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ABSTRACT 

 The goal of the current work is to perform numerical modeling and identify important 

phenomena associated with vapor plume and jet flows induced by irradiation of metal targets 

with short pulse or continuous wave (CW) lasers, discover and explain the mechanisms 

responsible for vaporized material motion in applications of lasers for material processing and 

analysis such as deep laser drilling, laser-induced breakdown spectroscopy (LIBS), and selective 

laser melting (SLM) of metallic powders. The simulations of laser-induced vapor expansion into 

a background gas are performed with a combined computational model, including the thermal 

model of irradiated targeted and a kinetic model of multi-component gas flows. The latter is 

implemented for simulations in the form of the Direct Simulation Monte Carlo method. Based on 

this model, two major problems are considered. 

In the first problem, vapor plume expansion under conditions of spatial confinement 

when the plume, which is induced by irradiation of a copper target by a short-pulse laser, 

propagates inside a cavity or trench, is considered. The simulations identify two major effects, 

the focusing effect, appearing due to transient motion of shock waves inside the cavity, and the 

confinement effect, induced due to overall deceleration of the plume with increasing background 

gas pressure, as two major mechanisms affecting removal of vaporized material out of the cavity 

and formation of high-density and high-temperature regions in the plume core. Due to the trade-

off between these effects, an optimum background gas pressure exists, when the efficiency of the 

vapor removal from the cavity is maximized. At later stages of plume expansion, the simulations 

also reveal a suction effect, when the vapor flow at the cavity throat can be temporarily directed 
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into the cavity, inducing a decrease of the overall efficiency of vapor removal. The balance 

between the focusing and confinement effects is studied in a range of the background gas 

pressure, for various background gas species, and various geometrical parameters of the cavity 

and laser beam. It is also shown that application of double laser pulses with short inter-pulse 

separation can be beneficial for both laser drilling and LIBS.  

In the second problem, a vapor jet induced by irradiation of a stainless steel target by a 

CW laser is simulated under conditions specific for SLM of metallic powders. The generated 

vapor jet is then used to predict motion of powder particles that can be efficiently entrapped into 

the ambient gas flow induced by the vapor jet. It is shown that powder particles in a broad range 

of their diameters can be efficiently entrained into the gas flow and, thus, removed from the 

irradiated surface. These results are in agreement with experimental observations of the surface 

denudation effect in SLM. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background and Motivation 

Laser-based technologies have become widespread in a variety of industrial applications 

and daily use. From everyday objects such as range finders and barcode scanners to surgical 

applications in the medical field, or industrial processing, the application of laser technology has 

a large impact on today’s society [1].  

A laser is a device that emits a beam of light by using an optical amplification process. 

Different types of lasers are capable of producing different wavelengths and powers, and as such, 

each type has unique uses [2]. Laser light differs from “ordinary” light in that it is highly 

directional, coherent, and monochromatic, while “ordinary” light is diffusive, incoherent and 

consists of multiple wavelengths. These attributes allow lasers to be focused into a sharp spot. 

Lasers can operate in several different times modes, including continuous wave (CW), short 

pulsed, and ultrashort pulsed modes. CW lasers operate with a stable average beam power, while 

short pulse lasers utilize a gain medium that stores a maximum energy and releases it under 

optimal conditions for pulses on the order of nanoseconds. Ultrashort laser pulses are similar to 

short pulsed lasers, however, they employ an optics technique called “mode-locking” where 

constructive interference between fixed-phased modes allows for generation of pulses of 

duration on the order of pico- or femtoseconds.
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In industrial applications, lasers can be used for laser machining, including cutting, 

drilling, or patterning various materials [3]. Laser micromachining works by focusing a laser 

beam to process a target surface. When the laser beam hits the target surface, some of the energy 

is absorbed into the target material, which heats, melts, and vaporizes the surface so that material 

is removed.  The process of laser-induced material removal in the form of vapor or vapor-droplet 

mixture is referred to as laser ablation [4]. The removed materials, or ablation products, are 

ejected from the surface of the material as a vapor or vapor-droplet mixture, which expands from 

the irradiates spot and mixes with a background gas.  In a case of a pulsed laser, the expanding 

flow of the ablation products and the background gas is usually referred to as a laser-induced 

plume.  The expanding laser-induced plumes share multiple common features with the explosion 

plumes. In the case of a CW laser, the vaporized material flow resembles a supersonic jet. The 

different processes form different vapor-based phenomena [5-9]. 

The technology of laser machining is adaptable to a wide range of materials, from 

ceramics to metals [10], and allows for the processing of complex geometries traditional methods 

lack the capabilities to perform. Laser machining provides several benefits over classical 

machining, including micro-scale features with high accuracy, contactless machining where tool 

wear is not a factor, and application over a wide range of materials.  Processes in both large- and 

small-scale machining, such as cutting sheet metal, or drilling holes in microchips can be 

performed at faster rates without the need for additional tooling. Laser machining can be used, 

e.g., to produce holes in semiconductor wafers and fuel injectors [10], patterning on thin films 

for Organic Light Emitting Diodes (OLEDs), help manufacture photovoltaic cells for solar 

systems, and create 3D parts of high quality and density that cannot be made by traditional 
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methods. A typical laser setup consists of an optical assembly housed in a processing chamber or 

on a table, where it will process materials at high temperatures often producing a plume (Fig. 

1.1.1). 

 

 

 

 
Figure 1.1.1. Experimental setup (1: rotary stage for orienting the laser, 2: stacked linear 

stages—X, Y and Z, 3: spindle assembly, 4: fiber optic cable, 5: collimator and micrometer 

assembly) (a) [11]. Laser operating in piercing mode (b) [12]. Plume expansion in an 

experimental setup (c) [13]. 

 

Laser ablation is a complex process that requires precise control over multiple process 

parameters [14], including laser parameters such as laser power, beam width, wavelength, pulse 

duration, pulse shape and pulse frequency, which all dictate how much energy is delivered to the 

target surface. Energy that reaches the surface is dependent on optical properties of the material, 

such as reflectivity and linear absorption coefficient, which determine the total amount of energy 

absorbed by the target and the distribution of the absorbed energy in the target volume, while 

thermodynamic properties of the target material such as specific heat, thermal conductivity, and 

the latent heat of melting and evaporation dictate the rates of energy transformation inside the 

(a) (b) 

(c) 
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target and finally determine the ablation rate. Specifically, in laser drilling this process is used to 

achieve high geometrical precision at microscale, e.g., drill micro holes, which is difficult to do 

using traditional manufacturing methods. Besides laser machining, laser ablation can be used for 

analysis of composition of complex materials, .e.g., using Laser Induced Breakdown 

Spectroscopy (LIBS). 

In addition to material removal techniques, lasers can be used to perform certain types of 

additive manufacturing [15,16]. Additive manufacturing is a form of rapid-prototyping, often 

referred to as three-dimensional (3D) printing, where a 3D computer model is used to create a 

tangible part by joining materials together layer by layer. Additive manufacturing has become 

increasingly popular due to its ability to create unique, complex parts at a fast rate. One type of 

additive manufacturing that employs the use of laser is Selective Laser Melting (SLM) [17]. In 

particular, SLM of powders in powder bed fusion additive manufacturing [18], hereinafter 

referred as to as simply SLM, is a technique where layers of powder material are heated, melted, 

and fused together by a laser to form a 3D part. Advantages of this manufacturing technique 

include nested parts, where individual pieces may interlock, various surface finishes, and high 

strength and stiffness [19].  

While the processes of laser machining and laser based additive manufacturing have 

many benefits, they are also technically complex and revolve around many different physical 

processes. In order to improve laser-based technologies of material processing, optimize their 

parameters, increase the throughput, and expand the range of applications of these technologies 

computational modeling is necessary. The physical processes involved in laser-material 

interaction are usually characterized by small length (from micrometers and above) and time 

(from femto- to milliseconds) scales and extreme conditions of high temperature and pressure. 
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Under such conditions, traditional experimental methods often fail to obtain detailed pictures of 

transient laser-induced phenomena, while computational methods can provide valuable insights 

into the physical mechanisms of laser material processing. 

The current work focuses on computational modeling and developing a detailed 

understanding of laser-induced gas flows in two major areas of interest, including unsteady 

plume dynamics in laser ablation of metal targets by short pulsed lasers under conditions of 

spatial confinement, and quasi-stationary vapor jets in SLM of metal powders induced by CW 

lasers. As it is discussed in Sections 1.2 and 1.3, the obtained results can help to understand the 

role played by laser-induced plumes and jets in such laser applications as deep drilling and 

micromachining, LIBS, and powder bed fusion additive manufacturing.  

1.2 Pulsed Laser Ablation and Laser-induced Plume Expansion Under Conditions of 

Spatial Confinement 

Early during the expansion process, it is typical for vapor to expand in a quasi-spherical 

[20] shape as is illustrated in Fig. 1.2.1. During later stages of expansion, the shape of the 

expanding plume can change depending on process conditions. This consideration introduces 

additional variables into the process, as the plume will expand differently with changes in the 

background gas species or pressure [5-9]. The vapor plume is the cloud of ablated products 

ejected from the target material (Fig. 1.2.1). Due to extreme conditions created by laser heating 

on the surface, the pressures, temperatures, and velocities of the expanding plume are often so 

high the expansion process is usually considered only in the range of nanoseconds to 

microseconds. The expanding plume is comprised of a mixture of the species, where parts of it 

may be purely background gas or target vapor. One of the most important phenomena regarding 

the vapor plume is its expansion into a vacuum or background, where conditions dramatically 
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change between the two regimes. During expansion into a vacuum, the vapor density drops 

quickly, and aside from a short initial stage, occurs in the free molecular flow regime where 

individual atoms move without collisions [8, 21, 22]. 

 

 

Figure 1.2.1.  Temporal evolution of the ablation plume for atoms in the ground states using a 

Gd oxide sample under an 800 Pa helium background gas and ablation energy of 0.5 mJ 

(fluence: 1.5 J/cm2) with a pulse duration of 8 ns and spot size of 10 mm [23].  

 

Laser machining can be performed in background pressures from vacuum conditions to 

atmospheric and beyond. The increase in background gas pressure results in slower expansion of 

the ablation plume. A detailed discussion of the phenomena regarding plume dynamics is 

discussed later in this section. To drill a hole, the laser ablation process is repeated with multiple 

pulses, where depending on the type of laser used, repetition rates for pulses can vary from 500 

Hz to 120 kHz and in-between [24]. When inter-pulse separation is on the order of pulse 

duration, the process is referred to as the burst regime. Laser processing in the burst regime is a 

complex, but necessary process to fulfill the needs of technical applications [25]. Laser 

processing in the multi-pulse regime is a popular topic, as the interaction of the mechanisms that 

drive this process are still under investigation [26].  At this point in the process, the beam also 

needs to penetrate the expanding plume to reach the target, and in some cases, the plume can 
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absorb significant amounts of energy, ionizing the plume and reducing incident radiation on the 

material surface. The reduction of energy to the surface by an ionized plume is known as the 

plasma shielding effect, which reduces overall process efficiency. Additionally, when multiple 

pulses are applied, it is important they are spaced properly to avoid heating the material past its 

critical temperature. Finally, after many pulses, the geometry of the cavity becomes a factor as 

well. The vapor can no longer expand freely into open space but must interact with the walls of 

the newly drilled hole. Here, the issue of ablation products depositing on the walls can affect the 

drilling process and final geometry [24, 27-31]. This effect is even more prominent in cases 

where the aspect ratio and pressure are both large, as the time it takes for the plume to expand 

out of the geometry increases. Deposition related problems associated with cavity drilling 

include the efficiency of material removal, final cavity geometry and increased surface 

roughness. Laser ablation is commonly used in applications where problems associated with 

vapor plume expansion alter the process outcome. 

One common application is cavity drilling, where a pulsed laser irradiates the target to 

remove material. Specifically, nanosecond pulsed lasers are used for precise drilling and 

patterning of deep holes or cavities and are formed in the multi-pulse regime, where subsequent 

pulses are used to induce ablation of the target material [3, 24, 29-31]. Drilling of deep holes 

becomes complex, as multiple mechanisms exists that prevent material removal and ultimately 

result in misshapen cavities (Fig. 1.2.2.). 
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Figure 1.2.2. Drill hole evolution for nanosecond pulses induced by a Coherent AVIA 532-38 

laser system. Wavelength 𝜆 = 532 nm, pulse duration 𝜏 = 60 ns, pulse frequency 𝑓 = 120 

kHz, pulse energy 𝐸𝑝 = 280 μJ, spot radius 𝑓 = 20 μm and peak fluence 𝐹 = 45 J/cm2 [24]. 

Here, N represents the number of pulses. 

 

At early stages in the process (10-50 pulses) only a small burr and molten zone are formed at the 

cavity throat, where material is still being deposited outside the cavity. After 100 pulses 

however, the shape of the cavity begins to change, where a tapering of the drill hole is observed 

at the throat. The misshapen drill hole results in decreased material removal for subsequent 

pulses and material is then redeposited inside the cavity, resulting in poor geometrical precision. 

Current efforts in the microelectronic industry require laser machining of deep cavities and 

trenches, where dimensions are only tens of micrometers and have high geometrical precision. 

Additional applications of high-aspect ratio cavities include processing of cooling holes in 

aerospace turbine blades or engine and fuel injector nozzles in the automotive industry. The 

efficiency of drilling in high-aspect ratio cavities decreases quickly with increasing hole depth. 

As the aspect ratio increases the two major mechanisms of material removal, the flow of the 

directly vaporized target material and the expulsion of the molten material, become less efficient 

[30,31]. One cause of the drop in efficiency is due to the deposition of ablated vapor back onto 

the cavity walls. As more material deposits and builds up on cavity walls, the effective depth per 

pulse and geometrical accuracy both decrease as well. The study of plume dynamics to address 
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this efficiency issue is not only relevant in drilling scenarios, but can also shed light on defect 

related issues or optimization techniques in other technologies that utilize laser ablation. 

Laser induced breakdown spectroscopy (LIBS) is another important application where 

plume characteristics play a role in the success of the process [32,33]. Here, laser ablation is used 

to identify the element composition of an unknown substrate by sampling the vapor plume. In 

this process, a small amount of material is ablated, but at incredibly high temperatures, so that 

the resulting material becomes a plasma. LIBS can be used to find the relative abundance of each 

element present in a material or to identify impurities in a sample. Due to the small amount of 

material needed for an accurate sample, this is an advantageous technology as it is not only non-

destructive, but can be used for rapid identification of materials in industrial monitoring settings 

(Fig. 1.2.3.). In the case of laser drilling or LIBS, the goal is to remove the maximum amount of 

material as a vapor via the vapor plume, i.e. the cloud of ablation products produced by the 

process, where it can expand into a vacuum or a pressurized gas [27]. The process is only 

successful when the vapor plume is sampled at a high density, hot region. Conditions of spatial 

confinement have been used in LIBS studies to alter the plume characteristics for a more 

favorable sample region [34]. 

The important factors and problems presented in multiple laser ablation processes are all 

dependent on plume dynamics. For example, the variation of the background gas properties can 

provide a positive feedback to the rate of material removal and the accuracy of laser machining, 

as well as mitigate pollution of the processing targets by protecting them from ablation debris.  

In LIBS, the goal of optimization is to achieve the maximum density of ablation products and 

temperature in the plume core, since they directly affect the intensity of the LIBS signal and 

ability to use this technique for registering species underrepresented in the irradiated target.   
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Figure 1.2.3. Sketch of LIBS process, where high-temperature plasma plume is sampled from 

an unknown substrate to produce an element breakdown of the material [35]. 

 

The propagation of laser-induced plumes under conditions of spatial confinement, i.e. 

inside channels and cylindrical or hemispherical cavities, is known to enhance the intensity of 

the LIBS signal and selectivity of this analytical technique [34-38].  The plume temperature and, 

correspondingly, intensity of the LIBS signal are also strongly affected by the nature of the 

background gas, where heavier gases producing more intense signals [39-41]. Through a detailed 

study and characterization of the flow in laser processing, the mechanisms that affect these 

processes can be both identified and optimized. In order to identify mechanisms responsible for 

controlling the plume flow in laser ablation applications, the gas flow phenomena need to be 

investigated. The gas flow phenomena that occur in various applications are an integral part of 

understanding the process as a whole, how to optimize it, and mitigate the defects.  

The expansion of plumes under conditions of spatial confinement strongly depends on the 

background gas pressure. In the case of plume expansion in a cavity, under vacuum conditions 

the vapor plume exits the cavity in a jet-like conical flow, while under pressurized conditions, 

the plume exhibits a mushroom cloud like structure. In cases where background gas pressure is 

high, the speeds of the expanding plume observed have been fast enough to produce shock 
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waves. Shock waves are discontinuities in a narrow region of a medium, usually characterized by 

a sharp change in pressure, temperature or density. The interaction of vapor and background gas 

in the high-pressure scenario results in a primary, blast shock wave, that propagates in front of 

the vapor plume [42], and a secondary internal shock wave that that moves through the plume 

[43]. In the case of plume dynamics, transient shock waves move and expand as the hot, gaseous 

plume expands into the ambient background gas. Shock waves are capable of interaction with 

other shock waves as well as with surfaces. The Rayleigh-Taylor instability induces formation of 

the vortex ring composed of low-density gas at the periphery of the vapor plume.  This rising 

vortex produces the mushroom-shaped cloud behind the primary shock wave [44,45], which is 

characteristic of near-surface atmospheric explosions.  

Gradual decrease of pressure in the plume during the course of its expansion into a 

background gas results in the plume stopping at some distance from the target, so that the whole 

process of plume expansion can be nominally divided into two major stages. During the first 

inertial stage, the ablation products expand with large bulk flow velocity which develops because 

of a large pressure difference between the initial vapor “bubble” and the background gas [43].  

By the end of inertial expansion, bulk velocity of the vapor plume drops almost to zero, while the 

primary shock wave propagates far ahead of the plume.  During the following diffusive stage, the 

“cloud” of ablation products slowly expands by diffusion into the background gas at small bulk 

flow velocity.  The distance between the target and top boundary of the plume at the end of the 

inertial stage is known as the stopping distance [43].  In general, while spatial confinement and 

background gas pressure have been shown to benefit applications of laser ablation in 

experimental studies [34,36,46], the physics responsible for these benefits remain unknown. 

Some current numerical studies remain focused on identifying trends in plume expansion 
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[47,48], however the methods used, e.g. hydrodynamic methods [7], do not capture all of the 

mechanisms involved and are somewhat limited by a partial one-dimensional approach. An 

understanding of the mechanisms involved allows for optimization of the benefits seen in 

previous studies by fully controlling plume dynamics. In addition to drilling and LIBS 

applications, this plume dynamic study can benefit other processes as well where a laser causes 

vapor induced fluid motion. 

1.3 Selective Laser Melting and Vapor Jet Expansion 

In other areas of micro laser processing, namely SLM, process parameters differ to the 

extent that the vapor leaving the target surface is no longer a plume driven by a high-power 

pulse, but a jet flow due to continuous wave (CW) laser irradiation [49]. In contrast to pulsed 

lasers used for ablation, the CW laser operates by initially keeping the lasing medium just below 

critical ionization values, and supplying just enough power to pass the beam through the second, 

less reflective, mirror. Keeping energy just above the threshold value allows for a constant beam 

as opposed to one high powered burst. A basic SLM setup consists of a movable table and base 

plate, where powders are distributed and a laser and optical system to heat the powders. The jet 

flow produced by the CW laser causes disturbances in the powder bed and melt as it tracks. 

Efforts have also been made to study this effect numerically using a number of methods to 

simulate powder particle motion (Fig. 1.3.1).  

A specific type of SLM process, called powder bed fusion additive manufacturing 

(PBFAM), uses a laser to heat and fuse a bed of small metallic powders. This process is used to 

create parts ranging from dental applications to aerospace turbine blades with internal cooling 

channels. This additive manufacturing technique significantly reduces the design constraints of 

parts. In the process, a metallic powder bed, usually consisting of powders tens of microns in 
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size, is uniformly distributed over a build surface in a thin layer [15-18,50]. A CW laser is 

guided along a track, and as the material is heated, it is melted, vaporized, and ejected from the 

melt pool. The tracking process requires careful selection of scan parameters such as scan speed, 

spacing and pattern in order to produce the desired part. In addition to thermal properties 

mentioned before, now powder size, layer thickness, and bed and feeder temperature must be 

accounted for as well. 

 

 

 

 

 

Figure 1.3.1. SLM setup where various parts of the machine are highlighted (a) [51]. Spatter 

ejection from a SSL316 powder bed where the laser is tracking with a speed of 1.5 m/s (b) 

[18]. Powder-scale finite element model simulations of laser powder bed fusion of metal 

powder (c) [49].  

 

While many additional variables affect the quality of the final part [19], the current study is 

primarily concerned with parameters that affect the amount of vaporization. In PBFAM 

processes, the purpose may be to melt the powders, however laser heating often results in 

vaporization as well. This is seen especially in higher power PBFAM processes where the goal is 

to melt not only the top layer, but re-melt the layers beneath for increased part strength [52]. It 

(a) (b) 

(c) 
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has also been shown in experimental tests of varying laser power SLM processes, that jet flow as 

a result of vaporization forms at the spot of heating [17,18,49]. The jet strength varies depending 

on laser processing parameters where jet strength increases with an increase in laser power. In a 

typical process, the CW laser heats and tracks along a prescribed line in a powder bed, known as 

a track bead. The laser continues to track over areas of the bed until the layer is complete. After 

processing of a singular layer is complete, more powders are placed, and the process is repeated. 

As the laser heats, melts and vaporizes material, jet flow of vapor is projected normal to the melt 

surface. This jet produced by the laser can induce significant flow fields in the background gas. 

In experimental studies, it this jet flow is shown to ejecting molten melt material, but in some 

cases entrains and removes un-melted powder particles in the near plume jet field from the bed 

as well [17] (Fig. 1.3.2).  

The motion of powder particles is a direct consequence of the high-speed jet flow near the 

powder bed [53]. Powder particles seen in Fig. 1.3.2 are entrained and ejected from the jet flow, 

as well as denuded due to motion in the ambient gas. The inward particle motion is results from 

the metal vapor jet and Bernoulli effect-driven gas flow when background gas pressure is a 

significant factor. In both high and low background gas pressures, the motion of powder particles 

is seen, however in contrast to atmospheric conditions where powders are entrained in the jet 

prior to ejection, low pressure conditions are theorized to force particles away from the jet [49]. 

In either scenario, the final result is then parts with more voids and pores as the powders have 

been moved. The study of this vaporization induced flow is an important part in understanding 

how to optimize PBFAM processes. 
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Figure 1.3.2. High speed and Schlieren imaging of a PBFAM process [17]. Powder particles 

are seen in motion as the result of the laser processing (a). The entirety of the laser plume and 

surrounding gas is shown zoomed out (b).  

 

The specific phenomena of interest here is the vapor jet formed during SLM. The target 

material vapor forms a jet flow from the spot of laser heating. The vaporization of the target 

material has a significant effect in defect formation, such as keyhole mode melting [54] or 

powder denudation [55]. In this process, the power of the laser plays a large roll in determining 

the structure and strength of the vapor jet. The strength of the vapor jet is determined by the 

overall amount of material vaporized and expelled from the melt pool and heat affected zone. 

Different process parameters and materials employ the use of various laser powers, and as a 

result, weak or strong jets can be formed. Current studies, both experimental and numerical, have 

produced vapor jets from PBFAM setups [17, 18]. The interesting, and problematic, occurrence 

is what happens to the gas surrounding the jet. Some of the largest issues related to final part 

defects in SLM of powders and PBFAM specifically are defects such as voids, pores [56], 

(a) 

(b) 
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increased surface roughness [57], contamination of the powder bed with different microstructure 

[58,59], or increased layer thickness [60], where links have been drawn to gas flow. 

In experimental setups, there is an area around the laser tracked path called the 

denudation zone (DZ) [50,53,61,62]. This zone is comprised of misplaced powder particles due 

to laser processing [63]. The DZ has been shown to be created by induced gas flow in the 

ambient background gas as a result of vaporization [49]. As previously mentioned, this zone is 

present in both high and low background pressure scenarios. The mechanism that drives the 

creation of the DZ differs in that higher pressure results in powder particle entrainment into the 

jet prior to ejecting or melting, while lower pressure expels powders outward. The misplaced 

powders will eventually be heated and melted as well, however now that they are no longer in 

the uniform pattern, the final part will suffer defects. In order to decrease the size of the DZ and 

mitigate the effects of displaced powders, a complete understanding of the interplay between 

powders and background gas needs to be developed. 

