, the electron 

number density decreases in about an order of magnitude (Figure 48(c)). This low-density  
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Figure 49. Peak laser intensity incident to the irradiated surface versus time obtained in 

simulations with a three-pulse burst at 𝐷𝐿 = 20 μm (red curve), 𝐷𝐿 = 150 μm (green curve), 

and 𝐷𝐿 = 500 μm (blue curve). The black curve corresponds to the incoming laser intensity 

𝐼𝐿(0, 𝑡) 

plasma cannot strongly absorb laser energy from the third pulse. The most of laser energy is 

absorbed in a new plasma cloud 𝑃3, which appears near the irradiated surface behind the shock 

wave 𝑆3 (Figure 48(d) and (e)). The number density and thickness of this plasma plume are 

larger than those in the plasma plume 𝑃2 during the second pulse, so that the amount of laser 

density absorbed in the vicinity of the beam axis during the third pulse increases up to 52% 

(Figure 49). 

At 𝐷𝐿 = 500 µm, the density and temperature in the plasma plume 𝑃2 remain sufficiently 

high by the time when the third pulse arrives. The major fraction of incoming laser energy from 

the third pulse is absorbed in this plume, so that only 6% of laser energy reaches the surface at 

the beam axis (Figure 49). This energy is not enough to induce intensive evaporation at the 
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center of the beam, and additional plasma cloud does not appear. For instance, by the end of the 

third pulse, the target temperature at the spot center surface raises only up to 5370 K, which is 

about ~4000 K smaller than during the second pulse. Large pressure inside the plume 𝑃2 results 

in its rapid expansion and increasing the thickness of the plume (Figure 48(d)). It also increases 

the intensity and velocity of the shock wave 𝑆2. When this shock wave moves through the 

mixing layer between vapor and background gas, the temperature and density behind the shock 

wave appear to be sufficiently high to induce ionization of the background gas. By the end of the 

third pulse, shock waves 𝑆1 and 𝑆2 already merge at the axis of symmetry and the plasma domain 

extends through argon up to the merged shocks (Figure 47(c) and Figure 48(e)). The shock wave 

𝑆3 in this case is relatively weak and has an S-type shape, because the most intensive evaporation  

 

Figure 50. Distributions of laser intensity incident to the irradiated target along the target 

surface obtained in simulations at 𝐷𝐿 = 150 μm (to right from the axis of symmetry at 𝑟 = 0), 

and 𝐷𝐿 = 500 μm (to the left from the axis of symmetry at 𝑟 = 0) at a time 𝑡 = 20 ns (red 

curves), 80 ns (green curves), and 140 ns (blue curves) 
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occurs at the edge of the plasma cloud cross-section, 𝑟/𝐷𝐿~0.5, where intensity of laser 

radiation incident to the surface is maximum (Figure 50). 

5.3 Optimum Inter-pulse Separation  

The goal of this section is to reveal the optimum inter-pulse separation in a burst, which 

allows one to maximize the ablation depth. For this purpose, a series of simulations for a copper 

target irradiated by a 50-pulse burst and an argon background gas pressure of 1 bar is performed. 

An individual pulse has a duration 𝜏𝐿 = 10 ns with flat-top temporal shape at a peak laser 

fluence of 𝐹𝐿 = 3.5 Jcm-2 or 7 Jcm-2. The laser spot diameter (FWHM) 𝐷𝐿 varies from 50 µm to 

200 µm. The peak-to-peak separation 𝜏𝑝𝑝 varies from 10 ns to infinite, which correspond to 

independent individual pulses. All simulations are performed by taking into account the effects 

of ionization and radiation absorption in the plume. 

Figure 51 shows the number density of heavy particles and electrons in a vapor plume 

induced by a burst of 15-pulse with 𝐹𝐿 = 3.5 Jcm-2 and 𝐷𝐿 = 50 μm (𝐸𝐿 = 0.1 mJ). The fields of 

number densities of heavy particles and electrons are plotted after 7 pulses, 11 pulses, and 15 

pulses for a peak-to-peak separation 𝜏𝑝𝑝 = 10 ns, 𝜏𝑝𝑝 = 15 ns, and 𝜏𝑝𝑝 = 30 ns. The smallest 

separation time (𝜏𝑝𝑝 = 10 ns) is equivalent to a single long pulse with total duration equal to 150 

ns. 

The number density fields at 𝜏𝑝𝑝 = 10 ns reveal a strong increase in the rate of material 

evaporation after 7 pulses, which plays a significant role in plasma ignition. It occurs dur to the 

thermal accumulation effect. The high-density plasma cloud denoted as 𝑃1 is obtained after 70 ns 

of continuous irradiation. This plasma cloud starts to absorb major part of laser energy during the 

following time, so that only small portion of laser energy reaches to the target surface until 𝑃1  
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Figure 51. Number density fields of heavy particles (fields to the left from the axis of 

symmetry) and electrons (fields to the right from the axis of symmetry) during expansion of 

plumes generated by the 15-pulse burst with 𝜏𝑝𝑝 = 10 ns (a), 𝜏𝑝𝑝 = 15 ns (b), and 𝜏𝑝𝑝 = 30 

ns (c). The simulations are performed at 𝐹𝐿 = 3.5 Jcm-2, 𝜏𝐿 = 10 ns, 𝑝𝑏 = 1 bar with 𝐷𝐿 = 50 

μm and 𝐸𝐿 = 0.1 mJ. The snapshots are obtained after accounting 7 pulses, 11 pulses, and 15 

pulses. 
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 decays due to fast quasi-spherical expansion of this cloud. After 110 ns, 𝑃1 becomes rarefied, it 

reduces the effect of plasma shielding, surface temperature starts to rise again, and second 

plasma cloud denoted as 𝑃2 appears in the vicinity of the target surface. The same process is 

repeated at a time of 150 ns.15 pulses too. Repetitive process of plasma enhancement and decay 

causes fluctuations of the target surface temperature as shown in Figure 52(c) (red solid curve). 

With increasing inter-pulse separation, the plasma cloud formed during individual pulses 

does completely merge. During time between pulses, the plumes expand fast. As a result, the 

plasma shielding effect decreases. As shown in Figure 51(b), the effect of repetitive plasma 

formation is gradually mitigated with increasing inter-pulse separation. At 𝜏𝑝𝑝 = 30 ns (Figure 

51(c)), the plasma cloud is formed during each pulse, but the plasma completely decays by the 

beginning of the next pulse. 