Previous studies have produced similar jets using alternative simulation approaches [17, 

55] in order to explain that the denudation effect is directly related to the induced flow of 

background gas in atmospheric conditions. In addition, it has been shown that the induced flow 

of background gas is primarily created by the jet flow, where a low-pressure region develops 

near the edge of the jet, inducing a suction effect of nearby powder particles. These studies 

provide the groundwork needed to verify similarities in jet flow structure using the DSMC 

method. Results from Bidare et al. show an example of a conical jet expansion where the 

velocity of the gas inside the jet is in excess of 800 m/s, and induced gas flow in the nearby jet 

regions exceeds 10 m/s. Results for simulations in the current work assume two temperatures of 

target heating in order to produce the jet, 3500 K and 4000 K. This data is based on results 
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shown by Sonny Ly et al., where the temperature in the melt pool during evaporation is shown to 

be in the range from 3000-3300 K, and results from Bidare et al., where temperatures range from 

4000-7000 K [17,18]. 

1.4 Objectives and Outline 

The major goal of this study is to investigate (1) laser-induced plume expansion under 

conditions of spatial confinement in a range of parameters characteristic for laser drilling 

applications and LIBS with short pulse lasers and (2) effect of powder particle entrapping into 

the gas flow induced by a vapor jet under conditions characteristic for selective melting of  

metallic powders by CW lasers. 

Contrary to the majority of the computational studies that are based on the hydrodynamic 

models of the plume flow [7,47-70], in this work the simulations of both considered problems 

are based on a kinetic model of gas flows based on the Boltzmann equation [71,72], 

implemented in the form of the Direct Simulations Monte Carlo (DSMC) method [73]. This 

method was used to simulate laser-induced plumes in previous studies [26,74-76] including 

investigations of the Knudsen layer properties under strong evaporation conditions [77,78], 

plume expansion into low density background gas [26,47,67,79-82] and as a part of combined 

kinetic-hydrodynamic models [75]. In addition, this model was used to generate computational 

studies on laser induced plume expansion under conditions of spatial confinement, i.e. the major 

study of the current work [83,84]. The kinetic model of the plume flow is used because 

simulations are performed in a broad range of background gas, including the plume expansion 

into vacuum, when the effects of gas rarefaction and translational non-equilibrium dominate the 

flow structure.  
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Chapter 2 describes the computational model in its entirety. Section 2.1 covers the 

thermal model of target heating, while section 2.2 details the kinetic model of plume expansion. 

Section 2.3 serves as a background on the DSMC method and details the important 

characteristics and assumptions of the model. Finally, section 2.4 describes the boundary 

conditions used and the method in which the thermal model of the target and kinetic model of 

plume expansion are coupled. 

In chapter 3, all results regarding plume expansion under spatial confinement are 

reported. Section 3.1 serves as an introduction to the largest chapter of the current work. 

Information about the scope of the study as well as major investigations is located in this section. 

Section 3.1 also reports results of simulations of the plume expansion in medium- and high-

aspect ratio cylindrical cavities in a copper target induced by irradiation of the cavity bottom 

with a nanosecond laser pulse.  These simulations show that optimizing the background gas 

pressure can result in an order-of-magnitude increase of the efficiency of material removal out of 

cavity, but the physical mechanism of this increase is not yet revealed. In order to begin 

investigation into the mechanisms responsible, in Section 3.2, shockwave interaction as a result 

of background gas pressure is studied. Section 3.3 presents results for the rarefaction effects on 

the flow, containing results for deposition trends as well as the focusing and confinement effects 

in quantitative terms. The mechanisms of focusing and confinement are presented in Section 3.4, 

where results emphasize the role of the gradual formation of multiple shock waves, their motion 

and interaction with each other, as well as with the cavity lateral wall and the axis of symmetry. 

Results are show the shaping of the vapor plume inside the cavity, and vapor deposition at the 

cavity wall as a consequence of shockwave interaction.  In Section 3.5, the inertial and diffusive 

stages of plume expansion are presented, where results show the diffusive stage under effects of 
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spatial confinement can produce backflow into the cavity. Section 3.6 investigates the effect of 

the background gas species, where helium, argon and xenon gas are compared. The change in 

background gas species results in significant changes to the focusing and confinement effects, 

where heavier gas is shown to intensify both effects. Geometrical parameters are preliminarily 

studied in Section 3.7, where cavity simulations are compared with plume expansion in a planar 

trench to show the results presented are not an artifact of cylindrical geometries, but exist under 

multiple types of cavity shapes. Section 3.8 focuses on results regarding more geometrical 

parameters, investigating aspect ratio, spot size, and cavity diameter to determine their influence 

on both the effects and mechanisms identified in prior sections. The study of geometrical 

parameters is necessary to make complete conclusions about the overall effect of spatial 

confinement. It is shown that the focusing and confinement effects vary with changes in the 

cavity diameter to laser diameter ratio. As this ratio increases, the protective layer of background 

gas between the cavity wall and expanding plume increases, preventing deposition and 

increasing material removal efficiency. Finally, Section 3.9 shows analysis of plume expansion 

in high-aspect ratio cylindrical cavities in the multi-pulse regime. This investigation is important 

in that it represents a more realistic and interesting scenario for laser ablation studies, while 

benefiting from prior analysis of the focusing and confinement effects. The same mechanisms 

are shown to be present in the multi-pulse regime, however due to interaction and merging of 

distinct vapor plumes, the qualitative and quantitative consequences of these effects is shown to 

vary from single pulse cases. The interaction of multiple plumes in high-aspect ratio cavities is 

beneficial to the material removal efficiency with increases in around 3-4 times more material 

removed.  
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Chapter 4 gives a detailed description of the model used to investigate the effects of the 

vapor jet generated in SLM and discussion of the major results obtained based on this model. 

While the DSMC method is still used for these simulations, the setup and differs from the cavity 

simulations. Section 4.1 describes the computational setup as well as states all assumptions 

made. The use of DSMC modeling in this particular area also represents a new approach 

compared to previous models [17,50,55] and is beneficial in that DSMC models are accurate in 

predicting flow fields where the Knudsen number is relatively large. Previous works have 

verified the development of jet flow and shown that nearby ambient gas is affected by the jet 

[18,49], however this work goes one step further than previous studies to develop a model for 

motion of powder particles.  This section also goes into detail on the model for motion of powder 

particles. In general, powders are treated as points subject to the surrounding gas flows density, 

velocity, and temperature. Equations of motion are solved for each particle depending on particle 

radius, mass, and location. Section 4.2 contains all results for the vapor jet study. The obtained 

results show that flow fields are in agreement with experimental results and indicate that in the 

case where background gas pressure is significant, flow is induced in the surrounding ambient 

gas. In Section 4.3 motion of powder particles due to jet flow fields is investigated for the two 

considered jet profiles and 3 different particle powder sizes. The trajectories from these 

simulations show particle entrainment into the jet field, where the motion of the particle is 

dependent on the location in which it enters the jet. The different jet structures display different 

patterns of powder particle ejection, e.g. they can be entrained and held inside the jet flow, or 

immediately ejected outwards. The mapping of these trajectories is significant in that the final 

location of powder particles is related to what type of defects are seen, e.g. full entrainment leads 

to voids, but not necessarily increased layer thickness, while immediate ejection can lead to both. 
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Chapter 5 contains a summary of all conclusions made in this work as well as 

recommendations for future study. 
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CHAPTER 2  

COMPUTATIONAL MODEL OF LASER-INDUCED PLUME EXPANSION IN 

CAVITIES AND TRENCHES  

2.1 Introduction and Computational Setup 

We consider two-component gas flow of the target material vapor and background gas, 

induced by irradiation of the bottom of a cylindrical cavity or planar trench in a bulk target with 

a short-pulse laser (Fig. 2.1.1). In the case of a cavity, the flow is considered in cylindrical 

coordinates (𝑟, 𝑥), where 𝑟 is the radial distance and 𝑥 is counted from the cavity bottom towards 

the throat 𝐵𝐵′ along the cavity axis. It is assumed that the axis of a cylindrical laser beam 

coincides with the cavity axis, and all processes are axially symmetric with the symmetry axis 

𝑂𝐹.  In the case of a trench, it is assumed that the laser spot has a shape of a rectangular strip, all 

processes are two-dimensional (2D) on the plane with Cartesian coordinates (𝑟, 𝑥), and 𝑂𝐹 is the 

flow plane of symmetry.  Although a strip-like shape of the laser spot is not common for laser-

material interaction problems, corresponding laser beams can be produced in experiments by 

means of special optical systems with cylindrical lenses [85].  In both cases, the plume flow is 

considered in a half-domain bounded by the axis or plane of symmetry 𝑂𝐹, cavity or trench 

bottom 𝑂𝐴, lateral wall 𝐴𝐵, top target surface 𝐵𝐶, and contours 𝐶𝐸 and 𝐸𝐹, bounding a 

considered volume filled by the background gas above the target.  The size of the cavity or 

trench is given by the height 𝐻 and parameter 𝐷 being either the cavity diameter or trench width.
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Figure 2.1.1. Sketch of the computational domain 𝑂𝐴𝐵𝐶𝐸𝐹 used for simulations of laser-

induced plume expansion in a cylindrical cavity 𝑂𝐴𝐵𝐵′ or in plane trench with height 𝐻 and 

diameter or width 𝐷.  The laser beam propagates along the axis 𝑂𝑥, which is assumed to be 

the axis of symmetry for all processes under consideration in the cavity or plane of symmetry 

in the trench.  The laser beam diameter (in the cavity) or width (in the trench) is assumed to be 

smaller than 𝐷, so that the laser radiation is only absorbed at the cavity bottom 𝑂𝐴.  The heat 

conduction equation of thermal model (Section 2.2) is solved only in the domain 𝑂𝐾𝐼𝐽, while 

surfaces 𝐴𝐵 and 𝐵𝐶 are assumed to retain the initial temperature 𝑇0.  The inset in the rectangle 

illustrates the definition of the function 𝑋𝑤(𝑟, 𝑡) that describes the shape of the cavity or trench 

bottom in the thermal model of the irradiated target, Eq. (1), and a unit normal vector 𝑛𝑤 to 

the bottom surface.  The efficiency of material removal is measured by the fraction of 

vaporized material leaving the cavity or trench through the throat 𝐵𝐵′. 
 

The processes of laser heating of the target material, its evaporation, propagation of the 

plume into the background gas inside the cavity or trench and in the space above it, as well as 

deposition of the vaporized materials back to the cavity or trench bottom, lateral wall, and top 

surface of the target are described by a hybrid computational model. This model includes the 2D 

heat conduction equation for the target material and a kinetic model of the plume.  Both 
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components of the computational model are fully coupled with each other.  For the purposes of 

conciseness, the components of the computational model are considered in Sections 2.2 and 2.3 

only for the case of a cylindrical cavity, while for the case of a planar trench only additional 

remarks about the form of the heat conduction equation and parameters of the laser beam are 

made (see the text after Eqs, (1) and (7)).  The rest of discussion in Sections 2.1 and 2.2 can be 

straightforwardly applied for the case of a planar trench.  

2.2 Thermal Model of the Irradiated Target 

The purpose of the thermal model of the irradiated target is to predict the absorption of 

laser radiation by the target material, resulting in its heating, melting, and vaporization. In the 

model considered in this work, the melting and solidification are accounted for by solving a 

Stefan problem [86] for the of the target material using enthalpy formulation approach [87,88], 

while the flow of the melt is not considered.  For a cavity of trench shown in Fig. 2.1.1, it is 

assumed that a characteristic diameter of the laser beam 𝐷𝐿 is smaller than the cavity diameter 𝐷, 

so that all laser radiation is absorbed at the cavity bottom 𝑂𝐴.  The transient temperature field is 

calculated only in a domain of the target material attached to the cavity bottom and shown as 

rectangle 𝑂𝐾𝐼𝐽 in Fig. 2.1.1, while the lateral wall 𝐴𝐵 and top surface 𝐵𝐶 of the target are 

assumed to retain a constant initial temperature 𝑇0. 

In simulations of target heating, variation of the target surface geometry due to the net 

effect of evaporation and condensation is taken into account, so that the shape of the cavity 

bottom surface is described by the equation 𝑥 = 𝑋𝑤(𝑟, 𝑡), where 𝑡 is time. The definition of the 

function 𝑋𝑤(𝑟, 𝑡) is illustrated in the part of Fig. 2.1.1, showing a zoomed view of the cavity 

bottom around point 𝑂. The unsteady temperature field in the target is calculated in moving 
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curvilinear coordinates (𝑟, 𝜉), where 𝜉 = 𝑥 − 𝑋𝑤(𝑟, 𝑡). Then the temperature field 𝑇(𝑟, 𝜉, 𝑡) and 

the surface shape function 𝑋𝑤(𝑟, 𝑡) can be determined from the heat conduction equation 

𝑟𝐽𝜌[𝑐(𝑇) + 𝐿𝑚𝛿(𝑇 − 𝑇𝑚)] (
𝜕𝑇

𝜕𝑡
+ 𝑉𝑤𝑛𝑥

𝜕𝑇

𝜕𝜉
)

=  −
𝜕

𝜕𝜉
(𝑟𝐽𝑞𝑥) −

𝜕

𝜕𝑟
(𝑟𝐽𝑞𝑟) −

𝜕𝑋𝑤
𝜕𝑟

𝜕

𝜕𝜉
(𝑟𝐽𝑞𝑟) + 𝑟

𝐽𝑄𝑙𝑎𝑠𝑒𝑟 ,                                     (1) 

and the equation of surface recession 

𝜕𝑋𝑤
𝜕𝑡

= −𝑉𝑤𝑛𝑥,                                                                                                                                              (2) 

where 𝐽 = 0 or 1 for the planar trench and cylindrical cavity, correspondingly, 𝜌 and 𝑐(𝑇) are the 

density and specific heat of the target material, 𝐿𝑚 is its latent heat of fusion, 𝑇𝑚 is its melting 

temperature, 𝛿(𝑇) is the Dirac delta-function, 𝑞𝑥 = −𝜅(𝑇)𝜕𝑇/𝜕𝑥 and 𝑞𝑟 = −𝜅(𝑇)𝜕𝑇/𝜕𝑟 are the 

𝑥- and 𝑟-components of the heat flux vector given by the Fourier law, 𝜅(𝑇) is the thermal 

conductivity of the target material, 𝑉𝑤 is the net interface velocity due to evaporation and 

condensation (positive if the net effect is evaporation), 𝑛𝑥 is the 𝑥-component of the unit normal 

𝐧𝒘 directed towards the cavity volume (Fig. 2.1.1), and 𝑄𝑙𝑎𝑠𝑒𝑟 is the volumetric energy source 

due to absorption of incident laser radiation.  The term 𝐿𝑚𝛿(𝑇 − 𝑇𝑚) in Eq. (1) accounts for the 

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

formulation approach [87,88]. A description of the model for calculating the vapor velocity at 

this interface is considered below in Section 2.4.  

The term 𝑄𝑙𝑎𝑠𝑒𝑟 in Eq. (1) describes absorption of the laser radiation by the target 

material based on Beer’s law: 

𝑄𝑙𝑎𝑠𝑒𝑟 = (1 − 𝑅)𝛼𝐼𝐿(𝑟, 𝑡) exp(−𝛼|𝑥 − 𝑋𝑤(𝑟, 𝑡)|),                                                                             (3) 

where 𝑅 and 𝛼 are the reflectivity and linear absorption coefficient of the target material and 

𝐼𝐿(𝑟, 𝑡) is the incident laser intensity.   
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Typical results of thermal modeling for the irradiated target are shown in Fig. 2.2.1. The 

ablation depth under conditions considered in the present paper is small compared to the laser 

spot diameter 𝐷𝐿, so that the resulting curvature of the surface is negligible.  For instance, under 

conditions considered in Fig. 2.2.1, the maximum ablation depth is about 0.1 µm, while the spot 

size diameter is equal to 20 µm. For this reason, neither the change of the angle of incidence of 

the laser beam at the curved surface, nor the effect of the curved surface on the plume dynamics 

is accounted for. 

The incident laser intensity is assumed to be Gaussian in time and space and given by the 

equation 

𝐼𝐿(𝑟, 𝑡) = 𝐼𝑚𝑎𝑥 exp [−
(𝑡 − 𝑡𝑚𝑎𝑥)

2

2𝜎𝑡
2 −

𝑟2

2𝜎𝑟2
],                                                                                          (4) 

where 𝐼𝑚𝑎𝑥 is the maximum intensity at the center of the beam, 𝜎𝑡 = 𝜏𝐿/(2√2 log 2)), 𝜏𝐿 is the 

pulse duration (full width at half maximum, FWHM), 𝜎𝑟 = 𝐷𝐿/(2√2 log 2), 𝐷𝐿 is the laser spot 

size (FWHM) representing the characteristic beam diameter (at 𝐽 = 1) or width (at 𝐽 = 0), and 

𝑡𝑚𝑎𝑥 is the time corresponding to the maximum of laser intensity.  In the case of a circular beam 

in a cavity, 𝐼𝑚𝑎𝑥 = 𝐸𝐿/[(2𝜋)
3/2𝜎𝑡𝜎𝑟

2] = 𝐹𝐿/(√2𝜋𝜎𝑡), where 𝐸𝐿 is the pulse energy, and 𝐹𝐿 is 

the laser fluence at the spot center. In the case of a planar beam in a trench, when the laser spot is 

a strip with constant intensity in the direction perpendicular to the plane of Fig. 2.1.1, 𝐼𝑚𝑎𝑥 =

𝐸𝐿/(2𝜋𝜎𝑡𝜎𝑟) = 𝐹𝐿/(√2𝜋𝜎𝑡), where 𝐸𝐿 is the laser linear energy density. 
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Figure 2.2.1 Surface temperature (solid curve, red online) and ablation depth (dashed curve, 

green online) at the spot center at the cavity bottom versus time 𝑡 (a) and temperature 

distributions at the cavity bottom for a time of 20 ns (red online), 25 ns (green online), and 35 ns 

(blue online) (b) obtained with laser pulse energy 𝐸𝐿 = 20 µJ and argon background gas at a 

pressure of 1 bar (case C1_Ar1_LE_4 in Table 2).  Dash-dotted and dash-double dotted lines 

correspond to the critical, 𝑇𝑐, and melting, 𝑇𝑚, temperatures of copper (Table 1 in Section 2.6).  

Maximum laser intensity is realized at 𝑡 = 21.2 ns. Material properties of copper and argon are 

given in Table 1 of Section 2.6. This specific case refers to conditions for case C1_Ar1_LE_4 in 

Table 2 of Section 3.1 [84]. 

 

The heat conduction equation (1) is solved numerically with the implicit Crank-Nicolson 

numerical scheme [89] on a nonhomogeneous computational mesh with the cell sizes ∆𝑥 along 

axis 𝑂𝑥 smoothly decreasing towards the irradiation surface and constant cell size ∆𝑟 in the 

radial direction 𝑟. For the numerical solution of the heat conduction equation, Dirac’s delta 

function on the right-hand side of Eq. (1) is approximated by a bell-shaped function with a finite 

support of 100 K in size.  The parameters of the computational mesh for Eq. (1) are chosen to 

ensure that ∆𝑥 for computational cells adjacent to the target surface is ~200 times smaller than 

the penetration depth of laser radiation 1/α.  Under simulation conditions considered in Section 

2.6, ∆𝑥 at the irradiated surface is equal to ~0.05 nm and ∆𝑟 is equal to 0.5 µm.  Although all 

simulations in the present paper are performed with full Eq. (1), we found that the term with 
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𝜕𝑋𝑤/𝜕𝑟 on the right-hand side of Eq. (1) can be neglected without any meaningful error due to 

small curvature of the irradiated surface under considered conditions. 

2.3 Kinetic Model of Plume Expansion 

The process of plume expansion into a background gas is described by a kinetic model 

based on the Boltzmann kinetic equation [71, 72], implemented for numerical simulations in the 

form of the Direct Simulation Monte Carlo (DSMC) method [73] (Section 2.4). Computational 

approaches for sampling of random collisions between simulated particles in the DSMC method 

are derived in agreement with the collision term in the Boltzmann kinetic equation [90,91]. 

In the present paper, we assume that, at the initial time 𝑡 = 0, the computational domain 

𝑂𝐴𝐵𝐶𝐸𝐹 in Fig. 2.1.1 is filled with a background gas at pressure 𝑝𝑏 and temperature 𝑇0.  When 

laser-induced evaporation of the cavity bottom starts, it is simulated as an inflow of vapor atoms 

from surface 𝑂𝐴.  Both background gas and vapor are considered as monatomic gases.  Binary 

collisions between atoms are calculated based on the Variable Hard Sphere (VHS) molecular 

model [73].  The vapor atoms form a plume which propagates upward in Fig. 2.1.1, since the 

plume pressure can be orders-of-magnitude higher than the pressure of the background gas.  The 

vapor mixes with the background gas and re-condensates at the cavity bottom, lateral wall, and 

top target surface during plume expansion. For modeling of cross-species collisions, we calculate 

the parameters of the VHS model using the mixing rule 𝑑𝑣𝑏 = (𝑑𝑣 + 𝑑𝑏)/2 and 𝜔𝑣𝑏 = (𝜔𝑣 +

𝜔𝑏)/2, where 𝑑𝑎 and 𝜔𝑎 are the VHS reference diameter at reference temperature 𝑇𝑟𝑒𝑓 and 

viscosity index of species 𝑎, and subscripts “𝑣” and “𝑏” stand for parameters of vapor and 

background gas, while the reference collision velocity is calculated based on temperature 𝑇𝑟𝑒𝑓 

and the doubled reduced mass 2𝑚𝑣𝑚𝑏/(𝑚𝑣 +𝑚𝑏).  
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The degree of flow rarefaction can be characterized by the Knudsen number 𝐾𝑛0 that is 

equal to the ratio of mean free path 𝑙𝑚𝑓𝑝(0) of a molecule in the undisturbed background gas to 

the flow length scale 𝐷,  

𝐾𝑛0 = 𝑙𝑚𝑓𝑝(0)/𝐷,                                                                                                                         (5) 

where 𝑙𝑚𝑓𝑝(0) = 𝑘𝐵𝑇0(𝑇0/𝑇𝑟𝑒𝑓)
𝜔𝑏−1/2/(√2𝜋𝑑𝑏

2𝑝𝑏) is the equilibrium mean free path of the 

background gas atoms calculated based on the VHS molecular model [73] and 𝑘𝐵 is the 

Boltzmann constant. 

In the course of a simulation, we calculate the number flux densities of vapor atoms 

emitted from the irradiated surface 𝑁𝑎(𝑟, 𝑡) = 𝜓𝑒(𝑟, 𝑡)/𝑚𝑣, deposited back to the bottom, 

𝑁𝑑(𝐵)(𝑟, 𝑡) = 𝜓𝑐(𝑟, 𝑡)/𝑚𝑣, and the cavity wall 𝑁𝑑(𝑊)(𝑟, 𝑡), as well as moving out of the cavity 

through its throat 𝑁𝑟(𝑟, 𝑡).  These quantities are used then to calculate the total number of atoms 

that evaporate from the bottom 𝐹𝑎(𝑡), deposite on the bottom 𝐹𝑑(𝐵)(𝑡) and lateral wall 𝐹𝑑(𝑊)(𝑡), 

and move out of the cavity 𝐹𝑟(𝑡) by the time 𝑡.  For instance, quantities 𝑁𝑟(𝑟, 𝑡) and 𝐹𝑟(𝑡) are 

defined as follows: 

𝑁𝑟(𝑟, 𝑡) = ∫ 𝑣𝑥
𝑣𝑥>0

𝑓𝑣(𝐻, 𝑟, 𝐯, 𝑡)𝑑𝐯,                                                                                                      (6𝑎) 

𝐹𝑟(𝑡) = ∫∫ (2𝜋𝑟)𝐽𝑁𝑟(𝑟, 𝑡′)𝑑𝑟

𝐷/2

0

𝑡

0

𝑑𝑡′.                                                                                                  (6𝑏) 

All these quantities are calculated by counting the number of corresponding simulated particles.  

If time 𝑡 is sufficiently large, then the quantity 𝐹𝑟(𝑡)/𝐹𝑎(𝑡) can be considered as a measure of the 

efficiency of material removal out of the cavity, since the remaining fraction of the ablated 
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materials 1 − 𝐹𝑟(𝑡)/𝐹𝑎(𝑡) is deposited on the cavity bottom and wall and, thus, remains inside 

the cavity.  

2.4 Direct Simulation Monte Carlo (DSMC) Method 

The DSMC method is a particle- based stochastic numerical approach for simulations of 

dilute gas flows, when gas is represented by a number of simulated particles whose physical 

parameters correspond to individual gas molecules.  The simulated particles participate in binary 

collisions with each other, move freely between collisions, and interact with interphase 

boundaries. The DSMC simulation process is derived based on the kinetic model of the dilute 

gas flows described by the Boltzmann kinetic equation [71, 72].  

From start to finish, the DSMC method typically is implemented as a sequence of time 

steps, which duration ∆𝑡 is small comparted to the local mean free path of gas molecules. The 

whole flow domain is divided into a mesh of cells. At every time step, only binary collisions 

between particles belonging to the same cell are accounted for.  At every time step of the 

computational algorithm, computations include the following sequence of steps. The first step is 

free motion, where molecules move based upon individual velocities over a given time step. 

Boundary conditions are implemented where “reservoir domains” exist outside the normal 

domain, and particles here are generated in a Maxwellian distribution for given freestream 

conditions of pressure, velocity and temperature. Next, particles are indexed into each cell based 

upon location. Sampling binary collisions takes place after indexing. In this work, the No Time 

Counter scheme [73] is used to choose random collisional pairs within a given cell. For every 

selected pair of colliding particles, their velocities are updated with the post-collisional 

velocities. Finally, the parameters of individual simulated particles are stored in special variables 



 

31 

 

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. 

The DSMC method uses the concept of statistical weight to perform simulations with a 

smaller number of simulated particles than the real number of molecules in a gas flow. The 

concept of the statistical weight is based on the consideration of similarity of flows described 

based on the Boltzmann kinetic equation. Two flows are considered similar if numerical 

properties are identical in reduced units. The only criterion of similarity that is defined by 

number density of molecules and molecular cross section is the Knudsen number. This number 

can be defined in terms of characteristic cross section 𝜎∗(𝑟) = 𝜋𝑑𝑟𝑒𝑓
2  and characteristic number 

density 𝑛∗(𝑟) as 𝐾𝑛 = 1/𝜎∗𝑛∗𝐿∗. The flows then will be similar if the real and simulated 

Knudsen numbers are equal or 𝐾𝑛(𝑟) = 𝐾𝑛(𝑠). In DSMC, statistical weight is then defined as 

𝑊 = 𝑛∗(𝑟)/𝑛∗(𝑠) where essentially every simulated particle represents 𝑊 particles in a real gas 

flow.  

One of the most important concepts in DSMC is the sampling of collisions between 

molecules in every cell during a time step. The most simple possible approach for collision 

sampling is based on the calculation of the probability of collision between molecules 𝑖 and 𝑗 

𝑃𝑖𝑗 =
𝑊𝜎𝑇(𝑖𝑗)𝑐𝑟(𝑖𝑗)Δ𝑡

𝑉
,                                                                                                                                 (7) 

where 𝜎𝑇(𝑖𝑗) is the total collision cross section, 𝑐𝑟(𝑖𝑗) is the relative velocity between molecules, 

and 𝑉 is cell volume. Probability 𝑃𝑖𝑗 in Eq. (7) can be obtained as a ratio of the volume of the 

collision cylinder (Fig. 2.4.1) and the cell volume, assuming that positions of both particles are 

homogeneously distributed inside the cell. Then, for choosing random pair of colliding 

molecules, one can consider all possible pairs of molecules in a cell, calculate for every pair 
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probability 𝑃𝑖𝑗 and sample collision between these particles if 𝛾 < 𝑃𝑖𝑗, where 𝛾 is the random 

number distributed homogeneously between 0 and 1. This method has been proven to be 

accurate [73] given that Δ𝑡 is sufficiently small and 𝑃𝑖𝑗 is less than 1. At the same time, the 

method based on Eq. (7) is impractical at large particle number in a cell 𝑁, since the time of 

computations is proportional to the number of particle pairs 𝑁(𝑁 − 1)/2~𝑁2 in a cell. 

 

 

Figure 2.4.1. Concept sketches of DSMC collision sampling where the probability of a 

collision 𝑃𝑖𝑗 in Eq. (7) is simply the ratio of volume of the shaded collision cylinder and cell 

volume 𝑉.  

 

In the NTC scheme for collision sampling [73], the primitive method based on Eq. (7) is replaced 

by a more sophisticated approach in order to reduce the time required for collision sampling. The 

sampling of collisions is performed for (1/2)𝑁(𝑁 − 1)𝑊(𝜎𝑇𝑐𝑟)𝑚𝑎𝑥Δ𝑡/𝑉 pair of particles, 

where (𝜎𝑇𝑐𝑟)𝑚𝑎𝑥 is a majorant such that collisions (𝜎𝑇𝑐𝑟)𝑚𝑎𝑥 ≥ 𝜎𝑇(𝑖𝑗)𝑐𝑟(𝑖𝑗) for every pair of 

particles. Indices of colliding particles 𝑖 and 𝑗 are chosen at random and a collision is accepted 
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only if 𝛾 < 𝜎𝑇(𝑖𝑗)𝑐𝑟(𝑖𝑗)/(𝜎𝑇𝑐𝑟)𝑚𝑎𝑥. Otherwise, the collision is rejected. If collision is accepted, 

then velocities of colliding particles after the collision are calculated from equations 

𝒗𝑖
′ = 𝒗𝑗 + [(𝒗𝑗 − 𝒗𝑖) ∙ 𝒏]𝒏,                                                                                                                     (8𝑎) 

𝒗𝑗
′ = 𝒗𝑗 − [(𝒗𝑗 − 𝒗𝑖) ∙ 𝒏]𝒏,                                                                                                                     (8𝑏) 

where 𝒗𝑖 and 𝒗𝑗 are particle velocities before the collision and 𝒏 is random unit vector, whose 

components are sampled assuming isotropic distribution of relative velocity vector  𝒗𝑗
′ − 𝒗𝑖

′ 

assuming in the VHS model of intermolecular collisions.  

The results of DSMC simulations are dependent upon several numerical parameters in 

order to achieve accurate results, including statistical weight, cell sizes, and time step. In general, 

statistical weight should be small enough to allow for 10-30 particles in every cell. The cell size 

should be small compared to the mean free path to ensure homogenous distribution of particles 

in every cell. The chosen time step ∆𝑡 should be small enough to allow for time-splitting where 

sequential collision-less motion and “motionless” collisions can be considered. Practically it 

means that ∆𝑡 must be smaller than the mean free time of gas molecules, i.e. meat time between 

sequential collisions of the same particle. Values of major computational parameters of the 

DSMC method adopted for simulations are discussed in Section 2.6.  

In the present work, the simulations of planar flows in trenches are performed with 

constant statistical weights for all simulated particles.  The simulations of axially symmetric 

flows in cavities are performed using the radial weight approach when the statistical weight of a 

particle varies proportionally to distance of the particle from the axis of flow symmetry [92].  

This approach allows one to maintain an approximately constant number of particles in cells of 

the computational mesh, which areas on the plane (𝑥, 𝑟) are constant, but volumes increase 

proportionally to the distance from the axis of symmetry.  In order to reduce the level of 
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statistical scattering, unsteady simulation of the plume expansion process is repeated 

independently 𝑁𝑇 times under the same simulation conditions and results are then averaged over 

𝑁𝑇 random “trajectories” of the whole expansion process. 

The simulations are performed with the DSMC code designed for massively parallel 

simulations of rarefied gas flows.  This code was previously used for modeling of a number of 

two- and three-dimensional rarefied gas flows [93,94], including laser-induced plume expansion 

[26, 74, 81, 82] and interaction of a jet induced by continuous wave laser irradiation of a target in 

an external gas flow [95].  All DSMC simulations are performed on a homogeneous mesh of 

cells on the plane (𝑥, 𝑟) with cells of size ∆𝑥 = ∆𝑟 at constant time step ∆𝑡.   

2.5 Coupling of Models and Boundary Conditions 

The thermal model of the irradiated target and the kinetic model for plume expansion are 

fully coupled so that the inflow of vapor atoms from the irradiated surface is calculated based on 

the Hertz-Knudsen model [96] and depends on the distribution of surface temperature obtained 

as a result of numerical solution of the heat conduction equation for the target material. The 

Hertz-Knudsen model describes the “sticking” of gas molecules on a surface by expressing the 

time rate of change of molecular concentration on a given surface in terms of pressure, gas 

properties and known constants. This rate of change of “sticking” of gas molecules is used to 

model evaporation from a surface. The local interface velocity 𝑉𝑤 is defined by the mass flux 

densities of atoms that evaporate from, 𝜓𝑒, and condense at, 𝜓𝑒, the target surface 

𝑉𝑤 =
𝜓𝑒 − 𝜓𝑐

𝜌
.                                                                                                                                               (9) 

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

assuming that the vaporized material is an atomic vapor, only normal evaporation takes place, 
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the distribution function of evaporated atoms is half-Maxwellian with zero macroscopic velocity, 

and the evaporation coefficient is equal to a unity. Then [96] 

𝜓𝑒 =
𝑝𝑣(𝑇𝑤)

√2𝜋(𝑘𝐵/𝑚𝑣)𝑇𝑤
,                                                                                                                             (10) 

where 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.  The equilibrium vapor 

pressure 𝑝𝑣(𝑇) is found from the Clausius-Clapeyron equation  

𝑝𝑣(𝑇) = 𝑝𝑣,0 exp [
𝐿𝑣

𝑘𝐵/𝑚𝑣
(
1

𝑇𝑣,0
−
1

𝑇
)],                                                                                                (11) 

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

coupling of the thermal model of the irradiated target is again related to the kinetic model of 

plume expansion through the condensation flux density 𝜓𝑐 which is calculated based on the 

direct counting of simulated particles that represent vapor atoms and condense at the target 

surface. 

In order to express the energy balance between the conduction equation and net thermal 

effect of evaporation and condensation, Eq. (1) is solved with the boundary conditions at the 

irradiated surface: 

At 𝑥 = 0, 𝑟 <
𝐷

2
:          𝑞𝑥𝑛𝑥 + 𝑞𝑟𝑛𝑟 = −𝜌𝐿𝑣𝑉𝑤,                                                                                 (12) 

where 𝑛𝑥 = 1/𝑅𝑤 and 𝑛𝑦 = (1/𝑅𝑤)𝜕𝑋𝑤/𝜕𝑟 are the components of the unit normal 𝐧𝑤 directed 

outwards from the target and 𝑅𝑤 = [1 + (𝜕𝑋𝑤/𝜕𝑟)
2]1/2.  At the initial time 𝑡 = 0, the target is 

assumed to have a homogeneous temperature 𝑇0. 
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In addition, on the irradiated surface, 𝑥 = 0, the boundary conditions for kinetic 

simulations are imposed assuming that the evaporation and condensation coefficients of vapor 

are equal to a unity and, in agreement with the Hertz-Knudsen model [96], the velocity 

distribution function of vapor atoms leaving the target surface, 𝑓𝑣(𝑥, 𝑟, 𝐯, 𝑡), is a half-Maxwellian 

distribution at surface temperature 𝑇𝑤:  

At 𝑥 = 0,      𝑟 < 𝐷/2, 𝑣𝑥 > 0 ∶   𝑓𝑣(𝑥, 𝑟, 𝐯 , 𝑡) =
𝑝𝑣(𝑇𝑤)/(𝑘𝐵𝑇𝑤)

(2𝜋(𝑘𝐵/𝑚𝑣)𝑇𝑤)3/2
exp(−

𝑚𝑣𝐯
2

2𝑘𝐵𝑇𝑤
),   (13) 

where 𝐯 = (𝑣𝑥, 𝑣𝑦, 𝑣𝑧) is the molecule velocity vector, 𝑇𝑤 = 𝑇𝑤(𝑟, 𝑡), and the saturated vapor 

pressure 𝑝𝑣(𝑇𝑤) is given by Eq. (11).  Integration of Eq. (13) for the evaporation flux density 

results in Eq. (10).  All vapor atoms incident to the irradiated surface, lateral cavity wall 𝐴𝐵, and 

top surface of the target 𝐵𝐶 are assumed to be condensed and do not return to the flow.  The 

assumption that the condensation (or sticking) coefficient for Cu atoms is equal to a unity at the 

cold lateral cavity wall is in agreement with expermemental measurements of Cu and other metal 

vapor deposition on various substrates at room temperature [97-99].  These data also suggest that 

the sticking coefficient can decrease if temperature increases above 400-800 K [99].  Accurate 

values of the evaporation and condensation coefficients of Cu atoms on Cu substrate under 

conditions of high temperature and strong non-equilibrium evaporation, however, are currently 

not available.  We, therefore, adopt a common for gas kinetic studies assumption that these 

coefficients are equal to a unity.  It results in upper estimates for fluxes of atoms evaporated and 

condensed at the irradiated surface. 

All vapor atoms deposited back to the irradiated surface form the condensation flux 

density 𝜓𝑐 in Eq. (9).  In the course of a simulation, 𝜓𝑐 is calculated based on the DSMC method 

and then passed to the thermal model of the irradiated target in order to calculate the net surface 

recession velocity 𝑉𝑤 in Eqs. (1), (2), and (12). 
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The interaction of the background gas atoms with all parts of the surface 𝑂𝐴, 𝐴𝐵, and 𝐵𝐶 

is described by the Maxwell model of diffuse scattering [71, 72], so that the velocity distribution 

function of scattered background gas atoms is equal to 

At 𝐯 ∙ 𝐧𝑤 > 0:          𝑓𝑏(𝑥, 𝑟, 𝐯, 𝑡) =
2

𝜋
exp(−

𝐯2

𝐶𝑤2
) ∫

|𝐯′ ∙ 𝐧𝑤|

𝐶𝑤4
𝐯′∙𝐧𝑤>0

𝑓𝑏(𝑥, 𝑟, 𝐯
′, 𝑡)𝑑𝐯′,                (14) 

where the relaxation temperature is assumed to be equal to the surface temperature 𝑇𝑤, 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 𝐶𝐸𝐹 of the computational domain, where 𝑥 = 𝐻 + 𝐻1or 𝑟 = 𝐷1, the 

velocity distribution function of the background gas atoms, moving inside the domain through 

this boundary, 𝑓𝑏(𝑥, 𝑟, 𝐯, 𝑡), is assumed to be a Maxwellian at temperature 𝑇0 and pressure 𝑝𝑏: 

At 𝐯 ∙ 𝐧𝑤 > 0 ∶     𝑓0(𝐯, 𝑡) =
𝑝𝑏/(𝑘𝐵𝑇0)

(2𝜋(𝑘𝐵/𝑚𝑏)𝑇0)3/2
exp (−

𝑚𝑏𝐯
2

2𝑘𝐵𝑇0
),                                                (15) 

where 𝐧𝑤 is local unit vector that is normal to the exit boundary and directed inward towards the 

computational domain.  All vapor and background gas atoms, leaving the computational domain 

through the exit boundary 𝐶𝐸𝐹, are excluded from further consideration.  The sizes of the 

computational domain 𝐻1 and 𝐷1 in Fig. 2.1.1 are chosen to be sufficiently large in order to 

exclude propagation of the primary shock ahead of the plume through the exit boundary during 

the considered time of plume expansion. 

2.6 Simulation Parameters and Validation of the Computational Model 

The numerical simulations are performed for a copper target with the initial temperature 

𝑇0 = 300 K.  The background gas is assumed to be helium, argon, or xenon with the initial 

pressure 𝑝𝑏, varying from vacuum to 1 bar.  The cavity and trench with 𝐻 = 200 µm and 𝐷 =
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50 µm of aspect ratio 𝐻/𝐷 = 4, while the sizes of the domain on the top of the target are equal 

to 𝐻1 = 200 µm and 𝐷1 = 300 µm (Fig. 2.1.1).  The target material properties, as well as VHS 

model parameters for individual species are listed in Table 1.  The cavity or trench bottom is 

assumed to be irradiated by a single Gaussian laser pulse of wavelength 266 nm with the pulse 

duration  𝜏𝐿 = 10 ns and the laser spot size 𝐷𝐿 = 20 µm.  The maximum intensity of laser 

radiation is reached at 𝑡𝑚𝑎𝑥 = 5𝜎𝐿 ≈ 21.2 ns.  In the case of a cylindrical cavity, the laser pulse 

energy is chosen to be equal to 20 µJ or 44.88 µJ, when the laser fluence 𝐹𝐿 at the spot center is 

equal to 4.41 J/cm2 or 9.9 J/cm2.  In the case of a planar trench, the linear energy density of the 

laser pulse is chosen to be equal to 0.942 µJ/µm and 2.115 µJ/µm.  These energy densities 

correspond to the same values of laser fluence at the spot center as in cavities.  The chosen 

values of major simulation parameters are within the ranges considered in experimental studies 

of laser ablation and laser drilling of metal targets with nanosecond lasers, e.g., [100], including 

the studies performed with tightly focused laser beams [3,24]. All major simulation cases, 

considered and analyzed below in Chapter 3, are listed in Tables 2-4. 

 

 

 

 

 

 

 

 

 



 

39 

 

Table 1. Material properties and parameters of the VHS molecular model for copper vapor, 

argon, and helium used in simulation. 

Parameter Value 

Thermo-physical properties of copper, Ref. [108] 

Solid density 𝜌𝑡 8960 kg/m3 

Specific heat of solid material 𝐶𝑡 420 J/(kg∙K) 

Thermal conductivity of solid material 𝜅𝑡 380 W/(m∙K) 

Liquid density 𝜌𝑡 8000 kg/m3 

Specific heat of liquid material 𝐶𝑡 494 J/(kg∙K) 

Thermal conductivity of liquid material 𝜅𝑡 170 W/(m∙K) 

Melting temperature 𝑇𝑚 1358 K 

Latent heat of fusion 𝐿𝑚 204579.4 J/kg 

Reference boiling temperature 𝑇𝑣,0 2836 K 

Reference boiling pressure 𝑝𝑣,0 101325 Pa 

Latent heat of boiling 𝐿𝑣 4796525.4 J/kg 

Critical temperature 𝑇𝑐 [110] 8280 K 

Optical properties of copper for the wavelength of 266 nm, Ref. [108] 

Reflectivity 𝑅 0.34 

Linear absorption coefficient 𝛼 7.44∙107 m-1 

VHS model parameters for copper vapor, Ref. [101] 

Molar mass  0.063546 kg/mole 

Molecular diameter at reference temperature 273 K 4.5∙10-10 m 

Viscosity index 0.92 

VHS model parameters for argon, Ref. [73] 

Molar mass  0.039948 kg/mole 

Molecular diameter at reference temperature 273 K 4.17∙10-10 m 

Viscosity index 0.81 

VHS model parameters for helium, Ref. [73] 

Molar mass  0.004 kg/mole 

Molecular diameter at reference temperature 273 K 2.33∙10-10 m 

Viscosity index 0.66 

VHS model parameters for Xenon, Ref. [73] 

Molar mass  0.1313 kg/mole 

Molecular diameter at reference temperature 273 K 5.65∙10-10 m 

Viscosity index 0.85 
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In order to choose values of the numerical parameters of the DSMC method, we 

performed a series of preliminary simulations with variable ∆𝑥, ∆𝑡, and 𝑁𝑃𝐶𝐿. Based on results of 

these simulations, the following values of numerical parameters are chosen for simulations 

discussed in Chapters 3-5: Cell size ∆𝑥 = 10 − 50 nm, time step ∆𝑡 = 0.02 − 0.1 ns, average 

number of simulated particles in a cell at the background gas pressure 𝑁𝑃𝐶𝐿 = 7.5.  The number 

of process “trajectories” 𝑁𝑇 used to calculate macroscopic gas parameters of the unsteady flow 

usually varies from 150 at 𝑝𝑏 = 1 bar to 500-1200 under the vacuum conditions.  The relatively 

small cell size of the computational mesh and the time step are chosen to ensure sufficient 

accuracy of simulations in transient regions with a high number density of vapor.  Although 

adopted values of ∆𝑥 and ∆𝑡 are somewhat larger than parameters usually recommended for 

DSMC simulations under considered conditions [73], we found that further decrease of ∆𝑥 and 

∆𝑡 does not result in the change of the positions of the shock waves and values of deposition 

fluxes at the cavity or trench surface with accuracy of 1%-2%. 

The integration step size for the thermal model based on Eq. (1) is determined from the 

stability condition of the Crank-Nicolson scheme [89] and is usually smaller than a time step for 

kinetic simulations of plume expansion.  In this case, every global time step for the combined 

model includes a single step for the kinetic model of plume expansion and multiple time steps for 

the thermal model of the irradiated target. 

In the present paper, the model of the target material removal accounts only for surface 

evaporation.  In addition, we do not account for condensation of vapor inside the plume, as well 

as ionization of the ablation products and absorption of incident laser radiation in the plume.  If 

laser fluence is high enough, then overheating of a surface layer of target material can induce 

volumetric boiling and explosive fragmentation of the overheated liquid layer with subsequent 
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ionization of ablation products [102-106].  In high-density gaseous plumes, which are cooled 

down in the course of expansion, the condition can be favorable for homogeneous condensation.  

The range of the considered pulse energies is chosen, therefore, to satisfy the basic assumptions 

of the computational model.  The threshold fluences for the onset of the volumetric material 

removal, ionization, and breakdown in the plume for a copper target irradiated with 6 ns 

Gaussian laser pulse at wavelength of 532 nm were experimentally and theoretically defined to 

be equal to 2-3 J/cm2 [107].  These threshold fluences, however, strongly depend on the optical 

properties of the target material and increase with increasing pulse duration if the laser fluence is 

fixed.  Usually it is assumed that the phase explosion occurs when the surface temperature 

reaches 0.9𝑇𝑐, where 𝑇𝑐 is the thermodynamic critical temperature of the target material [103].  

The variation of surface temperature at the spot center under irradiation conditions corresponding 

to 𝐸𝐿 = 20 µJ in our simulations is shown in Fig. 2.2.1(a).  Based on these results, one can 

conclude that, at 𝐸𝐿 = 20 µJ and for adopted values of thermal and optical properties of the 

target material, our simulations correspond to the conditions close to the threshold for volumetric 

material removal and plasma breakdown.  In order to obtain first-order a posteriori estimates of 

the condensation effects, we calculate the degree of supersaturation 𝑆 = 𝑝/𝑝𝑣(𝑇) (𝑝𝑣(𝑇) is the 

saturated vapor pressure given by Eq. (11)) for the simulated vapor flow fields.  In all 

simulations performed at 𝐸𝐿 = 20 µJ and considered below in Chapter 3, we found that 𝑆 > 1 

only inside relatively narrow zones with a typical thickness of 10-20 µm around the maximum of 

the vapor density at the cavity axis.  The distributions of temperature at the target surface (Fig. 

2.2.1(b)) also indicate that the temperature at the edge of the cavity bottom remains close to the 

initial temperature, which justifies the assumption of constant temperature of the lateral cavity 

wall.  
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In addition, we performed preliminary calculations of the equilibrium ionization degrees 

in the simulated plumes based on the Saha equations, the model which was adopted in multiple 

papers on plasma plume expansion induced by nanosecond laser pulses, e.g., Refs. [108-110].  

We found that the equilibrium degree of ionization of Cu vapor does not exceed 10% if the 

temperature is smaller than 6425 K at a density of 0.01 kg/m3, smaller than 7546 K at a density 

0.1 kg/cm3, and smaller than 20557 K at a density of 1 kg/m3.  During plume expansion, the 

largest temperatures occur behind the shock waves in regions where gas density is also large. As 

a result, we estimate that the maximum equilibrium degree of ionization in our simulations with 

𝐸𝐿 = 20 µJ is about a few percent. The simulations based on this approach show that for the 

relatively small laser spot diameter of 20 µm considered in the present paper, ionization and 

plasma shielding have only marginal effect on the plume expansion due to the fast drop in the 

plume temperature and density during quasi-spherical expansion. Thus, under conditions of the 

present paper, the plume flow field and ionization dynamics cannot be described by the 

approaches based on one-dimensional models of planar expansion used, e.g., in Refs. 