An increasing inter-pulse separation also reduces the thermal accumulation effects. The 

maximum ablation depth, therefore, can be realized at some finite optimum inter-pulse 

separation, which is determined by the trade-off between the thermal accumulation and plasma 

shielding effects. To find the conditions corresponding to the maximum efficiency of ablation, in 

Figure 52(a), the ablation depth at the spot center is shown versus the number of pulses for 

various peak-to-peak separation. One can see that the rate of increase in the ablation depth at 

𝜏𝑝𝑝 = 10 ns, i.e., at continuous irradiation, tends to decrease because of strong plasma shielding. 

However, up to 8 pulses, it has the best efficiency among others. With further increase in the 

number of pulses, the plasma shielding effect at 𝜏𝑝𝑝 = 10 ns becomes too strong, so that the 

maximum ablation depth is realized for 𝜏𝑝𝑝 = 15 ns. For larger 𝜏𝑝𝑝, the thermal accumulation 

effect is mitigated fast, and the ablation depths becomes smaller that the depth at 𝜏𝑝𝑝 = 15 ns. 
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Figure 52. Ablation depth (a,b) and maximum target surface temperature (c,d) versus number 

of pulses during expansion of plasma plumes obtained for the 50-pulse burst with various 

peak-to-peak separations 𝜏𝑝𝑝 between pulses. The simulations are performed at 𝐹𝐿 = 3.5 Jcm-

2, 𝜏𝐿 = 10 ns, 𝑝𝑏 = 1 bar with 𝐷𝐿 = 50 μm (𝐸𝐿 = 0.1 mJ; a,c) and 𝐷𝐿 = 100 μm (𝐸𝐿 = 0.4 

mJ; b,d). 

Figure 52(b) and (d) are obtained for same irradiation conditions as Figure 52 (a) and (c), 

but for 𝐷𝐿 = 100 μm. The comparison of results obtained at 𝐷𝐿 = 50 μm and 𝐷𝐿 = 100 μm 

reveals that the optimum peak-to-peak separation strongly depends on the spot size. At larger 
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spot size, longer time is required for plasma decay. Correspondingly, the optimum conditions for 

ablation are realized at longer separation time. At 𝐷𝐿 = 100 μm, the optimum peak-to-peak 

separation for long bursts is equal to 30 ns. 

As shown in Figure 52, the optimum peak-to-peak separation depends on the number of 

pulses in the burst. Basically, one can distinguish tow characteristic burst modes that correspond 

to the small and large number of pulses in a burst. At small number of pulses (2-5 pulses for 

conditions considered in Figure 52), the optimum conditions correspond to either continuous 

irradiation (𝜏𝑝𝑝 = 10 ns) or to range of inter-pulse separations. For long pulses, when the 

number of pulses is greater than 5, there is a unique finite peak-to-peak separation that 

maximizes the ablation depth. 

To characterize the effect of laser fluence on the optimum pulse separation, the 

simulations are repeated at 𝐹𝐿 = 7 Jcm-2. Figure 53 shows the vapor and electron number density 

fields obtained after three pulses at 𝐷𝐿 = 50 μm and 𝐸𝐿 = 0.2 mJ (a), 𝐷𝐿 = 100 μm and 𝐸𝐿 =

0.8 mJ (b), 𝐷𝐿 = 200 μm, and 𝐸𝐿 = 3.2 mJ (c) when 𝜏𝑝𝑝 varies from 10 ns to 60 ns. The 

comparison of results shown in each row reveals gradual mitigation of plasma with increasing 

inter-pulse separation. The effect of pulse separation on thermal accumulation, plasma shielding, 

and material removal efficiency can be quantified using the results shown Figure 54. In 

particular, Figure 54(c) illustrates the degree of plasma shielding as the ratio of the burst peak 

fluence 𝐹𝐿𝑤 incident to the irradiated target to the incoming peak fluence 𝐹𝐿∞versus number of 

pulses during expansion of plasma plumes obtained for a 50-pulse burst. As shown, by 

decreasing pulse separation, the degree of shielding increases from 1% up to 73%. The strong 

fluctuation in maximum target surface temperature of 𝜏𝑝𝑝 < 60 ns indicates strong plasma 
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Figure 53. Number density fields of heavy particles (fields to the left from the axis of 

symmetry) and electrons (fields to the right from the axis of symmetry) during expansion of 

plumes generated by the 3-pulse burst with 𝜏𝑝𝑝 = 10 ns, 𝜏𝑝𝑝 = 15 ns, 𝜏𝑝𝑝 = 30 ns, and 𝜏𝑝𝑝 =

60 ns . The simulations are performed at 𝐹𝐿 = 7 Jcm-2, 𝜏𝐿 = 10 ns, 𝑝𝑏 = 1 bar with 𝐷𝐿 = 50 

μm (𝐸𝐿 = 0.2 mJ; a), 𝐷𝐿 = 100 μm (𝐸𝐿 = 0.8 mJ; b), and 𝐷𝐿 = 200 μm (𝐸𝐿 = 3.2 mJ; c). All 

fields are plotted for a time corresponding to the end of the third pulse. 

shielding in this range that makes 𝜏𝑝𝑝 = 60 ns the optimum condition for 𝐷𝐿 = 50 and 100 μm. 

At further increase in the spot size up to 𝐷𝐿 =  200 μm, the effect of plasma shielding becomes 

too strong at small inter-pulse separations, and the maximum ablation depth is observed at 𝜏𝑝𝑝 =
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120 ns. One can conclude that the effect of plasma shielding becomes stronger with increasing 

pulse fluence. As a result, the optimum conditions correspond to longer separation time 

compared to the case of smaller pulse fluence.  

 

Figure 54. Ablation depth (a), maximum target surface temperature (b), and ratio of the burst 

peak fluence 𝐹𝐿𝑤 incident to the irradiated target to the incoming peak fluence 𝐹𝐿∞ (c) versus 

number of pulses during expansion of plasma plumes obtained for the 50-pulse burst with 

various peak-to-peak separations 𝜏𝑝𝑝. The simulations are performed at 𝐹𝐿 = 7 Jcm-2, 𝜏𝐿 = 10 

ns, 𝑝𝑏 = 1 bar with 𝐷𝐿 = 50 μm (𝐸𝐿 = 0.2 mJ), 𝐷𝐿 = 100 μm (𝐸𝐿 = 0.8 mJ), and 𝐷𝐿 = 200 

μm (𝐸𝐿 = 3.2 mJ). 
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The normalized ablation depth versus peak-to-peak separation obtained by a 50-pulse 

burst for 𝐹𝐿 = 3.5 Jcm-2 and 𝐹𝐿 = 7 Jcm-2 with 𝐷𝐿 varying from 50 μm to 200 μm are plotted in 

Figure 55. One can conclude that the optimum inter-pulse separation tends to increase with 

increasing laser spot size. This conclusion is in good agreement with results of similar 

simulations that are performed based on the 1D model for infinitely larges spot size. In these 1D 

simulations, the maximum ablation depth is always observed at irradiation with individual 

pulses, i.e. at 𝜏𝑝𝑝 → ∞. 

 

Figure 55. Normalized ablation depth versus inter-pulse separation obtained for the 5-pulse, 

10-pulse, 30-pulse, and 50-pulse bursts. The simulations are performed at 𝐹𝐿 = 3.5 Jcm-2 (a) 

and 𝐹𝐿 = 7 Jcm-2 (b) with 𝐷𝐿 = 50 μm, 𝐷𝐿 = 100 μm, and 𝐷𝐿 = 200 μm. 
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CONCLUSIONS AND OUTLOOK 

6.1 Summary of the Obtained Results 

The hydrodynamic and kinetic model for simulations of laser-induced pules are 

developed and implemented in the in-house computational codes. Computaional simulations of 

laser-induced plasma plume expansion are preformed for irradiation of plane target surface using 

the hydrodynamic and kinetic models. The domain of applicability of the hydrodynamic model is 

found to be limited by degree of translational non-equilibrium in the plume. At reduced 

background gas pressure and small laser spot size, the kinetic model based on the Boltzmann 

equation in the form of the Direct Simulation Monte Carlo (DSMC) method must be utilized. 

The developed kinetic model is used for systematic simulation of laser-induced plume 

expansion in burst nanosecond laser ablation. The numerical simulations of vapor plumes 

induced by multi-pulse laser irradiation of a copper target in argon background gas reveal a 

complicated internal flow structure of the plumes, which includes cascades of the primary and 

secondary shock waves. The major peculiarity of the plume expansion process in the burst mode 

is related to the propagation of the primary shock waves. In the case of single-pulse laser 

irradiation, the primary shock wave propagates through the background gas, while in the case of 

multi-pulse irradiation, the primary shock waves, excluding the first one, propagate through 

vapor plumes generated by preceding laser pulses. It results in the strong interaction between 

plumes produced by individual pulses in a burst. 
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The simulations reveal a strong plume accumulation effect when the plumes generated by 

preceding pulses in a burst change the conditions of propagation for plumes induced by 

subsequent pulses. The inter-plume interaction can result in merging shock waves induced by 

individual pulses and formation of a single plume. The degree of plume accumulation depends 

on the inter-pulse separation, laser spot diameter, background gas pressure, and number of 

pulses. When the irradiation conditions for a single pulse is below the ionization threshold, the 

conditions of plasma ignition can be reached by increasing the number of laser pulses due to the 

plume accumulation effect. With many pulses but small laser fluence, the increasing of the 

number of pulses in a burst increases the maximum temperature and density in the plume due to 

both the thermal accumulation in the irradiated target and vapor heating and compression by 

shock waves traveling through the plume. This results in plasma shielding and reduction of the 

effectiveness of material removal by the subsequent pulses in the burst. The plume accumulation 

effect, thus, determines the optimum number of pulses in the burst in applications of laser 

ablation for material removal. 

With decreasing inter-pulse separation, the plasma shielding effect gradually develops in 

the plume with increasing number of pulses. This process can include the initial transparency 

stage, when the surface temperature and amount of the vaporized materials increase from pulse 

to pulse due to thermal accumulation without any traces of absorption of laser radiation in the 

plume, an incubation stage, when the degree of plasma shielding slowly increases with the 

number of pulses due to the plume accumulation effect, and finally the shielding stage, when the 

amount of laser energy absorbed in the plume and degree of ionization rapidly increase with the 

number of pulses. 
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Once the plasma cloud appears, the absorption of laser radiation from subsequent pulses 

also strongly depends on the spot size, which affects the rate of plasma decay during the 

expansion of the plume between pulses. Then formation of plasma close to the irradiation surface 

behind the shock wave that propagates through the plume created by a preceding laser pulse and 

the degree of the plasma shielding effect strongly depends on the laser spot size. In a case of 

relatively small spot sizes, ionization and absorption of incident laser radiation may occur during 

pulses but the plasma decays before the arrival of the subsequent pulses, since the plume 

between pulses expands quasi-spherically, so that density and temperature drop fast. With an 

increasing laser spot diameter, the plume expansion process in the vicinity of the axis of 

symmetry demonstrates a gradual transition from quasi-spherical to plane-like expansion 

between pulses. The latter is characterized by a much slower drop in density and temperature, so 

that the shock wave induced by the following pulses can induce intensive ionization and 

absorption of the laser radiation. 

With increasing inter-pulse separation, the maximum temperature of the irradiated 

surface, as well as vapor temperature and density in the plume, drop compared to a single pulse 

of the same total fluence and duration, thus, simultaneously reducing the ablation depth due to 

smaller thermal accumulation in the target and delaying the onset of plasma ignition in the 

plume. Accordingly, a trade-off between thermal accumulation and plasma shielding results in 

maximum ablation depth at some finite optimum inter-pulse separation. The optimum inter-pulse 

separation tends to increase with the increasing number of pulses in the burst and laser fluence of 

a single pulse. An increase of the laser spot size, on the contrary, results in a decrease of the 

optimum inter-pulse separation. 
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The undertaken computational study shows that the interaction between plumes induced 

by individual pulses complicates the prediction of the overall plume structure and properties, but 

also provides additional opportunities for optimizing the inter-pulse separation, number of 

pulses, and other burst parameters in technological applications of laser ablation. 