[107,109,110].  Such models strongly overestimate the plasma shielding effect in plume flows 

induced by lasers with small beam diameters.  In the paper, we also perform simulations at the 

larger fluence, 𝐸𝐿 = 44.88 µJ, which corresponds to the conditions above the threshold of the 

volumetric material removal.  This high-energy case is considered to illustrate that our major 

conclusions remain valid in a range of laser pulse energy.  We also use this case, when the shock 

waves are strong and can be easily identified, to investigate the shock-wave structures evolving 

in the spatially confined plume flows.
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CHAPTER 3  

LASER-INDUCED PLUME EXPANSION UNDER CONDITIONS OF SPATIAL 

CONFINEMENT 

3.1 Confinement and Focusing Effects of the Background Gas 

In order to highlight the effect of background gas pressure, simulations over a range of 

pressures, laser energies and cavity aspect ratios is investigated (Table 2). The naming 

convention for cases in Chapter 3 serves to identify cases based on several important aspects, and 

is considered in the following manner: 

[𝑆𝑦𝑠𝑡𝑒𝑚 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑦 & #𝑜𝑓 𝑝𝑢𝑙𝑠𝑒𝑠]_[𝐺𝑎𝑠 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 & 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒]_[𝐿𝑎𝑠𝑒𝑟 𝑒𝑛𝑒𝑟𝑔𝑦]_[𝐴𝑠𝑝𝑒𝑐𝑡 𝑟𝑎𝑡𝑖𝑜] 

For example, a case for a single pulse in an aspect ratio 4 cavity, into argon background gas at 1 

bar pressure, with laser energy of 𝐸𝐿 = 44.88 µJ, would be denoted as “C1_Ar1_HE_4”, where 

𝐻𝐸 always refers to 𝐸𝐿 = 44.88 µJ and 𝐿𝐸 refers to 𝐸𝐿 = 20 µJ. Additional notation for gas 

species, system geometry, and special cases is included in the caption for the corresponding 

table. 

The background gas pressure has a profound effect on the structure of the plume flow as 

it is illustrated in Fig. 3.1.1 for a medium-aspect ratio cavity with 𝐻/𝐷 = 4 and 𝐸𝐿 = 44.88 µJ. 

At this relatively high energy level, the only initial stage of plume expansion during the strong 

evaporation of the target is not affected by the pressure of the background gas (e.g., compare the 

flow fields at 𝑡 = 30 ns at 𝑝𝑏 = 0 and 𝑝𝑏 = 0.1 bar), since during this short time the pressure in
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the plume is in one-two orders of magnitude higher than 𝑝𝑏. In the case of expansion into 

vacuum (Fig. 3.1.1(a)), the next stage resembles a spherically symmetric expansion with the 

center, where the vapor density is maximum, gradually moving towards the cavity throat and 

confined by the cavity wall, where all incident vapor atoms are absorbed and do not return back 

to the plume. The flow field, typical for this stage, is shown in Fig. 3.1.1(a) for 𝑡 = 60 ns.  Once 

the plume reaches the cavity throat, the density drops substantially, and individual atoms move 

almost ballistically without collisions with each other. It produces a characteristic picture of a jet 

flow in the form of a cone with small apex angle, which is shown in Fig. 3.1.1(a) for 𝑡 = 120 ns. 

 

Table 2. Variable parameters for the major simulation cases considered in Section 3.1.  In all 

simulations, the background gas is argon. 𝐶 refers to cavity geometry, 𝐻𝐸 refers to 𝐸𝐿 = 44.88 

µJ and 𝐿𝐸 refers to  𝐸𝐿 = 20.0 µJ, and 𝐴𝑟 denotes argon background gas.   

Case Aspect 

ratio  
𝐻/𝐷 

Background gas 

pressure 𝑝𝑏 (bar) 

Laser pulse energy 

or energy density 

𝐸𝐿  

Knudsen 

number 𝐾𝑛0 

C1_Ar1_HE_4 4  1 44.88 μJ 2.68 ∙ 10−3 

C1_Ar0.1_HE_4 4  0.1 44.88 μJ 2.68 ∙ 10−2 

C1_Ar0_HE_4 4  0 44.88 μJ ∞ 

C1_Ar1_HE_10 10  1 44.88 μJ 2.68 ∙ 10−3 

C1_Ar0.1_HE_10 10  0.1 44.88 μJ 2.68 ∙ 10−2 

C1_Ar0_HE_10 10  0 44.88 μJ ∞ 

C1_Ar1_LE_4 4  1 20 μJ 2.68 ∙ 10−3 

C1_Ar0.1_LE_4 4  0.1 20 μJ 2.68 ∙ 10−2 

C1_Ar0_LE_4 4  0 20 μJ ∞ 
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Figure 3.1.1. Fields of number density (cm-3) during laser-induced plume expansion from a 

bottom of a cylindrical cavity with aspect ratio 𝐻/𝐷 = 4 in a Cu target into vacuum (panel a, 

case C1_Ar0_HE_4, Table 2), and background gas at pressure 𝑝𝑏 = 0.1 bar (panel b, case 

C1_Ar0.1_HE_4) and 1 bar (panel c, case C1_Ar1_HE_4). Pulse energy is 𝐸𝐿 = 44.88 µJ. In 
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every panel, field to left of the axis of symmetry 𝑂𝐸 corresponds to the mixture density, field to 

the right of 𝑂𝐸 corresponds to the Cu vapor density only. All linear scales are given in µm. Time 

𝑡 is indicated in every figure panel. Maximum laser intensity is realized at time 𝑡 = 21.2 ns [83]. 

 

With exception of a short initial time, the plume flow expanding into vacuum evolves in 

the transitional and free molecular flow regimes. With increasing 𝑝𝑏, plume flow is dominated 

by the collisional effect that results in the formation of a complex flow structure with multiple 

shock waves behind the “bow” shock (Fig. 3.1.1(b), and (c)). These secondary shocks interact 

with the lateral cavity wall and result in strongly non-homogeneous distribution of the 

evaporated material behind the bow shock wave in spite of the fact that the bow shock, when it 

propagates inside the cavity, is close to a plane wave. Once the bow shock leaves the cavity 

throat, it expands in the radial direction, so that the bow shock accepts the shape typical for two-

dimensional, quasi-spherically symmetric laser-induced expansion from a planar target [47, 52]. 

The flow fields shown in Fig. 3.1.1 illustrate the strong confinement effect of the 

background gas pressure. Since the pressure in the plume behind the shock wave is determined 

by the irradiation conditions, an increasing background gas pressure before the bow shock wave 

decreases the pressure ratio at the shock and reduces its propagation speed, so that the bow shock 

wave reaches the cavity throat at time ~85  ns at 𝑝𝑏 = 0.1 bar and at time ~117 ns at 𝑝𝑏 = 1 

bar. This confinement effect increases the time required for the ablated material to reach the 

cavity throat and to be removed.  

The increasing 𝑝𝑏 affects the plume propagating inside the cavity, however, in another 

and more profound way. As one can conclude from the flow fields shown in Fig. 3.1.1, an 

increasing background gas pressure induces the localization of vapor in a spatial domain of 

smaller size in the direction of plume propagation and in the radial direction. This results in the 

order-of-magnitude higher maximum number density of vapor at 𝑝𝑏 = 0.1 bar and 1 bar 
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compared to ablation into vacuum (Fig. 3.1.2). The region of highly concentrated vapor is 

separated from the lateral cavity wall by a thin layer of compressed background gas, which is 

almost free of vapor atoms.  

 

Figure 3.1.2. Distribution of the number density of Cu vapor (solid curves) and mixture 

(dashed curves) in the cavity cross-section at height of 120 µm from the bottom obtained at 

time 90 ns for 𝐻/𝐷 = 4, 𝐸𝐿 = 44.88  µJ and background gas pressure 𝑝𝑏 = 0  (red online, 

case C1_Ar0_HE_4), 𝑝𝑏 = 0.1 bar (green online, case C1_Ar0.1_HE_4), and  𝑝𝑏 = 1  bar 

(blue online, case C1_Ar1_HE_4) [83]. 

 

This layer is seen in the vapor density fields in Fig. 3.1.1(b) and (c) as a thin dark (blue online) 

strip close to the cavity wall. Inside this layer the vapor density is up to two orders of magnitude 

smaller than at the axis (Fig. 3.1.2). Under the same irradiation conditions, the distribution of 

vapor density in the cavity cross section during ablation into vacuum is practically homogeneous.  

When the layer of compressed background gas is formed at the cavity wall, deposition of vapor 

on that wall is controlled by slow diffusion of the ablation products from the core of the plume to 
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the wall. This focusing effect of the increasing background gas pressure results in the decreasing 

flux of the material deposited on the cavity wall (discussed in detail in Section 3.3). 

 Simulations of the plume expansion in a high-aspect ratio cavity with 𝐻/𝐷 = 10 reveal 

the same trends in the material deposition, which are established for the cavity with 𝐻/𝐷 = 4. In 

particular, simulations at 𝑝𝑏 = 0.1 bar demonstrate formation of a layer at the lateral cavity wall, 

which is practically free of Cu atoms (Fig. 3.1.3). Under identical irradiation conditions, the flow 

fields obtained at 𝐻/𝐷 = 4 and 𝐻/𝐷 = 10 are identical during the time, which is necessary for 

the bow shock to reach the throat of shortest cavity with 𝐻/𝐷 = 4 (Fig. 3.1.1(b) for 𝑡 = 90 ns).  

With increasing cavity aspect ratio, however, the material deposition pattern on the lateral wall 

becomes more inhomogeneous with the maximum material deposited close to the cavity bottom.  

In order to characterize the efficiency of material removal, the total amount of the 

evaporated material 𝐹𝑎 is calculated by integrating the mass flux density, 𝑓𝑎, over the area of the 

cavity bottom and in time.  The quantity of 𝐹𝑎 is found to be practically independent of 𝑝𝑏.  The 

masses of the target material removed from the cavity through its throat, 𝐹𝑟, and deposited on the 

bottom, 𝐹𝑑(𝐵), and lateral cavity wall, 𝐹𝑑(𝑊), are also calculated using integration of distributions 

of corresponding mass flux over areas and in time. 
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Figure 3.1.3.  Fields of number density (cm-3) during laser-induced plume expansion from a 

bottom of a cylindrical cavity with aspect ratio 𝐻/𝐷 = 10 in a Cu target into background gas 

at pressure 𝑝𝑏 = 0.1 bar (Case C1_Ar0.1_HE_10). Pulse energy is 𝐸𝐿 = 44.88 µJ. In every 

panel, field to left of the axis of symmetry corresponds to the mixture density, field to the right 

of the axis of symmetry corresponds to the Cu vapor density only. All linear scales are given 

in µm. Time 𝑡 is indicated in every figure panel [83]. 

 

The obtained results for the efficiency of the material removal measured in terms of the 

ratio 𝐹𝑟/𝐹𝑎 are summarized in Fig. 3.1.4.  All simulations illustrated by Fig. 3.1.4 are continued 

until 1 – 2 µm. It ensures that the amount of the evaporated material remaining inside the cavity, 

∆𝐹 = 𝐹𝑎 − 𝐹𝑟 − 𝐹𝑑(𝐵) − 𝐹𝑑(𝑊), is smaller than 10 % - 13% of 𝐹𝑎 by the end of simulation in all 

cases except the cases of 𝐻/𝐷 = 4, 𝐸𝐿 = 20 µJ and 𝑝𝑏 = 1 bar, when the ∆𝐹 is equal to 52 % of 

𝐹𝑎 , and 𝐻/𝐷 = 10, 𝐸𝐿 = 44.88 µJ and 𝑝𝑏 = 1 bar, when the ∆𝐹 is equal to 44 % of 𝐹𝑎. In these 

two cases, the process of deposition of the ablated material inside the cavity takes much longer 

time, because further decrease in ∆𝐹 occurs primarily due to slow diffusion of vapor to the cavity 
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walls and throat.  The efficiency of the material removal 𝐹𝑟/𝐹𝑎 = 1 − 𝐹𝑑(𝐵)/𝐹𝑎 − 𝐹𝑑(𝑊)/𝐹𝑎 is 

calculated assuming that ∆𝐹 deposits back to cavity wall and, thus, values of 𝐹𝑟/𝐹𝑎, which are 

shown in Fig. 3.1.4, represent the lower estimates for the efficiency.  

 

Figure 3.1.4. Ratio of the mass of the Cu vapor removed from the cavity 𝐹𝑟 to the total mass 

of the evaporated material 𝐹𝑎 versus the background gas pressure 𝑝𝑏 obtained at 𝐻/𝐷 = 4 and 

𝐸𝐿 = 20 µJ (squares), 𝐻/𝐷 = 4 and 𝐸𝐿 = 44.88 µJ (triangles), and 𝐻/𝐷 = 10 and 𝐸𝐿 =
44.88 µJ (diamonds). The symbols correspond to the simulation results, while lines are 

introduced only to guide an eye. Additional simulations not presented on the major case list 

were performed to bridge gaps between major points [83]. 

 

The re-deposition of the ablated material back to the cavity bottom occurs only during 

short time of strong evaporation, when the distribution of the flux density of the re-deposited 

material is practically unaffected by the level of the background gas pressure.  The theoretical 

consideration of the back flux during steady-state planar evaporation predicts the flux of the 

deposited material in 18-20 % of the evaporated flux [96].  Our results agree with this prediction 

and show that the total amount of the ablated material deposited back to the cavity bottom 𝐹𝑑(𝐵) 



 

51 

 

is about 20 % - 23 % of 𝐹𝑎 under all conditions considered. This value gives a first-order upper 

estimate of the maximum attainable efficiency of the material removal: 𝐹𝑟/𝐹𝑎 < 1 − 𝐹𝑑(𝐵)/𝐹𝑎 =

77 % - 80%. 

The actual value of 𝐹𝑟/𝐹𝑎 can be order-of-magnitude smaller than that upper estimate and 

is dominated by the amount of the ablated material deposited at the cavity wall 𝐹𝑑(𝑊). Contrary 

to 𝐹𝑑(𝐵)/𝐹𝑎, the value of 𝐹𝑑(𝑊)/𝐹𝑎 strongly depends on 𝑝𝑏 and is determined by the interplay 

between the confinement and focusing effects of the background gas. As a result, with increasing 

𝑝𝑏 from zero, 𝐹𝑟/𝐹𝑎 fast increases, because the flow of ablation products inside the cavity is 

dominated by the focusing effect.  For instance, at 𝐻/𝐷 = 4, 𝐹𝑟/𝐹𝑎 increases from ~0.04 under 

vacuum conditions up to ~0.35-0.4 at 𝑝𝑏 = 0.2 bar for both 𝐸𝐿 considered.  At smaller 𝐸𝐿, the 

value of 𝐹𝑟/𝐹𝑎 starts to decrease at larger 𝑝𝑏 and reduces to ~0.08 at 𝑝𝑏 = 1 bar, because at large 

background gas pressure the flow of the ablation products in the cavity is dominated by the 

confinement effect that results in increasing 𝐹𝑑(𝑊).  Thus, 𝐹𝑟/𝐹𝑎 attains a maximum value ~0.37 

at 𝑝𝑏 ≈ 0.2 bar. This maximum value of 𝐹𝑟/𝐹𝑎   is in order of magnitude higher than at ablation 

into vacuum.  For 𝐸𝐿 = 44.88 µJ, 𝐹𝑟/𝐹𝑎 continues to increase and reaches ~0.6 at 𝑝𝑏 = 1 bar.  It 

is plausible to assume, however, that 𝐹𝑟/𝐹𝑎 has a maximum at some “optimum” background gas 

pressure 𝑝𝑏(max) at any pulse energy, but at 𝐸𝐿 = 44.88 µm 𝑝𝑏(max) > 1 bar.  The increase of 

𝑝𝑏(max) with increasing 𝐸𝐿 is explained by the fact that the confinement effect can be dominant 

only if the background gas can effectively terminate propagation of the plume. It happens if 𝑝𝑏 is 

comparable with the characteristic pressure in the plume.  With an increasing 𝐸𝐿, the temperature 

and density of the ablation products increase and, correspondingly, the larger background gas 

pressure is required in order to substantially decelerate the plume.  
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The results reported in the present paper, which show that the background gas can 

strongly decrease the rate of material deposition on the cavity wall and focus the ablation 

products in the vicinity of the flow symmetry axis, are in qualitative agreement with studies of 

LIBS under conditions of spatial confinement.  Multiple experimental observations, e.g., 

[20,36,37,38], suggest that the LIBS signal can be strongly enhanced if the laser-induced plume 

propagates in a cavity or a trench compared to the case of plume expansion into unbounded half-

space. This enhancement can be partially explained by the transient velocity field which 

develops in the cavity and is preferentially directed from the cavity wall towards the axis of 

symmetry [20].  At large 𝑝𝑏, our simulations also result in a similar velocity filed, which induces 

a strong increase in density at the axis of symmetry and depletion of vapor density at the cavity 

walls, as it is illustrated in Figs. 3.1.1 and 3.1.2.  The quantitative comparison between our 

simulation results and experimental observations of LIBS, however, is not currently available, 

since the LIBS experiments are performed under conditions of much higher pulse energy and 

ionization of the ablation products.  Under such conditions, the spatial confinement of the plume 

can strongly affect the plasma shielding effect [36], which ultimately defines the plume flow 

field, while the simulations reported in the present paper are obtained under conditions of 

negligible plasma shielding. 

3.2 Interaction of Shock Waves Inside the Cavity 

This section focuses on identifying and characterizing shock waves inside the cavity 

during laser-induced plume expansion. Section 3.1 identified drastic changes in plume structure 

when a significant pressure of background gas was introduced. The changes in plume structure 

were shown to significantly decrease material deposition and increase material throughput at the 

cavity throat. The increased background pressure resulted in sharp plume fronts where there is a 
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distinct jump in pressure in front of and behind the plume (Fig. 3.1.1). In gas dynamics, sudden 

changes in flow properties, i.e. a discontinuity, occurs when a fluid front moves at supersonic 

speeds. Fluid at the region in which this occurs which opposes the motion of the supersonic fluid 

causes a continual buildup of pressure and a shock wave is formed. Based on the plume structure 

in Fig. 3.1.1, multiple shock waves appear during plume expansion, and these waves are 

transient, as they shift and interact not only with boundaries but with each other. A full 

understanding of shockwave interaction can help characterize the decrease in deposition on the 

lateral wall and reveal the underlying mechanism. Cases considered in this section are found in 

Table 3, where the first five cases are used primarily to study shock wave interaction. The next 

three cases serve to study how plume expansion changes with the species of background gas. The 

final three cases examine flow structure in a different system geometry. 

The peculiarities of shock-wave interaction have important consequences on the vapor 

flow and redeposition on the cavity wall.  In the case of rarefied plume flows, identification of 

shock waves can be complicated by the fact that the shock waves gradually disappear with 

increasing degree of flow rarefaction.  The rarefaction effects can be characterized, e.g., by the 

Knudsen number, and under conditions considered in the present paper, the values of the 

Knudsen number are larger than 0.01 and, correspondingly, the rarefaction effects become 

gradually strong, if 𝑝𝑏 ≤ 0.1 bar (Table 3).  In this section, we therefore consider the shock wave 

interaction in the high-energy case, 1Ar in Table 3, when laser heating induces formation of 

high-density plume propagating in the background gas at atmospheric pressure.  In this case, 

most of the shock waves are strong and have relatively thin fronts, so that they can be reliably 

identified based on results of DSMC simulations.   
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Table 3. Variable parameters for the major simulation cases considered in Sections 3.2-3.7.  𝐶 

refers to cavity geometry, while 𝑇 is for a trench, 𝐻𝐸 refers to 𝐸𝐿 = 44.88 µJ and 𝐿𝐸 refers to 

𝐸𝐿 = 20 µJ, and Ar, Xe and He denote argon, xenon and helium background gases, respectively. 

Case System 

geometry 

Background 

gas 

Background 

gas pressure 

𝑝𝑏 (bar) 

Laser pulse 

energy or 

energy density 

𝐸𝐿  

Knudsen 

number 

𝐾𝑛0 

C1_Ar1_HE_4 Cavity  Argon 1 44.88 μJ 2.68 ∙ 10−3 

C1_Ar1_LE_4 Cavity  Argon 1 20 μJ 2.68 ∙ 10−3 

C1_Ar0.1_LE_4 Cavity  Argon 0.1 20 μJ 2.68 ∙ 10−2 

C1_Ar0.01_LE_4 Cavity  Argon 0.01 20 μJ 0.268 

C1_Ar0_LE_4 Cavity  Argon 0 20 μJ ∞ 

C1_He1_HE_4 Cavity  Helium 1 44.88 μJ 8.56 ∙ 10−3 

C1_Xe1_HE_4 Cavity  Xenon 1 44.88 μJ 1.41 ∙ 10−3 

C1_Xe1_LE_4 Cavity  Xenon 1 20 μJ 1.41 ∙ 10−3 

T1_Ar1_LE_4 Trench  Argon 1 0.942 μJ/μm 2.68 ∙ 10−3 

T1_Ar0.1_LE_4 Trench   Argon 0.1 0.942 μJ/μm 2.68 ∙ 10−2 

T1_Ar0.01_LE_4 Trench   Argon 0.01 0.942 μJ/μm 0.268 

 

In order to identify positions of individual shock waves, we analyze fields of the mixture 

pressure and local Mach number 𝑀𝑎 = 𝑢/√𝛾ℜ𝑇 (𝑢 is the absolute value of local mixture 

velocity, 𝛾 = 5/3 is the adiabatic index of a monatomic gas, ℜ is the local gas constant for a 

mixture, and  𝑇 is the local mixture temperature) shown in Figs. 3.2.1-3.2.4. These fields are 

chosen because a shock wave is the only admitted type of gas discontinuities with jumps in both 

pressure and velocity [111,112]. 

In the case of expansion into a background gas at pressure of 1 bar, immediately after the 

onset of strong evaporation, a primary shock wave is formed inside the cavity.  Since in our 

simulations the laser spot diameter is more than twice smaller than the cavity diameter, this 

primary shock wave initially propagates through the background gas and attains a quasi-

hemispherical shape that is similar to the shape of laser-induced shock waves expanding from 

planar targets into a half-space [42,47,48,65,66,74].  Such a quasi-hemispherical wave is seen in 
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Fig. 3.2.1 at a time of 30 ns.  Fast expansion of the plume induces gradual formation of a low-

pressure region between the core of the plume and the high-pressure gas behind the primary 

shock.  As a result, a secondary or internal [43,113] shock wave is formed at the boundary 

between the low- and high-pressure regions.  The primary and secondary shock waves are 

denoted by curves 𝑎 − 𝑏 and 𝑐 − 𝑑 in Figs. 3.2.1 and 3.2.2.  Positions of the primary and 

secondary shock waves at the cavity axis can be also clearly identified in the distributions of 

pressure along the axis of symmetry shown in Fig. 3.2.5, e.g., for 𝑡 = 35 ns, where they are 

marked by letters “𝑎” and “𝑐.”  In the laboratory coordinate system, the secondary shock wave 

propagates upward, although with respect to the gas flow it moves downward and the distance 

between the primary and secondary waves increases with time.  The boundaries of the mixing 

layer, where the vapor molar fraction varies from 1% to 99% are shown by white curves in the 

pressure fields illustrated in Figs. 3.3.1 and 3.3.2.  At the axis of symmetry, the mixing layer is 

located between the primary and secondary shock waves. 
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Figure 3.2.1. Fields of pressure (bar) and streamlines during laser-induced plume expansion 

from a bottom of a cylindrical cavity in a copper target into argon background gas at pressure 

𝑝𝑏 = 1 bar and laser pulse energy 𝐸𝐿 = 44.88 µJ (case C1_Ar1_HE_4 in Table 3).  White 

curves indicate positions of the mixing layer, where the molar fraction of vapor varies from 

1% to 99%.  All linear scales are given in µm.  Time 𝑡 is indicated in every snapshot.  Letters 

in the snapshot for 𝑡 = 50 ns mark major shock waves: Primary shock wave 𝑎 − 𝑏, secondary 

shock wave 𝑐 − 𝑑, reflected shock wave 𝑑 − 𝑔, Mach stem at the wall 𝑏 − 𝑔, and bouncing 

wave 𝑑 − 𝑒 [84].   
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Figure 3.2.1. (continued).   
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Figure 3.2.2. Local Mach number 𝑀𝑎 (panels on the left from the axes of symmetry) and 

pressure fields (panels on the right from the axes of symmetry) of the gas mixture at times of 35 

ns, 55 ns, 60 ns, and 65 ns during laser-induced plume expansion from a bottom of a cylindrical 

cavity in a copper target into argon background gas at pressure 𝑝𝑏 = 1 bar and laser pulse 

energy 𝐸𝐿 = 44.88 µJ (case C1_Ar1_HE_4 in Table 3).  White curves indicate positions of the 

mixing layer, where the molar faction of vapor varies from 1% to 99 %.  All linear scales are 

given in µm. Time 𝑡 is indicated in every snapshot.  Letters mark major shock waves: Primary 

shock wave 𝑎 − 𝑏, secondary shock wave 𝑐 − 𝑑, reflected shock wave 𝑑 − 𝑔, Mach stem at the 

wall 𝑏 − 𝑔, and bouncing shock wave 𝑑 − 𝑒 (𝑓 − 𝑑 − 𝑒 at 𝑡 = 35 ns).  At 𝑡 = 65 ns, after 

interaction of the reflected shock wave with the cavity axis, two additional Mach stems at the 

axis ℎ − 𝑑′ and 𝑖 − 𝑗 as well as reflected bouncing wave 𝑗 − 𝑑′ appear.  In this case, the 

remaining part of the bouncing shock wave is denoted as 𝑒 − 𝑗 [84]. 
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Figure 3.2.3. Local Mach number 𝑀𝑎 fields during laser-induced plume expansion from a 

bottom of a cylindrical cavity in a copper target into argon background gas at pressure 𝑝𝑏 = 1  

bar and laser pulse energy 𝐸𝐿 = 44.88  µJ (case C1_Ar1_HE_4 in Table 3).  All linear scales 

are given in µm.  Time 𝑡 is indicated in every snapshot [84].  

 

At about 𝑡 = 30 ns, the primary shock wave starts to interact with the lateral cavity wall. 

The mixing layer reaches the wall at about the same time, which corresponds to the onset of 

vapor deposition on the cavity wall.  The reflection of the primary shock wave induces formation 

of the reflected shock wave 𝑑 − 𝑓 and another shock wave 𝑑 − 𝑒 with the front initially parallel 

to the cavity wall in its central part (Fig. 3.2.2 for 𝑡 = 35 ns).  The latter is further referred to as 

the “bouncing” shock wave, since this shock wave “bounces” off the wall and axis of symmetry 

a few times during plume propagation inside the cavity.  The formation condition of the reflected 

wave 𝑑 − 𝑓 initially correspond to regular reflection, but soon, at 𝑡 > ~50 ns, the regular 
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reflection gives way to Mach reflection [111]. When an additional shock 𝑏 − 𝑔 , termed the 

Mach stem, appears. The front of the Mach stem is only slightly curved. This shock is close to 

the normal shock and, in the approximation of continuum flow of an inviscid gas, the tangent to 

its front at the wall is orthogonal to the cavity wall. After the onset of the Mach reflection, the 

front of the reflected shock wave is denoted as 𝑑 − 𝑔 in Fig. 3.2.2, so that the primary shock 

wave, Mach stem, and reflected wave interact in the triple point 𝑔. In the continuum limit, 

interaction of the shock waves in the triple point also induces formation of a contact surface (not 

shown in Fig. 3.2.2), which divides the gas moving through the primary and reflected shock 

waves from the gas moving through the Mach stem [111,112]. The reflected 𝑑 − 𝑔, secondary 

𝑐 − 𝑑, and bouncing 𝑑 − 𝑒 shock waves interact with each other in another triple point 𝑑, which 

gradually moves towards the axis of symmetry due to the motion of the reflected and bouncing 

shocks.  The reflected shock wave 𝑑 − 𝑔 has a complex shape, since the front of this wave 

intersects the mixing layer. In the mixing layer, gradual change in the species molar fractions and 

average molecular mass of the gas mixture induces local changes in the mixture sound speed 

and, correspondingly, in the local angle between the shock front and direction of gas velocity 

before the shock [114].  The intersection of shock waves also results in the formation of a few 

contact surfaces [111], originating from the shock intersection points and dividing adjacent 

masses of gas, which move through different shocks.  In our kinetic simulations, every contact 

surface is represented by a diffusion layer of a finite thickness.  These diffusion layers, however, 

are not indicated in Figs. 3.2.1 and 3.2.2. Close to the cavity bottom, the bouncing shock wave 

‘‘touches” the bottom and propagates along it. The curved shape of this shock wave in the flow 

region close to the cavity bottom (Fig. 3.2.2 for 𝑡 = 35 ns) is also explained by the intersection 

of the shock front with the mixing layer. 
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Figure 3.2.4. Mixture temperature fields during laser-induced plume expansion from a bottom 

of a cylindrical cavity in a copper target into argon background gas at pressure 𝑝𝑏 = 1 bar and 

laser pulse energy 𝐸𝐿 = 44.88 µJ (case C1_Ar1_HE_4 in Table 3).  All linear scales are given 

in µm.  Time 𝑡 is indicated in every snapshot [84].  
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Figure 3.2.5. Distributions of mixture pressure along the cavity axis obtained under conditions 

corresponding to case C1_Ar1_HE_4 in Table 3 (argon background gas at pressure 𝑝𝑏 = 1 

bar, laser pulse energy 𝐸𝐿 = 44.88 µJ) at various times: 𝑡 = 35 ns (red online), 𝑡 = 45 ns 

(green online), 𝑡 = 55 ns (blue online), 𝑡 = 65 ns (cyan online), and 𝑡 = 75 ns (magenta 

online).  For the curve corresponding to 𝑡 = 35 ns, letters “𝑎” and “𝑐” mark positions of the 

primary and secondary shock waves (cf. Fig. 3.2.2).  For the curve corresponding to 𝑡 = 65  

ns, letters “𝑎,” ‘ℎ,’ and “𝑖” mark positions of the primary shock wave and two Mach stems (cf. 

Fig. 3.2.2) [84]. 

 

The reflected 𝑑 − 𝑔 and bouncing 𝑑 − 𝑒 shock waves propagate from the cavity wall 

towards the axis of symmetry.  The motion of these shock waves qualitatively changes the flow 

field inside the cavity compared to the plume expansion from a planar target.  In the cavity, 

radial flow initially is directed from the center of the laser spot towards the cavity wall, but the 

flow behind the bouncing wave is redirected from the wall towards the axis of symmetry.  A 

similar effect of the flow redirection behind the bouncing wave in the laser-induced plume flow 

inside cavities with diameters of a few mm was observed in continuum simulations based on the 

Navier-Stokes equations [20].  It will be shown in Section 3.3 that the formation of the bouncing 
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wave and alternation in the direction of the radial gas velocity behind this wave strongly affects 

the distribution of vapor inside the cavity and vapor deposition on the cavity wall.  The 

secondary wave 𝑐 − 𝑑 and bouncing wave 𝑑 − 𝑒 divide the volume behind the primary shock 

wave into two regions.  The first region is a low-density, low-temperature, and high-velocity 

core below the curve 𝑐 − 𝑑 − 𝑒, where the local Mach number can rise above 10 (Fig. 3.2.3), 

temperature drops below 500 K (Fig. 3.2.4), and radial gas velocity is directed towards the wall 

(Fig. 3.2.1).  The second region is the layer of high-pressure, high-temperature, and low-velocity 

gas above the curve 𝑐 − 𝑑 − 𝑒, where radial gas velocity is directed towards the axis of 

symmetry. 

When the triple point 𝑑 approaches the axis of symmetry, the secondary shock wave 𝑐 −

𝑑 reduces to the Mach stem (Fig. 3.2.2 for 𝑡 = 60 ns).  The reflected shock reaches the axis of 

symmetry at a time of ~62 ns. The reflection of that wave from the axis of symmetry results in 

the formation of two triple points 𝑑’ and 𝑗, as well as two Mach stems ℎ − 𝑑’ and 𝑖 − 𝑗, which 

replace the Mach stem 𝑐 − 𝑑, and a new reflected bouncing shock wave 𝑗 − 𝑑’ with a region of 

high pressure and temperature bounded by these shocks (Fig. 3.2.2 for 𝑡 = 65 ns).  In this 

region, the temperature temporarily rises up to 6500 K (Fig. 3.2.4) and pressure can be as high as 

200 bar (Figs. 3.2.3 and 3.2.5). At a time of 65 ns, three shock waves, crossing the axis of 

symmetry, can be clearly identified in the corresponding pressure field in Fig. 3.2.2 and in the 

distribution of pressure along the cavity axis in Fig. 3.2.5, where they are marked by letters “𝑎,” 

“ℎ,” and “𝑖.”  At the axis of symmetry, the gas pressure in the remaining flow core drops almost 

uniformly down to 0.2-0.3 bar (Fig. 3.2.5).  Afterward, the remaining part of the bouncing wave 

𝑗 − 𝑒 continues to move towards the axis of symmetry, and the Mach stem 𝑖 − 𝑗 moves towards 

the cavity bottom.  The low-pressure flow core gradually disappears and a transient zone of high 
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pressure and temperature behind the shock wave 𝑖 − 𝑗 expands downwards.  In addition, the 

bouncing wave reaches the axis of symmetry at the cavity bottom, inducing a local pressure 

increase (curve for 𝑡 = 75 ns in Fig. 3.2.5).  By a time of ~80 ns, the high-pressure region 

extends along the full flow region between the primary shock wave and the cavity bottom.  At 

that time, the smallest pressure is observed near the cavity lateral wall.  The reflected bouncing 

wave attains the shape shown by curve 𝑘 − 𝑙 in Fig. 3.2.1 for 𝑡 = 80 ns.  Interaction of multiple 

shock waves results in the formation of a “sandwich”-type temperature field behind the primary 

shock wave, which is apparent in Fig. 3.2.4 at 𝑡 = 70 ns.  The flow field in that region is directed 

primarily upward and tends to be parallel to the axis of symmetry.  

The formation of the bouncing wave 𝑘 − 𝑙 ends the process of active shock wave 

interaction inside the cavity.  During the rest of the plume expansion until a time of ~112 ns, 

when the primary shock wave leaves the cavity throat, the bouncing wave gradually weakens and 

moves back and forth between the axis and cavity wall (Fig. 3.2.1 for 𝑡 = 90 ns, 100 ns, and 115 

ns).  At a later time, the primary shock wave attains a quasi-hemispherical shape in the space 

above the cavity [82] with a toroidal vortex behind the shock (Section 3.5). 

3.3 Rarefaction Effects in the Plume Flow Inside the Cavity 

In this section, we discuss the effect of the background gas pressure on the plume flow 

inside the cavity, redeposition of the ablated material on the cavity wall, and focusing the 

ablation products around the flow axis of symmetry.  For this purpose, we systematically 

compare the pressure fields for cases C1_Ar1_LE_4, C1_Ar0.1_LE_4, C1_Ar0.01_LE_4, and 

C1_Ar0_LE_4 in Table 3 obtained for the low-energy laser pulse with 𝐸𝐿 = 20 μJ and pressure 

𝑝𝑏 varying from zero to 1 bar (Figs. 3.3.1-3.3.4).  In these simulations, the amount of the 

evaporated material is ~9.4 times smaller compared to case 1Ar considered in Section 3.1.  The 
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number density and pressure in the plume at the stage of strong evaporation at 𝐸𝐿 = 20 μJ are 

correspondingly smaller, and one can expect formation of weaker shock waves. 

     

Figure 3.3.1. Fields of pressure (bar) and streamlines during laser-induced plume expansion 

from a bottom of a cylindrical cavity in a copper target into a vacuum at a laser pulse energy 

𝐸𝐿 = 20 µJ (case C1_Ar0_LE_4 in Table 3).  [84].  

 

In the case of expansion into a vacuum (case C1_Ar0_LE_4 in Table 3, Fig. 3.3.1), the 

plume density, pressure, and temperature drop fast inside the cavity, in particular, due to 

condensation of vapor on the cavity wall, and no shock wave is formed inside the cavity.  Since 

the condensation coefficient is assumed to be equal to a unity, there is no bouncing of the plume 

from the wall, and the flow field is directed radially from the axis of symmetry towards the 

cavity wall.  Expansion into a vacuum is characterized by the smallest pressure and temperature 
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at the cavity axis (Fig. 3.3.5) and largest flux of vapor atoms depositing on the cavity wall (Fig. 

3.3.6(b)).  

 

     

Figure 3.3.2. Fields of pressure (bar) and streamlines during laser-induced plume expansion 

from a bottom of a cylindrical cavity in a copper target into argon background gas at pressure 

𝑝𝑏 = 0.01 bar and laser pulse energy 𝐸𝐿 = 20 µJ (case C1_Ar0.01_LE_4 in Table 3).  White 

curves indicate positions of the mixing layer, where the molar faction of vapor varies from 1% to 

99%. [84].  

 

At relatively late stages of expansion into a vacuum, e.g., at 𝑡 ≥ 60 ns in Fig. 3.3.1, distributions 

of gas parameters, including plume density, temperature, and pressure, are practically 

homogeneous across a cavity cross-section. For vapor density, this fact is illustrated in Fig. 3.3.7. 

When the plume leaves the cavity throat, it forms a quasi-conical jet with a relatively small apex 

angle, where atoms move without collisions with each other. 
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Figure 3.3.3. Fields of pressure (bar) and streamlines during laser-induced plume expansion 

from a bottom of a cylindrical cavity in a copper target into argon background gas at pressure 

𝑝𝑏 = 0.1 bar and laser pulse energy 𝐸𝐿 = 20 µJ (case C1_Ar0.1_LE_4 in Table 3).  White 

curves indicate positions of the mixing layer, where the molar fraction of vapor varies from 

1% to 99% [84].  

 



 

68 

 

 

At a background gas pressure of 0.01 bar (case C1_Ar0.01_LE_4 in Table 3, Fig. 3.3.2), 

the mean free path of gas molecules in the undisturbed background gas is equal to ~13.4 µm and 

the Knudsen number 𝐾𝑛0 is equal to 0.268.  These conditions correspond to the transitional flow 

regime, so that distinct shock waves do not form inside the cavity, but transient zones of high 

pressure appear at the cavity wall, e.g., at a time of 50 ns.  These zones transform into the high-

pressure zones behind the shock wave at larger background gas pressure (Figs. 3.3.3 and 3.3.4).  

The mixing layer between the background gas and the plume is relatively thick and radial flow is 

still directed towards the cavity wall during the whole process of plume expansion inside the 

     

Figure 3.3.4. Fields of pressure (bar) and streamlines during laser-induced plume expansion 

from a bottom of a cylindrical cavity in a copper target into argon background gas at pressure 

𝑝𝑏 = 1 bar and laser pulse energy 𝐸𝐿 = 20  µJ (case C1_Ar1_LE_4 in Table 3).  White curves 

indicate positions of the mixing layer, where the molar fraction of vapor varies from 1% to 

99% [84].  
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cavity.  Compared to the expansion into a vacuum, at 𝑝𝑏 = 0.01 bar, a relatively large high-

temperature region is formed at the flow axis of symmetry, and the temperature maximum 

travels ahead of the maximum of vapor density (Fig. 3.3.5). At a time of 70 ns, the vapor density 

at the cavity wall is ~2 times larger at 𝑝𝑏 = 0.01 bar than at 𝑝𝑏 = 0, but the redeposition flux is 

only 20% smaller (Fig. 3.3.6). 

 

  

Figure 3.3.5. Distributions of the number density (a) and temperature (b) of Cu vapor along 

the axis of symmetry of the cylindrical cavity in a copper target at a time of 70 ns during laser-

induced plume expansion at laser pulse energy 𝐸𝐿 = 20 µJ into vacuum (red online; case 

C1_Ar0_LE_4 in Table 3), as well as argon background gas at pressures 𝑝𝑏 = 0.01  bar (green 

online; case C1_Ar0.01_LE_4), 𝑝𝑏 = 0.1 bar (blue online; case C1_Ar0.1_LE_4), and 𝑝𝑏 = 1  

bar (magenta online; case C1_Ar1_LE_4) [84]. 
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Figure 3.3.6. Distributions of number density of Cu vapor (a) and mass flux of the deposited 

Cu vapor atoms (b) at the lateral wall of a cylindrical cavity in a copper target at a time of 70 

ns during laser-induced plume expansion at laser pulse energy 𝐸𝐿 = 20 µJ into a vacuum (red 

online; case C1_Ar0_LE_4 in Table 3), as well as argon background gas at pressure 𝑝𝑏 = 0.01  

bar (green online; case C1_Ar0.01_LE_4), 𝑝𝑏 = 0.1 bar (blue online; case C1_Ar0.1_LE_4), 

and 𝑝𝑏 = 1 bar (magenta online; case C1_Ar1_LE_4) and.  In panel (b), the vapor flux at 𝑝𝑏 =
1 bar is small and cannot be seen in the scale of this figure [84]. 

 

At a background gas pressure of 0.1 bar (case C1_Ar0.1_LE_4 in Table 3, Fig. 3.3.3), the 

Knudsen number 𝐾𝑛0 is equal to 2.68 ∙ 10−2.  These conditions approximately correspond to the 

boundary between the transitional and continuum flow regimes, so that distinct shock waves 

form inside the cavity.  The mixing layer shrinks compared to the case of 𝑝𝑏 = 0.01 bar and fills 

out almost the whole flow region between the primary and secondary shock waves.  At 𝑡 > ~40 

ns, the vertical nominal boundary between the mixing layer and the core of the plume, where the 

vapor molar fraction is larger than 99%, follows the position of the bouncing shock wave.  Due 

to the motion of the reflected and bouncing shocks in the direction from the cavity wall towards 

the axis of symmetry, a region where radial flow is directed towards the axis appears near the 

wall at 𝑡 > ~50 ns. The formation of the shock wave results in a strong increase of vapor density 

and temperature behind the primary shock wave (Fig. 3.3.5) and non-homogeneous distribution 
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of the background gas and vapor densities in the cavity cross sections (Fig. 3.3.7).  A layer, 

where the vapor density is ~20 times smaller than the density of the background gas, is formed 

at the cavity wall. This same effect of non-homogenous distribution of background gas and vapor 

density, or presence of a reduced vapor zone, is also seen under different conditions in Fig. 3.1.2, 

where laser energy is higher. Redeposition of the ablated products at the wall is limited by 

diffusion of vapor through the background gas towards the wall and the maximum deposition 

flux drops 2-2.5 times compared to the deposition flux at 𝑝𝑏 ≤ 0.01 bar (Fig. 3.3.6(b)). 

With further increase of the background gas pressure up to 1 bar (case C1_Ar1_LE_4 in 

Table 3, Fig. 3.3.4), the flow inside the cavity occurs in the continuum flow regime.  In this case, 

the transient shock wave interaction patterns are similar to those observed at higher pulse energy 

(Figs. 3.2.1 and 3.2.2).  The propagation of the reflected and bouncing shocks induces strong 

radial flow towards the cavity axis of symmetry.  For instance, the maximum radial component 

of the mixture velocity directed towards the axis of symmetry is equal to ~700 m/s at a time of 

70 ns. A comparison of fields shown in Figs. 3.3.4 and 3.1.1 help illustrate how the formation of 

the vapor free zone occurs, even under different irradiation conditions. In Fig 3.3.4, the 

streamlines indicate flow is directed towards the cavity center. This direction of flow then can be 

used to explain the layer of decreased vapor near the cavity wall in Fig 3.1.1, where fields of 

number density are shown.  Comparison of the flow fields shown in Figs. 3.3.2-3.3.4 indicates 

that an increase of the background gas pressure under fixed irradiation conditions results in the 

decreasing speed of the primary shock, reduced thickness of the mixing layer, and an overall 

“suppression” or stopping of the plume expansion.  It occurs since the speed of the primary 

shock wave depends on the ratio of the characteristic pressure 𝑝𝐿 behind the wave in the vapor 

“bubble,” which is created as a result of laser evaporation of the target material, to the pressure 
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before the shock wave, i.e. pressure in the undisturbed background gas 𝑝𝑏.  The speed of the 

shock wave at a fixed sound speed before the shock is an increasing function of 𝑝𝐿/𝑝𝑏  [111], 

and decreases with increasing 𝑝𝑏 at fixed 𝑝𝐿. According to this simple argument, the primary 

shock wave speed should also increase in response to increasing laser pulse energy and, 

correspondingly, increasing 𝑝𝐿 at constant 𝑝𝑏. The comparison of the flow fields in Figs. 3.2.1 

and 3.3.4 obtained at different laser pulse energies 𝐸𝐿 but at the same 𝑝𝑏 confirms this 

conclusion.  It is notable that the overall suppression of plume expansion increases the intensity 

of the reflected wave 𝑎 − 𝑏 and, correspondingly, its propagation speed, so that the bouncing 

shock wave reflects from the axis of symmetry by a time of 70 ns.  It results in the formation of 

an extended zone of elevated vapor temperature and density at 𝑥 < 70 µm, which can be seen in 

Fig. 3.3.5. 

The distributions of vapor parameters in the core of the plume bounded by the secondary 

shock wave 𝑐 − 𝑑 and bouncing wave 𝑑 − 𝑒 are not affected by the background gas pressure, so 

that distributions of vapor density in Fig. 3.3.5(b) at 𝑝𝑏 ≤ 0.1 bar coincide with each other.  

Once the bouncing wave reaches the cavity axis, the flow core starts to collapse. At that time the 

distributions of gas parameters at the axis of symmetry drastically change. At 𝑝𝑏 = 1 bar, the 

core collapses before 70 ns.  It explains why the distributions of vapor density and temperature at 

𝑝𝑏 = 1 bar are qualitatively different from the distributions at smaller 𝑝𝑏 in Fig. 3.3.5.  After 

collapsing the core, the vapor density and temperature at the axis of symmetry increase in more 

than order of magnitude in the whole region behind the doubly reflected shock wave (Fig. 3.3.5). 

Vapor intensively mixes with the background gas at the bottom of the cavity, so that the region 

of pure vapor becomes confined by the mixing layer from top, bottom, and lateral sides.  This 

region rises inside the cavity during further expansion of the plume.  This process can be seen, 
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e.g., in Fig. 3.3.4 at 𝑡 = 60 ns and 70 ns.  The radial flow velocity in these snapshots is directed 

from the cavity wall towards the axis in the whole flow with exception of a small domain behind 

the primary shock wave. 

 

Figure 3.3.7. Distributions of number density of Cu vapor (solid curves) and gas mixture 

(dashed curves) at a time of 70 ns in the cavity cross sections obtained at laser pulse energy 

𝐸𝐿 = 20 µJ and various background gas pressure: 𝑝𝑏 = 0  (height 110 µm; red online; case 

C1_Ar0_LE_4in Table 3), 𝑝𝑏 = 0.01  bar (height 110 µm; green online; case 

C1_Ar0.01_LE_4), 𝑝𝑏 = 0.1 (height 90 µm; blue online; case C1_Ar0.1_LE_4), and 𝑝𝑏 = 1  

(height 60 µm; magenta online; case C1_Ar1_LE_4).  The cross-section height is counted 

from the cavity bottom [84].   

 

It is also quite notable that, at 𝑝𝑏 = 1 bar, a layer free of vapor is formed at the cavity 

wall.  This layer is seen in the fields shown in Fig. 3.3.4, where the boundary of the mixing layer 

is “detached” from the cavity wall, as well as in distributions of number density in the cavity 

cross sections shown in Fig. 3.3.7. This fact is also illustrated in Fig. 3.1.2, where at 1 bar 

pressure, the reduced vapor zone at the cavity wall is the greatest.  In order to illustrate the 

gradual formation of this layer due to motion of shock waves and corresponding alternation in 
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the direction of radial flow at the cavity wall, we compared number density fields of mixture and 

vapor at 𝑡 = 60 ns obtained under identical irradiation conditions, but at different background 

gas pressures varying from 0 to 1 bar (Fig. 3.3.8).  The layer free of vapor starts to form at a 

pressure of about 0.1 bar, when the Knudsen number 𝐾𝑛0 becomes sufficiently small to admit 

the formation of distinct shock waves.  At 𝑝𝑏 = 1 bar, this layer develops into the region of a 

thickness of ~4 µm in the radial direction.  This region effectively “protects” the wall from 

redeposition of the ablation products, so that the flux of deposited atoms drops in a few orders of 

magnitude and becomes invisible in the scale of Fig. 3.3.6(b).  Consequently, the formation of 

the near-wall protecting layer composed of almost “pure” background gas increases the 

efficiency of the ablated material removal through the cavity throat. 

Fig. 3.3.8 illustrates qualitative changes in the vapor density field in response to variation 

of the background gas pressure.  During expansion into a vacuum, a weak maximum of density is 

realized at the cavity axis, and the whole density field resembles a field that can be obtained as a 

result of gas expansion from a point source, which is initially formed at the laser spot and then 

gradually raises inside the cavity.  With increasing background gas pressure, the number density 

field becomes strongly inhomogeneous and transient zones of high vapor density appear behind 

the reflected and bouncing shock waves.  With further increase in 𝑝𝑏 up to 1 bar, the vapor 

plume cannot reach the cavity wall at a time of 60 ns considered in Fig. 3.3.8, and the maximum 

number density is realized between the primary and secondary shock waves.   
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Figure 3.3.8. Distributions of number density of the gas mixture (snapshots to the left from the 

axes of symmetry) and Cu vapor (snapshots to the right from the axes of symmetry) obtained 

at a time of 60 ns in simulations of laser-induced plume expansion in a cylindrical cavity into 

argon background gas at various background gas pressure: (a), 𝑝𝑏 = 0 ; (b), 𝑝𝑏 = 0.01  bar; 

(c), 𝑝𝑏 = 0.1 bar; and (d), 𝑝𝑏 = 1  bar.  The laser pulse energy is 𝐸𝐿 = 20 µJ [84]. 