6.2 Plans for Future Research 

The laser ablation with bursts of ultrashort (pico- and femtosecond) laser pulses is an 

actual direction of the current research in the field of laser processing of materials. The kinetic 

computational model developed in the present study can be adopted for burst ultrashort laser 

ablation by implementing a non-equilibrium model of ionization and laser radiation absorption 

by the plasma plume. The development and application of such model can be a subject of future 

research. 
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APPENDIX I 

ANALYSIS ON SHOCK WAVES MERGING 

The analysis of all factors that affect merging the primary shock waves induced by a 

burst of pulses is performed for shock waves 𝑆1 and 𝑆2 generated by a two-pulse burst at 𝜏𝑝𝑝 =

60 ns, 𝐹𝐿 = 2.5 Jcm-2, 𝜏𝐿 = 10 ns, 𝐷𝐿 = 20 μm, and 𝑝𝑏 = 1 bar. These irradiation parameters 

are identical to the parameters used for simulations with the x1 pulse and 3-pulse burst, which 

are shown in Figure 29-Figure 32. The propagation of the shock waves 𝑆1 and 𝑆2 along the axis 

of symmetry is considered until their merging at ~150 ns (Figure 36(c)).  

The velocity 𝐷𝑆𝑘 of the shock wave 𝑆𝑘 at the axis of symmetry can be determined from 

the equation 

𝐷𝑆𝑘 = 𝑀𝑆𝑘,1𝑐𝑆𝑘,1 + 𝑣𝑆𝑘,1,                                                                                                                    (A. 1) 

where 𝑀𝑆𝑘,1 is the Mach number, 𝑐𝑆𝑘,1 = √𝛾𝑅𝑆𝑘,1𝑇𝑆𝑘,1 is the sound speed, 𝑣𝑆𝑘,1 and 𝑇𝑆𝑘,1 are the 

gas velocity and temperature, 𝑅𝑆𝑘,1 is the gas constant for the gas mixture, and 𝛾 = 5/3 is the 

isentropic index for a monatomic gas. The subscript “1” of all quantities in the right-hand side of 

Eq. (A.1) indicates that they correspond to flow conditions right before the shock wave 𝑆𝑘. The 

Mach number 𝑀𝑆𝑘,1 is related to the pressure ratio at the shock wave by the equation [128] 

𝑝𝑆𝑘,2
𝑝𝑆𝑘,1

=
2𝛾

𝛾 + 1
𝑀𝑆𝑘,1
2 −

𝛾 − 1

𝛾 + 1
,                                                                                                             (A. 2) 

where 𝑝𝑆𝑘,1 and 𝑝𝑆𝑘,2 are pressures before and after the shock wave 𝑆𝑘. 

Equation (A.1) and (A.2) allow us to compare contributions of various factors affecting 

the velocities of the primary shock waves generated by the first and second pulse. Indeed, 
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according to these equations, the velocity of a shock wave is determined by the pressure ratio 

before and after the shock wave 𝑝𝑆𝑘,2/𝑝𝑆𝑘,1 , sound speed before the shock wave 𝑐𝑆𝑘,1, and the 

flow velocity before the shock wave 𝑣𝑆𝑘,1. The values of 𝑝𝑆𝑘,1, 𝑝𝑆𝑘,2, 𝑅𝑆𝑘,1, 𝑇𝑆𝑘,1, and 𝑣𝑆𝑘,1 are 

extracted from results of the simulation and then used in order to calculate the shock wave 

velocity according to Eqs. (A.1) and (A.2). For 𝑆1, 𝑇𝑆1,1 = 𝑇0, 𝑝𝑆1,1 = 𝑝𝑏, 𝑣𝑆𝑘,1 = 0, and 𝑅𝑆1,1 is 

equal to the gas constant of the background gas. For 𝑆2, 𝑅𝑆2,1 is equal to the gas constant of 

copper vapor almost all time until merging 𝑆2 with 𝑆1. Other quantities extracted from the 

simulation, as well as calculated values of 𝐷𝑆𝑘, are shown in Figure 56(b)-(d). The values of the 

shock wave velocities calculated based on Eq. (A.1) and shown in Figure 56(d) are found to be 

less than 7% different from the velocities calculated by the numerical differentiation of the shock 

wave positions shown in Figure 36(c). The initial values of the shock wave velocity on the order 

of ~2000 ms-1 inferred based on Eq. (A.1) are in agreement with results of multiple 

experimental studies of laser-induced shock waves, e.g., Ref. 129. 

Figure 56(a) illustrates distributions of pressure along the axis of symmetry at times of 10 

ns and 70 ns, which correspond to the ends of the first and second pulses. At the irradiated 

surface, the pressure at the end of the second pulse is larger than at the end of the first pulse due 

to the thermal accumulation effect. The pressure 𝑝𝑆2,2 after the second shock at 𝑡 = 70 ns, 

however, is smaller than the pressure 𝑝𝑆1,2 after the first shock at 𝑡 = 10 ns. It occurs due to 

higher velocity of the shock wave 𝑆2. 
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Figure 56. Pressure distributions (a), pressures before, 𝑝𝑆𝑘,1 (triangles), and after, 𝑝𝑆𝑘,2 

(squares), the shock waves 𝑆𝑘 (𝑘 = 1,2) versus time (b), pressure ratio 𝑝𝑆𝑘,2/𝑝𝑆𝑘,1(squares) 

and Mach number 𝑀𝑆𝑘,1 (triangles) for the shock waves 𝑆𝑘 (𝑘 = 1,2) versus relative time 𝑡′ 
(c), as well as shock wave velocity 𝐷𝑆𝑘 (squares), sound speed 𝑐𝑆𝑘,1 (triangles) for the shock 

waves 𝑆𝑘 (𝑘 = 1,2), and gas velocity 𝑣𝑆2,1 (circles) before 𝑆2 versus relative time 𝑡′ (d). The 

simulations are performed for the 2-pulse burst at 𝜏𝑝𝑝 = 60 ns, 𝐹𝐿 = 2.5 Jcm-2, 𝜏𝐿 = 10 ns, 

𝐷𝐿 = 20 μm, and 𝑝𝑏 = 1 bar. In panel (a), the red solid and green dashed curves are obtained 

at 𝑡 = 10 ns and 70 ns, respectively. In panels (c)-(d), the red symbols with solid curves 

correspond to 𝑆1 and green symbols with dashed curves correspond to 𝑆2. In panels (c) and (d), 

the parameters are plotted as functions of the relative time 𝑡′ = 𝑡 − 𝑡𝑘, where 𝑡𝑘 is equal to 0 

for the first pulse pulse and 60 ns for the second pulse. The symbols in panels (b)-(d) 

correspond to the calculated values, while the curves are shown to guide the eye. 
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In Figure 56(b), the pressures before and after 𝑆1 and 𝑆2 are shown as functions of the 

time 𝑡 counted from the beginning of the first pulse. For fair comparison of conditions that affect 

the propagation of 𝑆1 and 𝑆2, it is necessary to compare the parameters at 𝑆1 and 𝑆2 at the same 

“relative” times counted from the beginnings of corresponding pulses and equal to 𝑡′ = 𝑡 for 𝑆1 

and 𝑡′ = 𝑡 − 𝑡2 for 𝑆2, where 𝑡2 = 60 ns is the time when the second pulse arrives. Then, at 𝑡′ <

30 ns, pressures before and after 𝑆2 are somewhat smaller than pressures before and after 𝑆1 at 

𝑡 < 30 ns (Figure 56(b)). The shock wave parameters are shown as functions of the relative time 

in Figure 56(c) and (d). In particular, 𝑝𝑆2,1 drops below the background gas pressure due to the 

formation of the low-density region near the surface at the beginning of the second pulse as it is 

discussed in section 4.2. This observation is in agreement with the results reported in Ref. 33. 

The reduced pressure before 𝑆2, however, cannot induce acceleration of this shock wave, since 

𝑝𝑆2,2/𝑝𝑆2,1remains smaller than 𝑝𝑆1,2/𝑝𝑆1,1 at 𝑡′ < 30 ns (Figure 56(c)). At 𝑡′ > 30 ns, 𝑝𝑆2,1 

increases above 1 bar and 𝑝𝑆2,2 decreases relatively slow, so that 𝑝𝑆2,2/𝑝𝑆2,1 practically coincides 

with 𝑝𝑆1,2/𝑝𝑆1,1. As a result, 𝑀𝑆2,1(𝑡 + 𝑡2) ≈ 𝑀𝑆1,1(𝑡) at 𝑡 > 30 ns. Based on these results, one 

can conclude that neither an increase in the vapor pressure at the surface during the second pulse 

due to the thermal accumulation effect nor a decrease in the pressure due to formation of the 

low-density region around the laser spot at the beginning of the second pulse can explain the 

merging of the shock waves at least under considered conditions.  

On the contrary, an increased sound speed and non-zero flow velocity in the plume 

created by the first pulse are the factors that determine the increased propagation speed of the 

second shock (Figure 56(d)). Due to increased temperature in the plume created by the first pulse 

compared to the background gas temperature, 𝑐𝑆2,1 > 𝑐𝑆1,1 despite larger molar mass of copper 

vapor compared to argon. Both 𝑐𝑆2,1 and 𝑣𝑆2,1 are especially large at 𝑡′ < 30 ns (60 ns < 𝑡 < 90 
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ns). During this relative time, 𝐷𝑆2 is in ~500 ms-1 larger than 𝐷𝑆1. At 𝑡′ > 30 ns, 𝑐𝑆2,1 is only 

marginally different from the sound speed in the undisturbed background gas, and an increase in 

the propagation speed of 𝑆2 compared to 𝑆1 is provided solely by 𝑣𝑆𝑘,1, which retains a 

practically constant magnitude of ~100 ms-1. 
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APPENDIX II 

ANALYSIS ON NEUTRAL PLUME ACCUMULATION 

In this APPENDIX, the results of one-dimensional (1D) and two-dimensional (2D) 

simulations of plume expansion induced by a 10-pulse burst when the effect of thermal 

accumulation is artificially eliminated are described. For this purpose, in the course of a 

simulation, the target temperature is set equal to 300 K and surface profile function 𝑋𝑤(𝑟, 𝑡) is 

set equal to zero at the beginning of each pulse in the burst. The simulation is performed for the 

peak fluence 𝐹𝐿 = 4.3 Jcm-2, pulse duration 𝜏𝐿 = 10 ns (𝐼𝐿,𝑚𝑎𝑥 = 6.1 × 10
12 Wm-2), smoothing 

time 𝜏𝑆 = 3 ns, peak-to-peak separation 𝜏𝑝𝑝 = 15 ns, and background gas pressure 𝑝𝑏 = 1 bar. 

In the 2D simulation, the laser spot diameter is equal to 200 µm. The intensity of laser radiation 

and surface temperature in the spot center under such irradiation conditions as functions of time 

are shown in Figure 57. Laser intensity 𝐼𝐿𝑤 (red solid curve) and surface temperature 𝑇𝑤 (green 

dashed curve) in the spot center versus time (a), as well distributions of pressure (b,d) and 

temperature (c,e) along the axis of symmetry at 𝑡 = 90 ns (b,c) and 𝑡 = 150 ns (d,e) obtained in 

a 1D simulation for 10-pulse burst with 𝜏𝑝𝑝 = 15 ns at 𝐹𝐿 = 4.3 Jcm-2, 𝜏𝐿 = 10 ns, and 𝑝𝑏 = 1 

bar. At the beginning of each pulse, the target temperature is set to 300 K and the surface profile 

function 𝑋𝑤(𝑡) is set to zero to exclude the thermal accumulation effect from consideration. The 

ionization and absorption of laser radiation are not accounted. The peak fluence considered here 

is larger than the fluence adopted for simulations in sections 4.2-4.4 and 5.1, since the goal is to 

observe shock wave merging during relatively short initial time of the plume expansion process.  
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Figure 57. Laser intensity 𝐼𝐿𝑤 (red solid curve) and surface temperature 𝑇𝑤 (green dashed 

curve) in the spot center versus time (a), as well distributions of pressure (b,d) and temperature 

(c,e) along the axis of symmetry at 𝑡 = 90 ns (b,c) and 𝑡 = 150 ns (d,e) obtained in a 1D 

simulation for 10-pulse burst with 𝜏𝑝𝑝 = 15 ns at 𝐹𝐿 = 4.3 Jcm-2, 𝜏𝐿 = 10 ns, and 𝑝𝑏 = 1 bar. 

At the beginning of each pulse, the target temperature is set to 300 K and the surface profile 

function 𝑋𝑤(𝑡) is set to zero to exclude the thermal accumulation effect from consideration. 

The ionization and absorption of laser radiation are not accounted. 



  

155 

At the same time, the ionization and absorption of laser radiation in the plume are not accounted 

for in the simulations considered in this section. The simulation results obtained under similar 

irradiation conditions with ionization and absorption are described in APPENDIX III. 

The distributions of pressure and temperature obtained at 𝑡 = 90 ns after 6 pulses and at 𝑡 

= 150 ns after 10 pulses in the 1D simulation are shown in Figure 50(b) and (c), respectively. 