 

These complex changes result in a non-monotonous variation of the vapor density 

distributions at the cavity wall shown in Fig. 3.3.6(a).  Initially, when 𝑝𝑏 increases from zero to 

0.1 bar, the maximum vapor density at the wall increases in response to the gradual formation of 

transient zones of the compressed gas, which are further transformed, with increasing 𝑝𝑏, into 

high-density zones behind the reflected and bouncing shocks.  The position of the vapor density 

maximum at the wall moves towards the cavity bottom with increasing 𝑝𝑏 due to the overall 

suppression of plume expansion.  It is interesting that the increase in vapor density at the wall 

corresponds to a decrease in the deposition flux (Fig. 3.3.6(b)).  With further increase of 𝑝𝑏 up to 
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1 bar, both the vapor density at the wall and deposition flux drop in a few orders of magnitude 

due to the formation of the near-wall layer free of vapor. 

All results presented in Sections 3.2 and 3.3 and obtained for a cavity with aspect ratio 4 

are not affected by the actual cavity height under conditions, when the primary shock wave 

remains inside the cavity. These results, therefore, also describe the initial stage of plume 

expansion in cavities with larger height. 

3.4 Mechanisms of the Focusing and Confinement Effects of the Background Gas 

The analysis of results shown in Figs. 3.3.1-3.3.8 reveals two major effects induced by 

varying the background gas pressure.  Both effects are related to the gradual formation of shock 

waves with decreasing mean free path of gas molecules in the background gas.  The first effect 

can be referred to as the “confinement,” “suppression,” or “stopping” effect.  It consists of a 

decrease of the primary shock wave speed with increasing 𝑝𝑏, which induces the overall 

suppression of the plume expansion process.  The confinement effect increases the time of plume 

expansion inside the cavity and, correspondingly, the total amount of vapor condensed at the 

cavity wall.  In extreme cases of very large cavity height or very high background gas pressure, 

the vapor plume can be completely confined inside the cavity and almost completely absorbed by 

the cavity wall, diffusively migrating to the wall through the background gas remaining in the 

cavity.  Thus, the confinement effect potentially decreases the efficiency of the ablated material 

removal, which is characterized by the fraction 𝐹𝑟/𝐹𝑎 of vapor removed out of the cavity.  With 

increasing degree of plume confinement, the average temperature, density, and pressure in the 

plume at a fixed time also tend to increase, since about the same amount of vapor and its energy, 

produced by the target vaporization, are confined in a domain of smaller volume.  Results shown 

in Figs. 3.2.1-3.2.4 indicate, however, that the effect of increasing background gas pressure on 
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local flow properties is complex, and transient regions of high temperature and density can 

appear due to the complex interaction of multiple moving shock waves rather than just overall 

suppression of the plume expansion.  The confinement or stopping effect is not specific only for 

laser-induced plumes developing under conditions of spatial confinement.  It is observed also in 

plumes propagating in an unbounded half-space [43,74,75,79].  

The second major effect of the increasing background gas pressure can be referred to as 

the “focusing” effect, which results in the focusing of the plume flow near the axis of symmetry.  

It occurs mostly due to the motion of reflected and bouncing shock waves from the cavity wall 

towards the axis of symmetry and corresponding transient alternation of the radial flow direction 

from the flow towards the cavity wall into the flow towards the axis of symmetry.  It effectively 

prevents the bulk motion of vapor towards the wall, which dominates the vapor flow at small 𝑝𝑏, 

and results in the formation of a near-wall layer that is practically free from vapor atoms.  As a 

result, the focusing effect prevents the redeposition of the ablated material at the cavity wall and 

increases the efficiency of material removal through the cavity throat.  These conditions are 

favorable in applications of laser ablation for material processing.  The reflection and interaction 

of the shock waves at the cavity axis also result in the formation of large transient zones of high 

vapor temperature and density illustrated, e.g., in Fig. 3.3.5.  These transient zones do not form 

during expansion of laser-induced plumes into a half-space without a confining enclosure.  The 

formation of such high-temperature and high-density zones is favorable for LIBS, since it can 

potentially increase the intensity of the LIBS signal [34-38].  Thus, the interaction of the shock 

waves in the laser-induced plumes under conditions of spatial confinement can simultaneously 

diminish the condensation of the ablation products at the interphase boundaries and create zones 

with high density and temperature of the ablation products in the central part of the flow. 
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The effect of plume focusing on the total amount of atoms deposited on the cavity bottom 

and lateral wall is quantified in Fig. 3.4.1 for the case of 𝐸𝐿 = 20 µJ.  One can see that the 

background gas pressure practically does not affect the fraction 𝐹𝑑(𝐵)/𝐹𝑎 of vapor redeposited 

back to the cavity bottom (dashed curves).  This fraction remains at a level of ~20 %, which is 

in agreement with the theoretical and numerical predictions for the steady-state Knudsen layer. 

These predictions correspond to when the amount of the condensed material under conditions of 

strong, sonic evaporation and in the limit of small Knudsen number at the surface is equal to 

16.3%-20% depending on the molecular model of vapor and method used to solve the kinetic 

equation [77,78,96,115,116].  The amount of vapor absorbed by the lateral cavity wall 𝐹𝑑(𝑊)/𝐹𝑎 

(solid curves), on the contrary, strongly depends on 𝑝𝑏.  In a range of relatively small 𝑝𝑏, e.g., at 

𝑝𝑏 ≤ ~0.2 bar, 𝐹𝑑(𝑊)/𝐹𝑎 is maximum for expansion into a vacuum and then monotonously 

drops together with the rate of condensation (Fig. 3.4.1(a)).  In this range of pressure, 

condensation practically stops after ~200 ns and efficiency of material removal 𝐹𝑟/𝐹𝑎 is an 

increasing function of 𝑝𝑏 (Fig. 3.4.1(b)). 
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Figure 3.4.1. Panel (a): Relative number of Cu atoms deposited on the cavity lateral wall, 

𝐹𝑑(𝑊)/𝐹𝑎, (solid curves) and on the cavity bottom, 𝐹𝑑(𝐵)/𝐹𝑎, (dashed curves) versus time t at 

different argon background gas pressures: 𝑝𝑏 = 0 (red online; case C1_Ar0_LE_4in Table 3), 

0.01 bar (green online; case C1_Ar0.01_LE_4), 0.1 bar (blue online; case C1_Ar0.1_LE_4), 

and 1 bar (magenta online; case C1_Ar1_LE_4).  Panel (b): Ratio 𝐹𝑟/𝐹𝑎 of the mass of Cu 

vapor removed out of the cavity by a time of 2 µs 𝐹𝑟 to the total amount of vaporized material 

𝐹𝑎 versus the background gas pressure 𝑝𝑏.  The background gas is argon (squares, red online) 

and xenon (circles, blue online).  All calculations are performed for a cavity with aspect ratio 

𝐻/𝐷 = 4 at laser pulse energy 𝐸𝐿 = 20 µJ.  The inset in panel (a) shows 𝐹𝑑(𝑊)/𝐹𝑎 versus time 

for 𝑝𝑏 = 0.1 bar and 1 bar up to 2 µs.  𝐹𝑎 = 𝐹𝑎(𝑡) is the total number of evaporated atoms by 

time 𝑡 [84]. 

 

At sufficiently large background gas pressure, e.g., at 𝑝𝑏 = 1 bar, a delayed condensation 

starts at 𝑡 > 200 ns (inset in Fig. 3.4.1(a)). The delay in condensation occurs due to the focusing 

effect, which results in the transient formation of the near-wall layer free of vapor.  Then, 

condensation starts due to the confinement effect, which stops the plume expansion at a stage 

when a large amount of vapor is still confined inside the cavity.  At this stage, vapor deposition 

is a slow, diffusion-limited process and 𝐹𝑑(𝑊)/𝐹𝑎  increases with much smaller rate when in the 

case of smaller 𝑝𝑏. Due to low bulk flow velocity, deposition occurs with a practically constant, 

diffusion-limited rate even after 2 µs, and the amount of the material condensed at the lateral 

wall can eventually increase above the amount of the condensed material at 𝑝𝑏 = 0.1 bar.  As a 
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result, the efficiency of material removal 𝐹𝑟/𝐹𝑎 at 𝑝𝑏 = 1 bar drops compared to the cases of 

smaller 𝑝𝑏. 

Thus, the overall effect of the background gas pressure on vapor condensation at the 

cavity wall is determined by the trade-off between the confinement and focusing effects.  In the 

case of expansion into a vacuum, condensation is fast and efficient, so that only about 2% of the 

vaporized material can be removed out of the cavity with an aspect ratio 𝐻/𝐷 = 4.  The 

efficiency of material removal can be even smaller for cavities with higher aspect ratio.  At small 

background gas pressures, deposition of the vaporized target material is dominated by the 

focusing effect, so that the efficiency of material removal fast increases with 𝑝𝑏 and reaches, e.g., 

~37% for argon at 𝑝𝑏 = 0.2 bar and ~23% for xenon near 𝑝𝑏 = 0.05  bar under conditions 

illustrated by Fig. 3.4.1(b).  At larger background gas pressures, the plume expansion and 

deposition of the ablated material at the cavity wall is dominated by the confinement effect.  The 

vapor remaining in the cavity slowly diffuses towards the cavity wall and bottom and deposits on 

them, while only a relatively small fraction of vapor can diffuse through the cavity throat.  In this 

case, the whole deposition process can take from a few to tens of µs depending on the cavity 

size.  An increase in the cavity height at fixed background gas pressure also makes the 

confinement effect stronger and, correspondingly, decreases the efficiency of material removal. 

Due to the trade-off between the focusing and confinement effects, there is an “optimum” 

background gas pressure that can maximize the efficiency of material removal.  For a laser pulse 

energy of 20 µJ, cavity aspect ratio of 4, and argon background gas, this optimum background 

gas pressure is equal to ~0.2 bar.  The optimum pressure, however, strongly depends on the 

cavity aspect ratio 𝐻/𝐷, laser fluence at the center of the laser beam, and other parameters like 

the ratio of the laser spot and cavity diameters 𝐷𝐿/𝐷.  An increase in the laser pulse energy, in 
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particular, strongly increases the optimum pressure. With increasing the molar mass of the 

background gas, the optimum background gas pressure decreases and, in the case of xenon, it is 

equal to ~0.075 bar (Fig. 3.4.1(b)). 

3.5 Inertial and Diffusion Stages of Plume Expansion 

Similar to the plume expansion into a half-space [43], the whole process of plume 

expansion in a cavity can be nominally divided into inertial and diffusive stages.  In the case of a 

cavity, however, the flow structure and redeposition of the ablated material at the end of the 

inertial stage and during the diffusive stages strongly depend on the ratio of the stopping distance 

to the cavity height.  The stopping distance decreases with increasing 𝑝𝑏 and decreasing 𝐸𝐿 (as 

well as with increasing molecular weight of the background gas, Section 3.6) and can be both 

smaller and larger than the cavity height.  The simulation results discussed in Section 3.4 

indicate that, if the background gas pressure is close to 1 bar, the stopping distance is comparable 

with the cavity height.  Consequently, the diffusive stage begins when a large fraction of the 

vapor is confined inside the cavity.  The plume can also be completely stopped inside the cavity.  

Such conditions are illustrated in Fig. 3.5.1, where inertial expansion of plume at 𝐸𝐿 = 20 μJ 

into xenon background gas stops at ~600 ns at a stopping distance of ~130 µm, which is smaller 

than the cavity height of 200 µm.  Between 600 ns and 1 µs, the vapor density in the plume 

gradually drops and boundaries of the plume become more eroded due to diffusion of vapor 

towards the cavity boundaries.  In this case, the regime of redeposition of the ablated material 

back to cavity surface is dominated by the confinement effect.  It explains why the efficiency of 

material removal out of cavity drops to practically zero for xenon background gas zero at 𝑝𝑏 = 1 

bar (circles in Fig. 3.4.1(b)).  
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Figure 3.5.1. Fields of number density of gas mixture (snapshots to the left from the axes of 

symmetry) and Cu vapor (snapshots to the right from the axes of symmetry) obtained in 

simulations of laser-induced plume expansion in a cylindrical cavity with the aspect ratio 

𝐻/𝐷 = 4 into xenon background gas at pressure 𝑝𝑏 = 1  bar.  The laser pulse energy is 𝐸𝐿 =
20 µJ (case C1_Xe1_LE_4 in Table 3) [84]. 

 

The purpose of the present section, however, is to show that the diffusive stage of plume 

expansion under conditions of spatial confinement has peculiarities that are not observed in the 

case of plume expansion into a half-space.  In particular, we demonstrate that a secondary 

backflow can evolve inside the cavity due to suction of the gas mixture from the space above the 

cavity if the stopping distance is about the cavity height.   

Argon and Cu vapor number density fields obtained for case C1_Ar1_LE_4 (Table 3) 

and shown in Fig. 3.5.2 at times of 0.75 µs, 1.08 µs, and 1.5 µs illustrate the typical flow 

structure developing in the space above the cavity.  When the primary shock wave leaves the 

cavity throat, a low-density region is formed at the cavity edge.  The Rayleigh–Taylor instability 
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then induces formation of a vortex ring that propagates in the characteristic form of a mushroom 

cloud [45].  The vortex ring primarily includes the background gas with only traces of vapor.  

The position of the rising toroidal vortex corresponds to the minimum of argon density in the 

domain above the cavity.  The vapor density field during the considered time only marginally 

expands upward and is almost completely confined inside the cavity. It indicates that the stage of 

inertial expansion is already finished. In addition, these fields draw a clear connection to how the 

drop in efficiency after some optimum pressure, seen in Figs. 3.1.4 and 3.4.1(b) is related to the 

confinement effect. Fields in Fig. 3.5.2 indicate little change in vapor fields near the throat, 

where remaining vapor is no longer expanding and remains trapped or confined within the 

cavity. 

The maximum density of vapor is realized close to the cavity throat.  At the cavity 

bottom, the vapor density drops, so that by a time of 1.5 µs a region almost free of vapor is 

formed at the bottom.  The overall changes in the distribution of vapor inside the cavity during 

the time from 0.75 µs to 1.5 µs, however, are small.  They are induced by slow diffusion of Cu 

atoms through argon towards all cavity boundaries, which results in gradually establishing 

uniform distribution and slowly decreasing the maximum vapor density. 
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Figure 3.5.2. Fields of number density of argon background gas (snapshots to the left from the 

axes of symmetry) and Cu vapor (snapshots to the right from the axes of symmetry) obtained 

in simulations of laser-induced plume expansion in a cylindrical cavity with the aspect ratio 

𝐻/𝐷 = 4 at the background gas at pressure 𝑝𝑏 = 1 bar.  Laser pulse energy is 𝐸𝐿 = 20 µJ 

(case C1_Ar1_LE_4 in Table 3) [84].  

 

The net flow of the gas mixture through the cavity throat can be temporarily directed 

inward the cavity.  This backflow, as well as the mushroom cloud, is induced by the low-density 

and low-pressure region at the cavity edge.  Development of the backflow is illustrated by the 

mixture pressure fields and streamlines shown in Fig. 3.5.3.  Expansion of a quasi-spherical 

primary shock wave, which leaves the cavity at a time of ~218 ns, produces a strong pressure 

minimum at the edge of the cavity throat.  The region of low pressure grows in time and expands 

to the axis of symmetry. By a time of 510 ns, this region is divided into two low-pressure zones. 

One of them corresponds to the core of the toroidal vortex and rises following the propagation of 
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the primary shock.  The second zone at the axis of symmetry moves downwards and enters the 

cavity.  This zone propagates through the cavity and reaches the cavity bottom by a time of 990 

ns.  The formation of the two low-pressure regions induces corresponding flow field directed to 

the low-density regions, which is clearly seen, e.g., at a time of 1.5 µs.  By this time a nearly 

unidirectional backflow develops inside the whole cavity.  The propagation of the low-density 

region into the cavity induces suction of the gas-vapor mixture from above the cavity into it.  At 

a time of 1.5 µs, the magnitude of the downward-directed flow velocity inside the cavity raises 

up to 100 m/s. 

The formation of the mushroom cloud during plume expansion into a half-space was 

observed both experimentally and computationally [44,45,74,81]. In this case, the rising vortex 

ring does not strongly affect redeposition of the ablation products back to the target surface.  In 

the case of a cavity, due to the suction effect of the backflow at the diffusive stage of the plume 

expansion, the mass flux of vapor through the cavity throat becomes negative at 𝑡 > ~1.2 µs 

(Fig. 3.5.4(a)).  Correspondingly, the total amount of vapor leaving the cavity throat temporarily 

become a decreasing function of time (Fig. 3.5.4(b)). The oscillations of the flux of vapor atoms 

at the cavity throat in Fig. 3.5.4(a) are explained by the back-and-forth motion of the bouncing 

wave between the cavity axis and lateral wall. This motion of the bouncing wave was discussed 

before in Section 3.2 and is illustrated in Fig. 3.2.1. Thus, the backflow can increase the amount 

of the ablated material inside the cavity and further reduce the efficiency of material removal.  It 

indicates that accurate predictions of the total amount of the material condensed back to the 

cavity wall and bottom during single-pulse ablation process can require simulations of the plume 

expansion process on the time scale of tens of µs. Such simulations with kinetic models can be 

impractical due to high computational costs. 
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Figure 3.5.3. Fields of pressure (bar) and streamlines during laser-induced plume expansion 

from the bottom of a cylindrical cavity with aspect ratio 𝐻/𝐷 = 4 in a copper target into argon 

background gas at pressure 𝑝𝑏 = 1 bar at laser pulse energy 𝐸𝐿 = 20 µJ (case C1_Ar1_LE_4 

in Table 3) [84].  
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Figure 3.5.3. (continued).  

  

Figure 3.5.4. Flux of atoms of the Cu vapor through the cavity throat (a) and relative total 

number of Cu vapor atom removed from the cavity 𝐹𝑟/𝐹𝑎 by time 𝑡 (b) versus time 𝑡 
calculated for case C1_Ar1_LE_4 in Table 3 (cylindrical cavity with aspect ratio 𝐻/𝐷 = 4, 

laser pulse energy 𝐸𝐿 = 20  µJ, argon background gas at pressure 𝑝𝑏 = 1 bar).  Negative value 

of the flux in (a) and decreasing value of 𝐹𝑟/𝐹𝑎 in (b) appear due to the backflow of the gas 

mixture into the cavity through its throat.  The backflow starts at ~1.1 µs. 𝐹𝑎 = 𝐹𝑎(𝑡) is the 

total number of evaporated atoms by time 𝑡 [84]. 
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3.6 Effect of the Background Gas Species 

In order to study the effect of the background gas species on the degree of the 

confinement and focusing effects, we performed simulations of plume expansion at 𝐸𝐿 = 44.88 

µJ into helium and xenon background gases at a pressure of 1 bar (cases C1_He1_HE_4 and 

C1_Xe1_HE_4 in Table 3; Figs. 3.6.1-3.6.5). These results are compared with results of 

simulations obtained under the same conditions for argon (case C1_Ar1_HE_4 in Table 3).   

Since all considered gases are monatomic and non-reactive, the difference in simulation 

results obtained for different background gas species is determined by the difference in the 

collision cross sections and, correspondingly, the frequency of molecular collisions, as well as by 

the difference in the molecular weights.  A smaller value of the collision cross section increases 

the mean free path of gas molecules and shifts the range of background gas pressure, when the 

strong shock waves appear, towards larger values.  In addition, smaller values of the collision 

cross section result in an increased diffusion rate, which can potentially intensify redeposition of 

the ablated material on the cavity wall.  It is expected, therefore, that a decrease in the cross 

section should make the focusing effect less pronounced.  With increasing molecular weight of 

the background gas, the sound speed in the undisturbed background gas decreases and, 

correspondingly, the speed of the primary shock wave decreases as well, if the pressure ratio at 

the shock wave is the same [111].  The confinement effect, therefore, is expected to be more 

pronounced for heavier background gases. 
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Figure 3.6.1. Fields of pressure (bar) and streamlines during laser-induced plume expansion 

from a bottom of a cylindrical cavity in a copper target into helium background gas at pressure 

𝑝𝑏 = 1  bar and laser pulse energy 𝐸𝐿 = 44.88   µJ (case C1_He1_HE_4 in Table 3) [84]. 

 

An inspection of parameters of helium, argon, and xenon listed in Table 1 show that the 

collision cross section of He atoms at a temperature of 273 K is about four times smaller than for 

Ar and Xe atoms, which have the collision cross sections of similar size.  Thus, the major factor 

that determines the difference between expansions of laser-induced plumes in these gases is the 

difference in their molecular weights.  Since the molecular weight increases in ~35 times from 

He to Xe, one can expect a much stronger confinement effect in the case of plume expansion into 

xenon than into helium.  The computational results agree with this expectation.  In the case of 

helium, the primary shock wave propagates much faster than in the cases of argon and xenon. 
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For example, at a time of 55 ns, it is located at a height of 115 μm in helium, 90 μm in argon, and 

77 μm in xenon.  The comparison of pressure fields shown in Figs. 3.2.1, 3.6.1, and 3.6.2 reveals 

smaller intensities of the reflected and bouncing shocks in helium than in argon and xenon.  

Consequently, in helium, these shocks propagate slower and induce relatively weak radial flow 

from the cavity wall to the axis of symmetry.  The near-surface layer with a decreased density of 

vapor is thin in this case and almost non-visible, e.g., in the vapor density field shown in Fig. 

3.6.3(a).  Faster diffusion of species in helium background gas and its lighter molecular weight 

make shock waves and contact surfaces less sharp and result in retaining larger core region with 

small density, pressure, and temperature.  On the contrary, in the case of xenon, the reflected and 

bouncing shocks are much stronger.  For instance, the maximum pressure behind the reflected 

shock wave in the case of xenon is ~5 times larger than in the case of helium.  Correspondingly, 

these shocks propagate faster and induce much stronger radial flow towards the cavity axis.  In 

the case of xenon, the bouncing shock reaches the axis of symmetry and the low-pressure plume 

core practically disappears by a time of ~70 ns (Fig. 3.6.2).  The strong radial flow directed 

towards the cavity axis induces the formation of the relatively thick near-surface layer that is free 

of vapor and protects the wall from the deposition of the ablation products (Fig. 3.6.3(c)).  The 

comparison of the number density fields shown for cases of argon and xenon in Fig. 3.6.3 does 

not reveal any qualitative difference between them.  These fields are only quantitatively different 

due to the stronger manifestation of both the confinement and focusing effects in the case of 

heavier xenon. 
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Figure 3.6.2. Fields of pressure (bar) and streamlines during laser-induced plume expansion 

from a bottom of a cylindrical cavity in a copper target into xenon background gas at pressure 

𝑝𝑏 = 1 bar and laser pulse energy 𝐸𝐿 = 44.88 µJ (case C1_Xe1_HE_4 in Table 3) [84].  

 

Cases C1_Ar1_HE_4 and C1_Xe1_HE_4 considered in this section correspond to 

conditions when the plume expansion is dominated by the focusing effect.  In agreement with the 

observed changes in the flow fields, the amount of vapor deposited to the cavity wall strongly 

increases in the case of expansion into helium compared to the cases of heaver argon and xenon 

(solid curves in Fig. 3.6.4).  In particular, by a time of 100 ns, about 22% of the total amount of 

the ablated material is already deposited back to the cavity wall in the case of helium, while this 

quantity is equal to only ~3% and ~1.3% for argon and xenon.  Thus, the efficiency of material 

removal out of the cavity strongly decreases with decreasing molecular weight of the background 
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gas.  The amount of vapor condensed at the cavity bottom is practically independent of the 

background gas species (dashed curves in Fig. 3.6.4).  

 

   

Figure 3.6.3. Fields of number density of gas mixture (snapshots to the left from the axes of 

symmetry) and vapor (snapshots to the right from the axes of symmetry) at 𝑡 = 70 ns during 

laser-induced plume expansion from a bottom of a cylindrical cavity in a copper target into 

various background gases: (a), helium, case C1_He1_HE_4 in Table 3; (b) argon, case 

C1_Ar1_HE_4; and (c), xenon, case C1_Xe1_HE_4. Background gas pressure 𝑝𝑏 = 1  bar 

and laser pulse energy 𝐸𝐿 = 44.88 µJ [84].  
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Figure 3.6.4. Relative number of Cu atoms deposited on the cavity lateral wall 𝐹𝑑(𝑊)/𝐹𝑎 (solid 

curves) and on the cavity bottom 𝐹𝑑(𝐵)/𝐹𝑎 (dashed curves) versus time 𝑡 calculated for laser 

pulse energy 𝐸𝐿 = 44.88  µJ and at the background gas pressure 𝑝𝑏 = 1 bar for various 

background gas species: Helium (red online), argon (green online), and xenon (blue online).  