The vertical arrows with “𝑆𝑘” (𝑘 = 1,… ,10) mark the positions of primary shock waves with 

local maxima of pressure and temperature behind the shock waves. The temperature distribution 

has an additional discontinuity at the contact surface 𝐶1 between the shock waves 𝑆1−2 and 𝑆3 in 

Figure 50(e). The formation of such a contact surface with relatively large temperature jump 

after the merging of shock waves 𝑆1 and 𝑆2 is characteristic for 1D plumes induced by bursts of 

pulses [101]. 

The distributions of pressure and temperature along the axis of symmetry obtained in the 

2D simulation at 𝐷𝐿 = 200 µm are shown in Figure 58. As one can see, there is no qualitative 

differences between the distributions of pressure and temperature obtained in the 1D and 2D 

simulations. The merging of shock waves 𝑆1 and 𝑆2 is observed in both cases. Quantitatively, in 

the 2D case, the intensity, i.e., pressure ratio, and propagation speed of the shock waves decrease 

faster and the merged shock wave 𝑆1−2 appears earlier than in the 1D case. 

Both the 1D and 2D simulations confirm that the process of shock wave merging in the 

plume induced by a multi-pulse burst takes place even under conditions when the thermal 

accumulation effect does not affect the computational results. These simulations, as well as the 

analysis of the factors affecting the shock wave speed in the APPENDIX I, also suggest that the 

difference between the propagation speeds of individual shock waves decreases with decreasing 

intensity of the shock waves and, correspondingly, peak fluence per pulse. It occurs since the 
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Figure 58. Distributions of pressure (a,c) and temperature (b,d) along the axis of symmetry at 

𝑡 = 90 ns (a,b) and 𝑡 = 110 ns (c,d) obtained in the 2D simulation for 10-pulse burst with 

𝜏𝑝𝑝 = 15 ns at 𝐹𝐿 = 4.3 Jcm-2, 𝜏𝐿 = 10 ns, 𝐷𝐿 = 200 µm, and 𝑝𝑏 = 1 bar. At the beginning 

of each pulse, target temperature equal is set to 300 K and surface profile function 𝑋𝑤(𝑟, 𝑡) is 

set to zero to exclude the thermal accumulation effect from consideration. The ionization and 

absorption of laser radiation are not accounted for. 

velocity of flow induced behind a low-intensity shock propagating in a quiescent gas is also 

small. As it is shown in the APPENDIX I, the flow velocity between the first and second primary 

shock waves is one of the major factors that determine accelerated motion of the second shock 

compared to the first one in the laboratory frame of reference. 
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APPENDIX III 

ANALYSIS ON PLASMA PLUME ACCUMULATION 

In this APPENDIX, the results of additional simulations for a long, 37-pulse burst under 

conditions when the thermal accumulation effect is excluded from consideration are described. 

For this purpose, the approach adopted in APPENDIX II is used: In the course of a simulation, 

the target temperature is reset to 300 K and surface profile function 𝑋𝑤(𝑟, 𝑡) is reset to zero at 

the beginning of each pulse in the burst. Contrary to the results described in APPENDIX II, the 

simulations described in the present section are obtained taking into account ionization and 

absorption of laser radiation in the plume. 

The results shown in Figure 59 are obtained at the peak fluence 𝐹𝐿 = 4.3 Jcm-2, pulse 

duration 𝜏𝐿 = 10 ns (𝐼𝐿,𝑚𝑎𝑥 = 6.1 × 1012 Wm-2), smoothing time 𝜏𝑆 = 3 ns, peak-to-peak 

separation 𝜏𝑝𝑝 = 15 ns, background gas pressure 𝑝𝑏 = 1 bar, and the laser spot diameter 𝐷𝐿 = 

200 µm. These irradiation conditions are identical to those considered in APPENDIX II. As one 

can see, the results shown in Figure 59 are qualitatively similar to the results shown in Figure 41, 

which are obtained for smaller peak fluence, but with the thermal accumulation effect. The major 

qualitative difference between the curves for 𝐹𝐿𝑤/𝐹𝐿∞ shown in Figure 41(b) and Figure 59(b) is 

the absence of the transparency stage under conditions illustrated in Figure 59. At the same time, 

in simulations performed without thermal accumulation, 𝐹𝐿𝑤/𝐹𝐿∞ initially only relatively slow 

decreases with increasing number of pulses. It allows one to identify the incubation and shielding 

stages based on results shown in Figure 59 using the same approach, which was used for analysis 

of results shown in Figure 41. In Figure 59, the incubation stage lasts during 9 pulses and ends at 
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~130 ns. The gradual increase in the degree of plasma shielding during the incubation stage 

occurs due to accumulation of plumes induced by preceding pulses in the vicinity of the laser 

spot. These results allow one to conclude that, if the irradiation condition in the single pulse is 

below the breakdown threshold, the plasma shielding during irradiation of the target with a long 

burst of pulses occurs to do the plume accumulation effect. Under conditions of simulation 

considered in section 5.1, the thermal accumulation effect results in the gradual increase of the 

surface temperature during the transparency stage. 

In order to further prove that the strong increase in the degree of the plasma shielding is 

solely explained by the plume accumulation effect and cannot be attributed to thermal 

accumulation, the additional simulations under the same irradiation as in Figure 41-Figure 43, 

but with an intentionally artificial thermal state of the target are performed. The computational 

results shown in Figure 42 indicate that the plasma region initially appears in the central part of 

the plume, where the gas parameters, first of all, vapor density and temperature, are strongly 

affected by the plume accumulation effect. At the beginning of the 19-th pulse that corresponds 

to the onset of the shielding stage, the surface temperature is equal to 5850 K before the 

beginning of the 19-th pulse and then decreases for subsequent pulses. Therefore, an additional 

simulation is carried out with the initial surface temperature equal to 5850 K, i.e., the maximum 

surface temperature before 19-th pulse in the 2D simulation illustrated in Figure 41. 
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Figure 59. Laser intensity incident to the irradiated target 𝐼𝐿𝑤 (red curve) and surface 

temperature (green curve) at the spot center 𝑇𝑤 (a), as well as ratios of the burst peak fluence 

𝐹𝐿𝑤 and energy 𝐸𝐿𝑤 incident to the irradiated target to the incoming peak fluence 𝐹𝐿∞ and 

energy 𝐸𝐿∞ (b) versus time obtained for a 35-pulse burst with 𝜏𝑝𝑝 = 15 ns at 𝐹𝐿 = 4.3 Jcm-2, 

𝜏𝐿 = 10 ns, 𝐷𝐿 = 200 μm, and 𝑝𝑏 = 1 bar. In panel (b), the horizontal dashed-double-dotted 

line marks the level of 𝐹𝐿𝑤/𝐹𝐿∞  = 0.98 adopted as the nominal threshold for the onset of the 

shielding stage. The vertical dashed-dotted lines mark boundaries of the incubation and 

shielding stages. At the beginning of each pulse, the target temperature equal is set to 300 K 

and the surface profile function 𝑋𝑤(𝑟, 𝑡) is set to zero to exclude the thermal accumulation 

effect from consideration. 