𝐹𝑎 = 𝐹𝑎(𝑡) is the total number of evaporated atoms by time 𝑡 [84]. 

 

Cases C1_Ar1_LE_4 and C1_Xe1_LE_4 correspond to conditions when the plume 

expansion is dominated by the confinement effect.  In the case of xenon, the plume is stopped 

inside the cavity and a thick layer free of vapor exists during the inertial stage of plume 

expansion until 500-600 ns (Fig. 3.6.5).  It results in the delayed deposition of vapor at the cavity 

wall, so that the dependence of 𝐹𝑑(𝑊)/𝐹𝑎 on time for xenon is qualitatively similar to the one 

shown in the inset of Fig. 3.4.1(a) for argon at 𝑝𝑏 = 1 bar.  The deposition starts after a delay of 

~300 ns (150 ns in argon) and continues with a rate 𝑑𝐹𝑑(𝑊)/𝑑𝑡 which is about 3 times smaller 

than those in the case of argon.  The overall efficiency of material removal in the case of xenon 

is smaller than in the case of argon (Fig. 3.4.1(b)).   

 



 

94 

 

  

Figure 3.6.5. Distributions of number density (a) and temperature (b) of Cu vapor along the 

axis of symmetry of a cylindrical cavity in a copper target at a time of 70 ns during laser-

induced plume expansion into various background gases at pressure 𝑝𝑏 = 1  bar. Background 

gas is helium (red online; case C1_He1_HE_4 in Table 3), argon (green online; case 

C1_Ar1_HE_4), and xenon (blue online; case C1_Xe1_HE_4). Laser pulse energy is 𝐸𝐿 =
44.88 µJ [84]. 

 

The effect of the molecular weight on the efficiency of material removal out of cavity, 

thus, depends on the dominating effect.  If the flow is dominated by the focusing effect, then an 

increase in the molecular weight increases the amount of the material removed out of the cavity. 

If the flow is dominated by the confinement effects, especially in the extreme case when the 

plume is stopped inside the cavity, then an increasing molecular weight of the background gas 

decreases the amount of vapor removed out of the cavity. 

In addition to protecting cavity from redeposition of the ablated material, an increasing 

molecular weight of the background gas also induces strong focusing of the plume at the cavity 

axis and results in the formation of extended regions with high vapor density and elevated 

temperature (Figs. 3.6.3(b), 3.6.3(c), and 3.6.5).  In these regions, the vapor number density is 

about three times larger for argon and xenon than for helium at the same time of 70 ns.  The 

maximum temperature in the plume does not change much depending on the background gas 
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species and at a time of 70 ns it reaches the value of 8,000 – 10,000 K.  At the same time, 

increasing the molecular weight of the background gas results in a strong increase of the axial 

size of the high-temperature region behind the primary shock wave, where, temperature is larger 

than 2,000 K, from ~20 µm in helium, to ~50 µm in argon, and to ~55 µm in xenon (Fig. 

3.6.5(b)).  A secondary high-temperature region, which is seen in the temperature distributions in 

the cases of argon and xenon, where temperature rises up to 6,000 K – 7,000 K, appears because 

of reflection of the bouncing shock wave from the cavity axis.  Thus, ablation into a heavier 

background gas can result in an enhancement of the intensity of the LIBS signal, if laser ablation 

is used for analysis of the composition of complex targets.  This conclusion agrees with the 

experimental studies of LIBS, where the hotter and denser plasma is found to form in 

atmospheres of heavier background gases [39-41]. 

3.7 Comparison of Plume Expansions in Cylindrical Cavity and Planar Trench 

In order to reveal the effects of the flow symmetry type, we perform simulations of laser-

induced plume expansion in a planar trench (cases T1_Ar1_LE_4, T1_Ar0.1_LE_4, and 

T1_Ar0.01_LE_4 in Table 1, Figs. 3.7.1-3.7.3), assuming that the laser spot has a shape of a 

rectangular strip, and line 𝑂𝐹 in Fig. 2.1.1 corresponds to the plane of flow symmetry.  The 

pressure fields in Fig. 3.7.1 are obtained for argon background gas at a pressure of 1 bar and 

laser linear energy density 𝐸𝐿 = 0.942 µJ/µm.  They can be compared with corresponding 

pressure fields for plume expanding inside in a cylindrical cavity obtained for the same laser 

fluence at the spot center and shown in Fig. 3.3.4.  In both cases, the shock wave patterns are 

qualitatively similar to each other.  The primary shock wave has slightly larger speed inside the 

trench compared to the cavity.  For instance, by a time of 60 ns, this shock wave propagates up to 

heights of 66 µm and 70 µm in the cavity and trench, correspondingly.  The flow inside the 
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trench is characterized by about a twice larger distance between the primary 𝑎 − 𝑔 and 

secondary 𝑐 − 𝑑 shock waves, and larger pressure behind the reflected shock wave 𝑑 − 𝑔, where 

the pressure, e.g., at a time of 50 ns, rises up to ~95 bar (up to ~41 bar in the cavity).  The flow 

structures in the cavity and trench are also different by the shape of the reflected shock wave.  

The front of this wave becomes almost parallel to the trench plane of symmetry in the 

intersection point 𝑑.  At the plane of symmetry, the core flow region, which exists until the 

reflection of the bouncing wave from that plane, is characterized by a number density four times 

greater than in a cavity, but roughly the same maximum temperature (Fig. 3.7.2).  Our 

simulations, thus, indicate that laser ablation inside a trench can produce denser plume.  It can be 

beneficial for applications of laser ablation in LIBS.  The bouncing shock wave 𝑑 − 𝑒 moves 

towards the center in the trench slower than in the cavity.  For instance, at a pressure of 1 bar and 

at a time of 70 ns, it already reaches the axis of symmetry in the cavity, but does not reach the 

plane of symmetry in the trench. This fact explains the qualitative difference between vapor 

density and temperature distributions corresponding to 𝑝𝑏 = 1 bar in Figs. 3.3.5 and 3.7.2. 

Plume expansions inside the trench and cavity are characterized by the similar relative 

amounts of the ablated material deposited at the bottom and lateral wall (Fig. 3.5.1(a) and Fig. 

3.8.3).  Consequently, our simulations predict that, at comparable irradiation conditions, the 

efficiencies of material removal from the cavity and from the trench are only marginally 

different. 
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Figure 3.7.1. Fields of pressure (bar) and streamlines during laser-induced plume expansion 

from a bottom of a planar trench in a copper target into argon background gas at pressure 𝑝𝑏 =
1 bar with laser pulse energy density 𝐸𝐿 = 0.9423  µJ/µm (case T1_Ar1_LE_4 in Table 3).  

White curves indicate positions of the mixing layer, where the molar fraction of vapor varies 

from 1% to 99%.  In the snapshot for 𝑡 = 60 ns, letters mark major shock waves: Primary 

shock wave  𝑎 − 𝑏, secondary shock wave  𝑐 − 𝑑, reflected shock wave  𝑑 − 𝑔, Mach stem at 

the wall  𝑏 − 𝑔, and bouncing wave  𝑑 − 𝑒 [84]. 
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Figure 3.7.2. Distributions of number density (a) and temperature (b) of Cu vapor along the 

plane of symmetry of a planar trench in a copper target at a time of 70 ns during laser-induced 

plume expansion into argon background gas at pressure 𝑝𝑏 = 0.01 bar (green online; case 

T1_Ar0.01_LE_4 in Table 3), 𝑝𝑏 = 0.1 bar (blue online; case T1_Ar0.1_LE_4), and 𝑝𝑏 = 1 

bar (magenta online; case T1_Ar1_LE_4). Laser pulse energy density is 𝐸𝐿 = 0.9423   µJ/µm 

[84]. 

 

Along with simulations listed in Table 3, we also performed additional simulations of 

plume expansion inside a trench into argon and xenon background gases at a pressure of 1 bar 

and laser energy density of 2.115 µJ/µm.  At this increased laser energy, the plume expansion 

inside the trench into argon is found to be characterized only by marginal changes in the flow 

fields compared to the case of cavity.  In the case of xenon, these additional simulations reveal, 

however, much higher plume temperature, which rises up to ~20,000 K in the trench compared 

with the maximum temperature of ~9,000 K in the cavity (Fig. 3.6.5(b)).  Under such conditions, 

strong ionization of the plume can be expected based on the equilibrium Saha equations [108-

110].  Although in our simulations we do not account for ionization, these results allow us to 

speculate that, for heavy background gas, one can obtain larger degrees of ionization in the 

plume propagating inside a trench than inside a cavity.  The use of confinement enclosures with 
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plane geometry and laser systems with the strip-like spots, thus, can be beneficial for intensifying 

the LIBS signal. 

 

 

Figure 3.7.3. Relative number of Cu atoms deposited on the trench lateral wall 𝐹𝑑(𝑊)/𝐹𝑎 

(solid curves) and on the trench bottom 𝐹𝑑(𝐵)/𝐹𝑎 (dashed curves) versus time 𝑡 calculated for 

laser pulse energy density 𝐸𝐿 = 0.9423  µJ/µm at pressure 𝑝𝑏 = 0.01  bar (green online; case 

T1_Ar0.01_LE_4 in Table 3), 𝑝𝑏 = 0.1 bar (blue online; case T1_Ar0.1_LE_4), and 𝑝𝑏 = 1  

bar (magenta online; case T1_Ar1_LE_4). 𝐹𝑎 = 𝐹𝑎(𝑡) is the total number of evaporated atoms 

by time 𝑡 [84]. 

 

3.8 Effects of Geometrical Parameters of the Cavity and Laser Beam 

In order to fully understand the focusing and confinement effects, it is necessary to 

investigate how they change with regards to variation of major geometrical parameters of the 

problem, including the cavity height 𝐻, its diameter 𝐷, and the diameter of the laser beam 𝐷𝐿.  In 

this section, a few simulation cases are analyzed (Table 4), which are different form each other 

by values of 𝐻, 𝐷, and 𝐷𝐿. The case C1_Ar1_LE_4 in Table 4 is identical to the corresponding 
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case in Table 3. In the case C1_Ar1_LE*_4b, the laser pulse energy is increased proportionally 

to the laser spot in order to keep constant the peak fluence at the spot center and to obtain 

comparable thermal states in the targets irradiated by beams with different diameters. 

 

Table 4. Variable parameters for the major simulation cases considered in Section 3.8.  In all 

cases, expansion occurs into argon background gas at 1 bar pressure. 𝐶 refers to cavity geometry, 

𝐿𝐸 refers to 𝐸𝐿 = 20 µJ, and Ar denotes argon background gas. Additionally, 𝑎 and 𝑏 serve to 

differentiate aspect ratio 4 cases where the 𝐷/𝐷𝐿 ratio has changed. The ∗ indicates a case where 

a change in 𝐸𝐿 occurs, but 𝐷𝐿 is adjusted accordingly so fluence remains unchanged. 

Case Aspect ratio  

𝐻/𝐷 

Ratio 

𝐷/𝐷𝐿   
Laser pulse energy or 

energy density 𝐸𝐿  

Laser spot 

size 𝐷𝐿 

C1_Ar1_LE_4 4  2.5 20 μJ 20 μm 

C1_Ar1_LE_2 2  5 20 μJ 20 μm 

C1_Ar1_LE_4a 4  5 20 μJ 20 μm 

C1_Ar1_LE*_4b 4  2.5 80 μJ 40 μm 

 

As noted in Section 3.3, the focusing effect results in an almost vapor free layer of 

background gas near the cavity wall that reduces the amount of deposition during a process. By 

increasing the ratio of cavity diameter to the laser diameter, 𝐷/𝐷𝐿, one can hope to increase the 

size of the protective background gas layer and further reduce deposition. In addition, the 

confinement effect is partially dependent upon the aspect ratio, where the plume has a greater 

chance of stopping inside the cavity when aspect ratios are high. Under identical irradiation 

conditions, there is a pronounced change in plume expansion when the diameter of the cavity is 

doubled. Doubling the cavity diameter changes both the aspect ratio and 𝐷/𝐷𝐿 ratio, allowing for 

a delay in the time that the rebounding shock wave affects expansion.  These preliminary 

considerations are in agreement with the flow fields inside the cavities shown in Figs. 3.8.1-3.8.3 

and illustrating the cases C1_Ar1_LE_4, C1_Ar1_LE_2, and C1_Ar1_LE*_4b in Table 4. In 

case C1_Ar1_LE_4a, which is different from C1_Ar1_LE_4 only by the cavity height, the flow 
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fields are identical to C1_Ar1_LE_4 until the time, when the primary shock wave leaves the 

cavity throat. 

Comparing Fig. 3.8.1(b) and 3.8.1(g), at a time of 60 ns in the narrower cavity, the 

bouncing shock wave already is returning from the lateral wall and interacting with the primary 

wave, while in the wider cavity, the plume is still expanding in a quasi-spherical manner. An 

increase in cavity diameter causes nearly a 60 ns delay in the shock wave interaction time when 

comparing Fig. 3.8.1(a) and 3.8.1(g), where it is also significant to note that the expanding plume 

exists at much lower temperatures. Changing the time at which shock wave interaction occurs 

directly affects the cavity height at which the focusing effect occurs. Considering the cavity 

height is held constant for this case, the plume will experience fewer total redirections prior to 

exiting the cavity. At 450 ns, Fig. 3.8.1(d) and 3.8.1(h), the distribution of vapor inside the cavity 

shows that in the case of an increased diameter, the localized areas of high temperature are more 

confined to a single region, rather than spread out inside the cavity. Overall, the effect of 

increasing cavity diameter can be simply described by a “delay” in the effect of shock wave 

interaction (Section 3.2) that results in changes in plume characteristics.  
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Figure 3.8.1. Fields of number density (left) and temperature (right) for the mixture at times 

between 60 ns and 450 ns, where time 𝑡 and scales displayed on the left column refers to the 

same data for pictures at right, during laser-induced plume expansion from the bottom of a 

cylindrical cavity with a copper target into argon background gas at pressure 𝑝𝑏 = 1 bar and 

laser pulse energy 𝐸𝐿 = 20 µJ. The scale of number density is 𝑛 × 1019𝑐𝑚−3. Scales 

displayed on the top correspond to the same scale for the picture below.  Left panels refer to 

case C1_Ar1_LE_4 in Table 4, middle panels to cases C1_Ar1_LE_2 and C1_Ar1_LE_4a 

(where the later only differs by cavity height), and the right panels refer to case 

C1_Ar1_LE*_4b. Cavity throat is located at 200 µm. At the time of 450 ns, the plume mixture 

has exited the cavity, while the vapor is almost at the throat. 
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Figure 3.8.1. (continued). 

 

If 𝐻/𝐷 = 4 (Fig. 3.8.1(a) and 3.8.1(b)), there exists a high temperature region, near 1800 

K, that occurs at the time when the bouncing wave moving towards the axis between 60 and 90 

ns. If we examine the same bouncing wave in case of increased cavity diameter (Fig 3.8.1(f) and 

3.8.1(g)), the temperature profile here is only about 600-900 K. In addition, the number density 

in this region is slightly decreased as well. These results suggest that the increased cavity 
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diameter can reduce the effectiveness of sampling in applications of LIBS, where a high density 

and temperature in the plume core are beneficial. In such applications, tighter conditions of 

spatial confinement intensify the focusing effect and produce better conditions for plume 

sampling. 

The last case C1_Ar1_LE*_4b in Table 4 examines a scenario, where the cavity aspect 

ratio and 𝐷/𝐷𝐿 ratio are identical, however, the cavity height, its diameter, and laser spot size 

diameter are doubled, while maintaining the same peak fluence at the spot center (Figs. 3.8.1(i)-

(l), and 3.8.2(i)-(l)). These simulations reveal a plume with a slightly higher pressure compared 

to case C1_Ar1_LE_4, due to more ablated material from the larger spot size, but plume 

expansion on a similar time scale to that of case C1_Ar1_LE_2 and C1_Ar1_LE_4a. In the top 

row of Fig 3.8.2 corresponding to 30 ns, the plume is expanding in a quasi-spherical manner for 

𝐷𝐿 = 20 µm (left and middle columns), while for 𝐷𝐿 = 40 µm (right column) the plume exhibits 

a more unidirectional expansion and transitions to the quasi-spherical mode at a later time. This 

difference affects the time when conditions of spatial confinement are realized, i.e. when the 

bouncing wave appears. 

 



 

105 

 

   

   

Figure 3.8.2 Fields of number density for times between 30 ns and 120 ns, where 𝒕 displayed 

in the top row refers to the same time for pictures beneath, during laser-induced plume 

expansion from the bottom of a cylindrical cavity with a copper target into argon background 

gas at pressure 𝑝𝑏 = 1 bar and laser pulse energy 𝐸𝐿 = 20 µJ. The scales of number density 

displayed in panel (a) correspond to the same scale for all pictures. Here, the fields in the left 

column are obtained for case C1_Ar1_LE_4 in Table 4, the middle column to cases 

C1_Ar1_LE_2 and C1_Ar1_LE_4a (where the later only differs by cavity height), and the 

right column to case C1_Ar1_LE*_4b. Panels in the right row for the case show the number 

density fields only in a half of the whole cavity, which has a height of 400 µm.   
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Figure 3.8.2. (continued). 

 

In the reduced coordinates 𝑥/𝐷 and 𝑦/𝐷, the structure of the plume flow in the case 

C1_Ar1_LE*_4b resembles in reduced coordinates, the those in the case C1_Ar1_LE_4, but 

with some gradually increasing delay in time. For instance, the flow structure in Fig. 3.8.2(b) is 

remarkably close to the flow structure in Fig. 3.8.2(l). The delay appears due to the trade-off 

between the changes in the primary shock wave speed and size of the cavity. Similar to the laser-



 

107 

 

induced plume expansion from a planar target into a half-space, the speed of the primary shock 

wave varies as 𝑢𝑆𝑊~𝐷𝐿
𝛼, where 𝛼 < 1. As a result, the traveling distance of this shock wave at a 

given time  𝑙𝑆𝑊~𝑢𝑆𝑊𝑡, in reduced units, decreases with increasing 𝐷𝐿 as 𝑙𝑆𝑊/𝐷𝐿~𝑡/𝐷𝐿
1−𝛼. 

We found that the dimensional height of the cavity determines the magnitude of the 

confinement effect rather than the cavity aspect ratio. For this purpose, we compare later stages 

of plume expansion for cases C1_Ar1_LE_4 and C1_Ar1_LE_4b in Table 4, where the cavities 

have the same aspect ratio 𝐻/𝐷 = 4, but different heights of 200 µm and 400 µm, 

correspondingly. It happens, because the degree of the confinement effect is determined 

primarily by the plume stopping distance. When the cavity diameter changes, it practically does 

not affect the plume stopping distance, which is about the same in cases C1_Ar1_LE_4 and 

C1_Ar1_LE_4b, but the cavity height is twice larger in case C1_Ar1_LE_4b. It results in 

trapping of the plume inside that cavity in spite of the fact that the cavity aspect ratio 𝐻/𝐷 is 

equal to 4 in both cases. Marginal dependence of the plume stopping distance on the cavity 

diameter has a strong effect on the efficiency of material removal out of the cavity in these two 

cases (see discussion of Fig. 3.4.8). 

As one can see from Fig. 3.8.2, increasing ratio 𝐷/𝐷𝐿 strongly increases the thickness of 

the layer free of vapor at the cavity wall during the initial stage of the process and thus, affect the 

deposition of ablated materials at the cavity wall.  This fact is also apparent from the background 

gas and vapor number density distributions in cavity cross sections shown in Fig. 3.8.3.  
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Figure 3.8.3. Cross-section distribution of number density taken at a time of 90 ns at a height 

of 75 μm for the mixture (solid) and vapor (dashed). Blue curves correspond to case 

C1_Ar1_LE_4 in Table 4, red curves are for case C1_Ar1_LE_2, greens curves for case 

C1_Ar1_LE_4a and the purple curve corresponds to case C1_Ar1_LE*_4b. It should be 

noted that the position of the lateral wall for the blue curve is at 25 μm, whereas for the green, 

red, and purple curves it is at 50 μm. In all cases a copper target is considered with argon 

background gas at pressure 𝑝𝑏 = 1 bar and laser pulse energy 𝐸𝐿 = 20 µJ. 

 

The increase in the thickness of the layer free of vapor at the cavity wall directly affects 

the amount of the ablation products deposited at the lateral wall. Independently of the cavity 

diameter, the part of the plume consisting of only vapor is confined within the 20 μm radius 

region due to the pressure buildup in the background gas near the lateral wall (dashed curves in 

Fig. 3.8.3). When the cavity diameter increased from 50 µm to 100 µm, the thickness of the 

protective layer increases from ~5 µm to ~30 µm. It ceases the deposition of vapor on the lateral 

cavity wall in all considered cases when the cavity diameter is equal to 100 µm (Fig. 3.8.4(a)).  

The relative amount of ablation products removed through the cavity throat is strongly 

affected by the geometrical parameters of the cavity and the laser beam (Fig. 3.8.4(b)). As 

expected, the material removal from the cavity is decreasing with cavity aspect ratio (red curve 
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in Fig. 3.8.4(b) independently on whether the cavity diameter is constant or not. An increase in 

the dimensional cavity height above the plume stopping distance (green curve in Fig. 3.8.4(b)) 

can cease completely the removal of vaporized material from the cavity. 

It is interesting that for cases C1_Ar1_LE_4 and C1_Ar1_LE*_4b, which are 

characterized by the same ratios 𝐻/𝐷 and 𝐷/𝐷𝐿, the fractions of the material removed out of the 

cavity (blue and purple curves in Fig. 3.8.4(b)) are different in about two times. This result 

illustrates the lack of dimensional similarity in the considered problem. In particular, it shows 

that the “delayed similarity” between cases C1_Ar1_LE_4 and C1_Ar1_LE*_4b, which was 

mentioned in discussion of Fig. 3.8.1, is only qualitative, while quantitatively these two cases 

cannot be scaled one to another by scaling the time and spatial coordinates.  

Results here develop a full understanding of the focusing and confinement effect and 

suggest that geometrical parameters need to be taken into account when optimizing the 

parameters of the laser ablation process for its application in laser machining and LIBS. In the 

case of cavity drilling, the amount of deposition can be decreased, and overall throughput 

increased if the 𝐷/𝐷𝐿 ratio is increased. The mechanism for this increase is a quantitative 

increase in the size of the protective layer off background gas that prevents deposition. In LIBS 

applications, the process can benefit from a decrease in the 𝐷/𝐷𝐿 ratio, where the plume core 

will exist as higher temperatures and density. Increasing the aspect ratio leads to a decrease in 

process effectiveness due to the possibility of completely suppressing the plume inside the 

cavity. In cases where aspect ratio needs to be large, e.g. drilling of deep cavities, the process can 

be improved through the use of multiple pulses, discussed in the following section. 
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Figure 3.8.4. Panel (a): Relative number of Cu atoms deposited on the cavity lateral wall 

𝐹𝑑(𝑊)/𝐹𝑎 (solid curves) and on the cavity bottom 𝐹𝑑(𝐵)/𝐹𝑎 (dashed curves) versus time 𝑡 for 

different cavities. Panel (b): Ratio 𝐹𝑟/𝐹𝑎 of the mass of Cu vapor removed out of the cavity 

throat by a time of 2 µs to the total amount of vaporized material versus time t for different 

cavities. Blue curves correspond to case C1_Ar1_LE_4 in Table 4, red curves are for case 

C1_Ar1_LE_2, greens curves for case C1_Ar1_LE_4a and the purple curves correspond to 

case C1_Ar1_LE*_4b.  In all cases a copper target is considered with argon background gas at 

pressure 𝑝𝑏 = 1 bar and laser pulse energy 𝐸𝐿 = 20 μJ.  

3.9 Plume Expansion Inside a Cavity Induced by Multi-pulse Irradiation with High 

Repetition-rate Lasers 

In this section, a possibility to enhance the efficiency of material removal from the cavity 

(for laser drilling applications) and to increase the density and temperature of vapor (for LIBS) 

by applying a so-called super-pulse [30], i.e. a sequence of two pulses separated by a time 

interval on the order of a few tens of nanoseconds, is explored. 