In this simulation (dashed-dotted curve 3 in Figure 60), only a slow increase in the degree 

of plasma shielding is observed. This increase corresponds to the incubation stage in real 

simulations with the 35-pulse burst. The difference between curves 2 and 3 in Figure 60 appears, 

since the presence of the plume created by preceding laser pulses is not taken into account in the 

simulation corresponding to curve 3. These results confirm that the observed transition from 

weak to strong shielding at a threshold number of pulses 𝑁𝑡ℎ is a result of the plume 

accumulation induced by preceding pulses in the burst.  
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Figure 60. Laser intensity 𝐼𝐿∞ (red solid curve 1) and intensity incident to the target surface 

𝐼𝐿𝑤 (green dashed curve 2 and blue dashed-dotted curve 3) at the center of the laser spot versus 

time obtained in 2D simulations at 𝐹𝐿 = 2.5 Jcm-2, 𝜏𝐿 = 10 ns, 𝜏𝑝𝑝 = 15 ns, 𝐷𝐿 = 200 μm, 

and 𝑝𝑏 = 1 bar. Curve 2 corresponds to a part of red curve in Figure 41(a) during irradiation 

with a 35-pulse burst. Curve 3 is obtained assuming that at 𝑡 = 270 ns the target surface has a 

uniform temperature of 5850 K, i.e., it is equal to the surface temperature at a beginning of 19-

th pulse in the simulation corresponding to curve 2, and the space above the target is filled 

with the background gas at a pressure of 1 bar and a temperature of 300 K. The difference 

between curves 2 and 3, thus, appears due to different ambient conditions above the target. 



  

161 

APPENDIX IV 

BLAST WAVE AND DRAG MODELS 

Blast wave [124] and drag [126] models are two popular models that are often used to 

explain the experimentally observed dynamics of laser-induced plumes, e.g., Refs. 

6,10,24,29,130-132. The goal of this section is to quantify the ability of these models to fit 

simulation results. For this purpose, four simulations cases, when the plume is induced by a 

single pulse at various pulse parameters, spot size, and background gas pressure, are compared 

with each other. The simulations conditions for these four cases 1-4 are listed in the caption of 

Table 2 and Table 3. 

Table 2. Best-fit parameters of the blast wave model 𝑥𝑠 = 𝐿(𝑡/𝑡0)
0.4 and its generalizations 

𝑥𝑠 = 𝐿(𝑡/𝑡0)
𝛽 and 𝑥𝑠 = 𝐿(𝑡/𝑡0)

0.4 − 𝐿0 that define the position of the shock wave induced by a 

single laser pulse in four cases: 1, 𝐹𝐿 = 2.5 Jcm-2, 𝜏𝐿 = 10 ns, 𝐷𝐿 = 20 µm, and 𝑝𝑏 = 1 bar; 2, 

𝐹𝐿 = 7.5 Jcm-2, 𝜏𝐿 = 24 ns, 𝐷𝐿 = 20 µm, and 𝑝𝑏 = 1 bar; 3, 𝐹𝐿 = 2.5 Jcm-2, 𝜏𝐿 = 10 ns, 𝐷𝐿 =
200 µm, and 𝑝𝑏 = 1 bar; and 4, 𝐹𝐿 = 2.5 Jcm-2, 𝜏𝐿 = 10 ns, 𝐷𝐿 = 20 µm, and 𝑝𝑏 = 0.01 bar. 

The model parameters are obtained by the least-square fitting of the calculated values shown by 

symbols in Figure 61(a) for 𝑡 > 50 ns. RMSD is the root-mean-square deviation of the fitting 

curves from the data points at 𝑡 > 50 ns. 𝑡0 = 50 ns. 

Case 𝑥𝑠 = 𝐿(𝑡/𝑡0)
0.4 𝑥𝑠 = 𝐿(𝑡/𝑡0)

𝛽 𝑥𝑠 = 𝐿(𝑡/𝑡0)
0.4 − 𝐿0 

𝐿, µm RMSD, 

µm 

𝐿, µm 𝛽 RMSD, 

µm 

𝐿, µm 𝐿0, µm RMSD, 

µm 

1 77 14 54 0.61 0.4 110 63 2.4 

2 122 19 91 0.58 2.6 168 87 1.1 

3 141 21 106 0.57 3.5 193 98 0.7 

4 247 19 201 0.74 0.23 449 257 1.1 
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Table 3. Best-fit parameters of the drag model 𝑥𝑝 = 𝑅[1 − exp (−𝑡/𝜏) ] that defines the 

position of the external plume boundary at the axis of symmetry for four cases described in the 

caption of Table 2. The model parameters are obtained by the least-square fitting of the 

calculated values shown by symbols in Figure 61(b). For case 1, two sets of the best-fit 

parameters are found for different time intervals. RMSD is the root-mean-square deviation of the 

fitting curves from the data points. 

Case 𝑥𝑝 = 𝑅[1 − exp(−𝑡/𝜏)] 

𝑅, µm 𝜏, ns RMSD, µm 

1, 𝑡 < 180 ns 59 43 1.5 

1, 𝑡 > 180 ns 86 163 1.3 

2 184 113 3.4 

3 198 135 2.3 

4 1643 551 4.7 

 

In agreement with the blast wave-solution of a point explosion problem, [124] a shock 

wave generated by a point exposition propagates in a homogeneous ideal gas according to the 

equation 𝑥𝑠 = 𝐶𝑡𝛽, where 𝐶 is a constant that is defined by the energy transferred to the gas by 

the exposition and gas properties, 𝛽 = 2/(𝑑 + 2), and 𝑑 = 0,1, and 2 for the planar, cylindrical, 

and spherical shock wave, correspondingly. In application to laser-induced plumes, the shock 

wave is usually considered as close to spherical so that 𝛽 is assumed to be equal to 2/5, and 𝐶 is 

considered as a fitting parameter, since the amount of energy transferred to the plume is 

unknown. The semi-empirical drag model is introduced to describe the process of deceleration of 

the plume of the ablation product due collisions between the particles in the plume and 

background gas. [126] Assuming a linear relationship between acceleration of the plume and its 

velocity, it reduces to an equation 𝑥𝑝 = 𝑅[1 − exp(−𝑡/𝜏)], where the stopping distance 𝑅 and 

relaxation time of the plume velocity 𝜏 are considered as fitting parameters. The both models are 
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often used to fit the positions of advancing boundary of luminous region of the plume. Such an 

approach is justified when the plume boundary closely follows the shock wave. With increasing 

time, when the plume gradually stops, the shock wave goes far ahead of the plume and its 

position should not be fitted by the drag model. At the same time, there are severe restrictions of 

the applicability of the blast wave model to approximate the advancing of the actual shock wave. 

The blast wave model cannot be used during an initial time, since in this case the shock wave 

front is far different from the hemisphere. It cannot also be used for later stages of expansion as 

well, when the kinetic energy stored in the flow becomes too small, and if the background gas is 

too rarefied. As a result, the blast wave model is expected to describe the position of the shock 

wave during some intermediate time, when the flow energy is sufficiently large, the shock wave 

front is close to a hemisphere, and the background gas pressure is relatively high. A quantitative 

discussion of corresponding conditions that justify the applicability of the blast wave model can 

be found, e.g., in Ref. 29. 

Both the blast wave and drag models are used to fit the computational results for the 

position 𝑥𝑠 of the primary shock wave and the position 𝑥𝑝 of the external plume boundary at the 

axis of symmetry. The value of 𝑥𝑝 is defined as the coordinate of a point, where the molar 

fraction of vapor is equal to 1%. The values of 𝑥𝑠 and 𝑥𝑝 extracted from simulations are shown 

by symbols in Figure 61. To reduce the discrepancy between the blast wave model and 

simulation points, this model and its generalizations considered below are fitted to data points 

obtained at 𝑡 > 50 ns, excluding from the consideration the time, when the shock wave is 

essentially non-spherical.  
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Figure 61. Positions of the shock wave 𝑥𝑠 (a) and external plume boundary 𝑥𝑝 (b) at the axis 

of symmetry obtained in simulations with a single laser pulse in four cases 1 (red squares), 2 

(green triangles), 3 (blue gradients), and 4 (magenta circles). The simulation parameters for 

every case are given in the caption of Table 2. In panel (a), the curves are obtained with the 

blast wave model 𝑥𝑠 = 𝐿(𝑡/𝑡0 )
0.4 (dashed curve, shown for case 1 only) and its 

generalizations in the forms 𝑥𝑠 = 𝐿(𝑡/𝑡0)
𝛽 (dashed-dotted curves) and 𝑥𝑠 = 𝐿(𝑡/𝑡0)

0.4 − 𝐿0 

(solid curves). The best-fit parameters for all curves are given in Table 2. In panel (b), the 

curves are obtained with the drag model, where the best-fit parameters are given in Table 3. 

For case 1, the red dashed curve approximates the simulation data for 𝑥𝑝 at 𝑡 < 180 ns, while 

the red solid curve approximates the simulation data at 𝑡 > 180 ns. 

Under all conditions considered in Table 2, the propagation of the primary shock 𝑆1 

cannot be accurately fitted with the blast wave model in the form 𝑥𝑠 = 𝐿(𝑡/𝑡0)
2/5, where 𝑡0 

equal to 50 ns is introduced to provide the fitting parameter 𝐿 in micrometers. The example of 

such a fit for x1 pulse in shown in Figure 61(a) by the dashed curve for simulation case 1. The 

best-fit values of parameter 𝐿 and corresponding root-means square deviations for all four 

simulation cases are given in Table 2. The failure of the blast wave model to fit the results of 

simulations is related to the essentially 2D structure of the plume flow, as it is discussed in 

section 4.1, and relatively small energy pumped into the plume at the considered peak fluence. 
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It was shown [29] that the experimental data point can be fitted by the equation 𝑥𝑠 =

𝐿(𝑡/𝑡0 )
𝛽, where the exponent 𝛽 is considered as an additional fitting parameter, which can be 

both larger and smaller than 2/5. The fits obtained based on this model are shown by the dashed-

dotted curves in Figure 61(a) and the best-fit values of 𝐿 and 𝛽 are given in Table 2. As one can 

see, the simulations results can be fitted by this model at 𝛽~0.6, which roughly corresponds to a 

plane wave. This finding is in qualitative agreement with the experimental results reported in 

Ref. [29]. With decreasing background gas pressure (case 4) value of 𝛽 further increases in 

agreement with expectation that it must approach 1 for free expansion into vacuum. 

An alternative way to improving the accuracy of the blast wave model can be based on 

the observation, that the shock wave front, e.g., in Figure 61, is close to a spherical one, but the 

center of that sphere is not located at the surface. Then, a generalized fitting equation for the 

shock wave position can be introduced in the form of the equation 𝑥𝑠 = 𝐿(𝑡/𝑡0)
0.4 − 𝐿0, which 

contains two fitting parameters 𝐿 and 𝐿0. The fits obtained based on this model are shown by the 

solid curves in Figure 61(a) and the best-fit values of 𝐿 and 𝐿0 are given in Table 2. This 

empirical generalization of the blast wave model provides almost the same accuracy as the model 

𝑥𝑠 = 𝐿(𝑡/𝑡0 )
𝛽. The simulation results, which are obtained for rather short initial time of the 

expansion process, do not allow us to further discriminate between these two models and chose 

the best one. 

In all simulation cases, the position of the external plume boundary can be accurately 

fitted with the drag model. The corresponding fitting curves are shown in Figure 61(b) and the 

best-fit parameters for these curves are listed in Table 3. There is a peculiarity, however, in the 

fitting the simulation results for case 1: The advancing plume boundary during the early 

expansion stage at 𝑡 < 180 ns and during further expansion at 𝑡 > 180 ns can be fitted with two 
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different sets of fitting parameters of the drag model, which correspond to the solid and dashed 

red curves in Figure 61(b). The analysis of the computational results suggests that the additional 

plume acceleration that corresponds to the transition from the dashed curve to the solid one 

occurs due to suction of the background gas along the surface towards the axis of symmetry, 

which is seen in Figure 61 and is discussed in section 4.1. As a result, the pressure near the laser 

spot rapidly restores at 𝑡~180 ns and provides the additional force that accelerates the plume. 
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