The simulations are performed under conditions corresponding to the case 

C1_Ar0.1_LE_4 in Table, but for the cavity of the increased height 𝐻 = 500 µm with aspect 

ratio 𝐻/𝐷 = 10 for single pulse as well as for a double pulse, when the laser intensity as a 

function of time is given by the equation  

𝐼𝐿(𝑡) = ∑ 𝐼𝐿(𝑟,𝑡)(𝑡 − (𝑚 − 1)𝜏𝑝𝑝)

2

𝑚=1

,                                                                                                    (16) 

(a) (b) 
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where laser intensity for a single pulse 𝐼𝐿(𝑟,𝑡) is given Eq. (4) and 𝜏𝑝𝑝 is the peak-to-peak 

separation between two consecutive pulses [26]. The intensity vs. time considered in simulations 

with a double pulse is shown in Fig. 3.9.1. 

 The plume fields of pressure and vapor number density obtained under conditions of 

single- and double pulse irradiation are shown in Figs. 3.9.2. and 3.9.3. The characteristic feature 

of the double pulse is the strong interaction between shock waves and plumes induced by the 

individual pulses in the super-pulse. The primary shock wave generated by the second pulse 

propagates faster when the shock wave generated by the first pulse. It occurs because the primary 

shock wave after the second pulse propagates through the high-temperature vapor plume created 

by the first pulse, while the primary shock wave created by the first pulse propagates through the 

background gas at room temperature and pressure. As a result, the second plume, in general, 

propagates faster than the first one, and after some time the both shock waves merge. This 

picture of interaction between plumes generated by a super-pulse is in agreement with results of 

one-dimensional modeling of plumes generated by multi-pulse irradiation [30]. The merging of 

plumes can occur inside the cavity if the cavity height is sufficiently large and the inter-pulse 

separation is short. For conditions illustrated in Fig. 3.9.3, the shock wave merge at about 180 ns. 

After merging, the resultant shock wave propagates faster than the primary shock wave 

generated by the first pulse. It is also interesting that after merging, the flow streamlines behind 

the bow shock wave are practically parallel to the cavity axis, indicating no strong bouncing 

wave in this region. 
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Figure 3.9.1. Laser intensity in the spot center over time for a double pulse given by Eqs. (4) 

and (16) obtained for 𝐹𝐿 = 5 Jcm-2, 𝜏𝐿 = 10 ns, (𝐼𝐿,𝑚𝑎𝑥 = 4 ∙ 1012 Wm-2), 𝜏𝑝𝑝 = 50 ns.  

 

To further highlight the difference in plume speed between a single and double pulse, 

Fig. 3.9.4 shows distributions of number density at the axis of symmetry until 450 ns in both 

cases. Here, we see that after the plumes in the multi-pulse case merge at 180ns, the position of 

plume in a double pulse is ahead of the single pulse case. Prior to this time, the plumes moved 

with similar speed, but as time increases up to 450 ns, it is clear the multi-pulse plume speed is 

greater than the single pulse case. Based on these flow patterns and previous conclusions made 

about the focusing effect, it can be expected that the second pulse should decrease the amount of 

material deposited on the lateral wall and increase the overall efficiency of material removal. 

These results also show that the double pulse can create conditions with higher vapor density, as 

well as temperature, in the core of the plume, that can be beneficial for enhancing the LIBS 

signal. 
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Figure 3.9.2. Fields of pressure (bar) for the mixture of copper vapor and argon gas (right) 

and fields of number density (left) for copper vapor at times ranging from 𝑡 = 60 ns to 180 

ns, during plume expansion from the bottom of a cylindrical cavity with 𝐻/𝐷 = 10 in  a 

copper target into argon background gas at pressure 𝑝𝑏 = 0.1  bar induced by a single laser 

pulse with energy 𝐸𝐿 = 20 µJ and duration of 10 ns.   
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Figure 3.9.3. Fields of pressure (bar) for the mixture of copper vapor and argon gas (right) 

and fields of number density (left) for copper vapor at times ranging from 𝑡 = 60  ns to 180 

ns, during plume expansion from the bottom of a cylindrical cavity with 𝐻/𝐷 = 10 in a 

copper target into argon background gas at pressure 𝑝𝑏 = 0.1 bar induced by a double laser 

pulse with energy 𝐸𝐿 = 20 µJ, individual pulse duration of 10 ns, and peak-to-peak 

separation of 50 ns.  
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Figure 3.9.4. Distributions of number density at the axis of symmetry for copper vapor and at 

times ranging from 𝑡 = 60  ns to 450 ns, during laser-induced plume expansion from the 

bottom of a cylindrical cavity with aspect ratio 𝐻/𝐷 = 10  in a copper target into argon 

background gas at pressure 𝑝𝑏 = 0.1 bar. Green curves are obtained for a single laser pulse 

and red ones are obtained for double pulse with the peak-to-peak separation of 50 ns.  Energy 

and duration of an individual pulse in both cases are 𝐸𝐿 = 20 µJ and 𝜏𝐿 = 10   ns. 
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Efficiency of material removal is defined by the fraction 𝐹𝑟/𝐹𝑎 of vapor removed out of 

the cavity, where 𝐹𝑟 is the total amount of vapor that exits the cavity throat, and 𝐹𝑎 is the amount 

of ablated generated by the laser pulse. Fig. 3.9.5 compares the amounts of the material re-

deposited at the cavity bottom and wall, as well as the efficiencies of material removal, for single 

and double pulses. In the case of the cavity bottom, the amount of vapor deposition is relatively 

unaffected by the number of pulses. In the case of the lateral wall, the amount of vapor deposited 

for the single pulse was ~10% higher than in the case of a double pulse at 1.5 µs. Additionally, 

the deposition curve for the double pulse appears to be approaching a constant value while the 

single pulse case is still depositing vapor at a significant rate. In the case of a double pulse, the 

relative amount of material removed from the cavity is ~4 times greater than that for a single 

pulse. These results suggest that in cases of deep cavity drilling, applying the multi-pulse 

irradiation in the form of a double pulse, when two subsequent pulses are separated by a few tens 

of ns, can be beneficial for laser drilling applications. The double pulse can also diminish the 

amount of material deposited at the lateral cavity wall, improving the geometric accuracy of laser 

machining. 
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Figure 3.9.5. Panel (a): Relative number of Cu atoms deposited on the cavity lateral wall 

𝐹𝑑(𝑊)/𝐹𝑎 (solid curves) and on the cavity bottom 𝐹𝑑(𝐵)/𝐹𝑎 (dashed curves) in the cases of 

single and double pulses. Panel (b): Ratio 𝐹𝑟/𝐹𝑎 of the mass of Cu vapor removed out of 

the cavity throat by a time of 1.5 µs to the total amount of vaporized material versus time t 

for single and double pulses .The results are obtained for a cylindrical cavity with aspect 

ratio 𝐻/𝐷 = 10 in a copper target and argon background gas at pressure 𝑝𝑏 = 0.1  bar. 

Green curves are obtained for a single laser pulse and red ones are obtained for double 

pulse with the peak-to-peak separation of 50 ns.  Energy and duration of an individual 

pulse in both cases are 𝐸𝐿 = 20 µJ and 𝜏𝐿 = 10 ns. 
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CHAPTER 4  

PARTICLE ENTRAINMENT AND DENUDATION EFFECT IN SELECTIVE LASER 

MELTING OF METALLIC POWDERS 

4.1 Computational Model of Vapor Jet and Powder Particle Motion in SLM 

The purpose of this computational model is to predict the major features of the vapor jet 

induced by CW laser irradiation of a metal target under conditions specific for selective laser 

melting of metallic powders. The flow field induced by the vapor jet in the background gas is 

further used to calculate the trajectories of individual powder particles and predict the effect of 

entrapping the particles by the jet-induced flow. The entrapping effect can result in the 

denudation of the substrate and can strongly affect the quality of part obtained by powder-bed 

fusion addition manufacturing [19].  

The computational model, method, and computer code for the vapor jet simulations are 

almost the same as in the case of trench simulations described in Chapter 2 with two major 

changes. First, in the chapter, evaporation form a plane target in to a half-space is considered 

(Fig. 4.1.1(a)). Second, instead of the thermal model for irradiated target given by Eqs. (1) and 

(2), it is assumed here that the CW irradiation creates at the irradiated surface a “hot spot” of 

length 𝐷𝑆 with a given temperature 𝑇𝑚𝑎𝑥, which is sufficiently high to induce strong evaporation 

(Fig. 4.1.1(b)). The assumption of the hot spot with constant temperature is used to avoid the 

necessity to calculate the flow of liquid metal in the molten pool, which usually strongly affects 

the surface temperature distributions in a case of CW laser melting of metals. Two values of 
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𝑇𝑚𝑎𝑥 equal to 3500 K and 4000 K are chosen for simulations, based on the available from 

literature information about the characteristic temperature of molten pools in SLM of stainless 

steel powders [17,18]. The thermophysical properties of the stainless steel 316L used in 

simulations are listed in Table 5. 

 

  

Figure 4.1.1. (a) Sketch of the computational domain 𝑂𝐴𝐵𝐶 used for simulations of laser-

induced vapor jet expansion from hot spot 𝐸𝐹 of length 𝐷𝑆 where temperature is equal to 

𝑇𝑚𝑎𝑥.  Evaporation occurs only form the hot spot, while the remaining parts 𝑂𝐸 and 𝐴𝐹 of the 

target surface are maintained at temperature of 300 K. (b) Sketch of the vapor jet flow 

illustrating initial positions of powder particles with coordinates 𝑦𝑝0 and 𝑥𝑝0 . 

 

The 2D computational domain represents a rectangle 𝑂𝐴𝐵𝐶 where localized heating is 

considered on a spot 𝐸𝐹 (Fig. 4.1.1(a)). The size of the hot spot 𝐷𝑆 is assumed to be equal to 

diameter of the laser beam. In simulations described in Sections 4.2 and 4.3, it is equal to 50 µm, 

which is the characteristic diameter of laser beams used for SLM of metallic powders [18]. The 

temperature of the surface 𝑂𝐴 outside the hot spot is assumed to be equal to 𝑇0 = 300 K. At 

boundaries 𝐴𝐵, 𝐵𝐶, and 𝐶𝑂, the boundary conditions for the background gas are given by Eq. 

(15) at pressure 𝑝𝑏 = 1 bar and temperature 𝑇𝑏 = 300 K. At the initial time, the computation 

domain is assumed to be filled out with the argon background gas at pressure 𝑝𝑏 and temperature 

(a) (b) 



 

120 

 

𝑇𝑏. The simulations of the jet flow are continued until a quasi-steady state distribution of gas 

parameters in the whole domain is obtained. 

 

Table 5. Material properties and parameters of the VHS molecular model for SS316L vapor, 

used in simulations of vapor jet flow and powder particles. VHS model parameters of argon 

background gas are given in Table 2. 

Parameter Value 

Thermo-physical properties of stainless steel 316L, Ref. [117,118] 

Solid density 𝜌𝑡 7256 kg/m3 

Specific heat of solid material 𝐶𝑡 462.6 J/(kg∙K) 

Reference boiling temperature 𝑇𝑣,0 3087 K 

Reference boiling pressure 𝑝𝑣,0 101325 Pa 

Latent heat of boiling 𝐿𝑣 7269000 J/kg 

VHS model parameters for stainless steel vapor, Ref. [119] 

Molar mass  0.055938 kg/mole 

Molecular diameter at reference temperature 273 K [120] 6.619∙10-10 m 

Viscosity index 1 

 

The model of powder particle motion is used to predict the trajectories of small metallic 

powders that reside in the nearby flow field of a jet in SLM processes. Each powder is 

considered as a sphere of radius 𝑟𝑝 with homogeneous material properties and temperature 𝑇𝑃. 

Typical SLM processes use powders of diameter ranging from 10 μm to 30 μm [18], and as such 

this study considers powder particles with radii 5 μm, 10 μm, and 15 μm. In addition, a special 

case of 1 μm radius powder is considered for model validation. Rotation of particles is not 

accounted for, since it usually only marginally affects particle trajectories.  

The trajectory of an individual powder particle is tracked by solving its equations of 

motions with respect to the particle position vector 𝒓𝑝, velocity vector 𝒗𝑝 and temperature 𝑇𝑝: 

𝑑𝒓𝒑

𝑑𝑡
= 𝒗𝒑,                                                                                                                                                     (17) 
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𝑚𝑝

𝑑𝒗𝒑

𝑑𝑡
= 𝑭𝑫 + 𝑭𝑮,                                                                                                                                  (18) 

𝑑𝑇𝑝

𝑑𝑡
=
2𝜋 𝑁𝑢 𝑟𝑝𝑐𝑔 𝜇𝑔

𝑃𝑟 𝑐𝑝 𝑚𝑝
(𝑇𝑔 − 𝑇𝑝),                                                                                                            (19) 

where 𝑭𝐷 and 𝑭𝐺 are the aerodynamic drag and gravity forces 

𝑭𝑫 = |𝒗𝒈 − 𝒗𝒑|(𝒗𝒈 − 𝒗𝒑),                                                                                                                      (20)  

𝑭𝒈 = −𝑚𝑝 g 𝒋,                                                                                                                                           (21) 

𝑚𝑝 = 4𝜋𝑟𝑝
3𝜌𝑝/3 and 𝐴𝑝 = 𝜋𝑟𝑝

2 are the particle mass and cross-sectional area, 𝜌𝑝 and 𝑐𝑝 are the 

density and specific heat of particle material, g = 9.81 m/s2  is Earth’s gravity acceleration, 

𝑐𝑔,.𝜇𝑔, and 𝑃𝑟 are the specific heat, dynamic viscosity, and Prandlt number of the gas carrying 

the particle, and 𝜌𝑔, 𝒗𝒈,  and 𝑇𝑔 are the density, velocity vector, and temperature of the carrying 

as in a point where the particle center is located at time 𝑡. In Eqs. (19) and (20), 𝑁𝑢 and 𝐶𝐷 are 

the Nusselt number and aerodynamic drag coefficient of a sphere in gas flow. Both 𝑁𝑢 and 𝐶𝐷  

are calculated based on semi-empirical equations accounting for the effects of gas 

compressibility and rarefaction. 

   The Nusselt number 𝑁𝑢 is calculated based on a equation proposed in Ref. [121] as 

follows 

𝑁𝑢 = [2 + 0.459(𝑅𝑒𝑝
0.55𝑃𝑟0.33)]/ [1 + 3.42

𝑀𝑝

𝑅𝑒𝑝 𝑃𝑟
(2 + 0.459(𝑅𝑒𝑝

0.55𝑃𝑟0.33))],              (22)  

Where 𝑅𝑒𝑝 = 2𝑟𝑝𝜌𝑔|𝒗𝒈 − 𝒗𝒑|/𝜇𝑔 and 𝑀𝑝 = |𝒗𝒈 − 𝒗𝒑|/√𝛾𝑔ℜ𝑔𝑇𝑔  are the Reynolds and Mach 

numbers, characterizing the local gas flow around a sphere, and 𝛾𝑔 and ℜ𝑔 are the isentropic 

index and gas constant of the carrying gas. 
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The drag coefficient 𝐶𝐷 is calculated based on equations proposed by Henderson for drag 

on spheres in continuum and rarefied gas flows [122]. In subsonic flow, 𝑀𝑝 < 1, the drag 

coefficient is calculated as  

𝐶𝐷(1) = 24 

[
 
 
 

𝑅𝑒𝑝 + 𝑆𝑝  

{
 

 
4.33 + 

(

 
3.65 − 1.53

𝑇𝑝
𝑇𝑔

1 + 0.353
𝑇𝑝
𝑇𝑔 )

 × exp (−0.247
𝑅𝑒𝑝

𝑆
)

}
 

 

]
 
 
 
−1

+ exp(
0.5𝑀𝑝

√𝑅𝑒𝑝
) [
4.5 + 0.38(0.03𝑅𝑒𝑝 + 0.48√𝑅𝑒𝑝)

1 + 0.03𝑅𝑒𝑝 + 0.48√𝑅𝑒𝑝
+ 0.1𝑀𝑝

2 + 0.2𝑀𝑝
8]

+ [1 − exp(−
𝑀𝑝

𝑅𝑒𝑝
)] 0.6𝑆𝑝,                                                                                        (23) 

where 𝑆𝑝 = 𝑀𝑝√𝛾𝑔/2 is the velocity coefficient. For supersonic flows exceeding a Mach 

number of 1.75, the following relation is used: 

𝐶𝐷(2) = 

0.9 + 
0.34
𝑀𝑝
2 + 1.86 (

𝑀𝑝

𝑅𝑒𝑝
)
1/2

[2 +
2
𝑆𝑝2
+
1.058
𝑆𝑝

(
𝑇𝑝
𝑇𝑔
)
1/2

−
1
𝑆𝑝
4]

1 + 1.86 (
𝑀𝑝

𝑅𝑒𝑝
)
1/2

.                                       (24) 

For the Mach number between 1 and 1.75, a linear interpolation of values predicted by Eqs. (23) 

and (24) is used: 

𝐶𝐷(3)(𝑀𝑝 , 𝑅𝑒𝑝) = 𝐶𝐷(1)(1, 𝑅𝑒𝑝) + 
4

3
(𝑀𝑝 − 1)[𝐶𝐷(2)(1.75,  𝑅𝑒𝑝) − 𝐶𝐷(1)(1,  𝑅𝑒𝑝)].           (25) 

In Eqs. (19)-(25), local gas parameters denoted by subscript 𝑔 are calculated at a point 

where the particle is located. These gas parameters are calculated based on the preliminary 

calculations of the vapor jet flow using bilinear interpolation on the computational mesh used for 

sampling of gas macroscopic parameters in the DSMC simulations. Equations of motion and heat 

transfer for every particle, Eqs. (17)-(19), are solved by the Runge-Kutta method of the second 

order [123] with the initial conditions 
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At 𝑡 = 0:    𝒓𝑝(0) = 𝑚 ∆𝑙𝒊 + 𝑟𝑝j,     𝒗𝒑(𝟎) = 0,       𝑇𝑝(0) = 𝑇0,                                            (26) 

where ∆𝑙 = 5 μm is the initial spacing between particles at the surface and index 𝑚 specifies 

initial position of the particle on the surface. 

4.2 Vapor Jet Flow Fields Produced by Rectangular Hot Spot 

In order to investigate the denudation effect in highlight the mechanisms responsible for 

powder particle removal form the substrate during SLM process, simulations were performed to 

generate the steady state jet flow field from a flat target due to evaporation by laser heating. 

These simulations provide flow fields both inside the vapor jet and in the surrounding gas.  

The two hot spot temperatures of 3500 K and 4000 K considered in this study result in 

two strongly different jet structures illustrated in Figs. 4.2.1 and 4.2.2. The vapor jet induced by 

evaporation from a spot at a temperature of 3500 K, is relatively weak with almost vertical 

stream lines. The cross-sectional are of the jet is almost the same as the area of the hot spot itself. 

In a case of 4000 K, the vapor jet is much stronger, multiple shock waves are formed inside the 

jet and the initial part of the jet has a barrel shape typical for strongly under-expanded supersonic 

jets. The cross-sectional area of the jet in this case can be a few times larger than the area of the 

hot spot. 

The change in jet structure can be attributed to the higher amount of evaporated material, 

and higher temperatures and pressures realized at the hot spot or “nozzle” of the jet flow. In 

essence, while the temperature change appears to create two different jet structures, they are, in 

relative terms the same structure on different scales. The 3500 K hot spot case, hereby referred to 

as the weak jet, is a smaller and “less intense” version of the 4000 K hot spot case, referred to as 

the strong jet, where the smaller pressures require a smaller length scale to equalize. The 

quantitative change in jet size and intensity has a profound effect on the induced flow in the 
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background gas, where lateral velocity in the near jet field is shown to be ~ 12 m/s higher in the 

case of the strong jet (Fig. 4.2.3) in the same ~100 μm region from the jets edge. In other words, 

in case of 4000 K hot spot, the inflow is stronger over a larger portion of the region significant to 

the entrainment of powder particles. The maximum inflow realized in the weak jet is ~37 m/s 

while in the strong jet it is ~47 m/s. The results shown in Figs. 4.2.1-4.2.3 confirm that the 

“suction” effect of the jet, which induces the ambient gas flow directed first along the substrate 

towards the jet and then from the substrate along the jet, is strong in both considered cases. 

 

 
Figure 4.2.1. Fields of gas pressure (left) and velocity magnitude (right) for the vapor jet 

produced by evaporation of a stainless steel target into argon background gas at atmospheric 

pressure. The hot spot length and temperature are 𝐷𝑆 = 50 µm and 𝑇𝑚𝑎𝑥 = 3500 K. 
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Figure 4.2.2. Fields of gas pressure (left) and velocity magnitude (right) for the vapor jet 

produced by evaporation of a stainless steel target into argon background gas at atmospheric 

pressure. The hot spot length and temperature are 𝐷𝑆 = 50 µm and 𝑇𝑚𝑎𝑥 = 4000  K. 

 

  
Figure 4.2.3. Fields of lateral velocity component for the weak jet (a) and strong jet (b) 

produced by evaporation of a stainless steel target into argon background gas at atmospheric 

conditions. The hot spot length and temperature are 𝐷𝑆 = 50 µm and 𝑇𝑚𝑎𝑥 = 3500 K (a) and 

𝑇𝑚𝑎𝑥 = 4000 K (b). 

(a) (b) 
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4.3 Particle Motion and Mechanisms of Denudation 

The calculated flow fields in vapor jet and surrounding gas are used to predict powder 

particle removal from the substrate and their trajectories. Particle calculations are done such that 

the minimum height considered is equal to that of the particle radius. Such calculations prevent 

particles from being forced out of the domain due to small downward velocities but do not 

account of any real interaction with the surface material.  

 

  
Figure 4.3.1 Fields of velocity magnitude for the vapor jets produced by evaporation of a 

stainless steel target into argon background gas at atmospheric pressure obtained for the hot 

spot temperature of 𝑇𝑚𝑎𝑥 = 3500  K (a) and 𝑇𝑚𝑎𝑥 = 4000   K (b). In every case, trajectories 

of 20 powder particles of 20 μm diameter are considered starting from the jet center and are 

spaced every 5 μm. Particle trajectories are shown as red curves. 

 

Particles that interact with the jet flow are shown to exhibit two regimes of motion, full 

entrainment or ejection, based upon where they enter the jet field (Fig. 4.3.1). Full entrainment 

refers to the regime of particle motion where a powder is pulled into the jet flow by the ambient 

gas and its trajectory remains inside the plume. This case is common in the weak jet (Fig. 

(a) (b) 
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4.3.1(a)). The ejection regime is where particles that are entrained by the ambient gas flow enter 

the jet, and are soon after forced out of the vapor plume. Ejection is common in the case of the 

strong jet (Fig. 4.3.1(b)), where the barrel structure near the substrate produces a strong flow 

field outwards and aligned with the barrel shape. Particles that enter this region are accelerated 

quickly, detach from the flow and are ejected from the vapor plume. 

The regime of motion of particles is important in that can determine the type of defect 

that will occur in the SLM process. Particles that are fully entrained in the flow, meaning they do 

not leave the jet structure in Fig 4.3.1(a), which has a cross-sectional are similar to the laser 

beam itself, are subject to continued heating from the laser and plume and may be subject to 

evaporation during this time. On the other hand, in the case of particle motion in the regime of 

ejection (Fig. 4.3.1(b)), the particles removed from the surface can be projected into another part 

of the powder bed. At this location, layer distribution then becomes non-uniform, thus inducing a 

localized increase in surface layer thickness and, correspondingly, a local change in the 

properties of the fabricated part. 

The size of the powder particles plays a role in determining the velocity of the particle 

prior to entrainment, and its ejection velocity. In addition, the location of particles relative to the 

jet prior to entrainment can significantly change the particle trajectory. The first, second, and 

third particles outside each jet profile are shown in Fig. 4.3.2, where panels (a) and (b) serve 

mainly to help identify curves in corresponding panels (c) and (d). Additionally, panel (a) and (b) 

are a sample case for the 20 μm particles, where they refer specifically to blue curves in panels 

(c), weak jet, and (d), strong jet. Panels (a) and (b) can also be used to help identify relative 

position of particles in the jet compared to their starting position. For example, the second 20 μm 

particle trajectory in panel (a) is denoted by dashed lines, where the blue dashed curve in panel 
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(c) shows its velocity over time. Blue and green curves refer to 10 and 30 μm respectively, but 

line styling remains the same, e.g. dashed lines are always for the second powder particle. In the 

case of the weak jet where powder particles are considered to be fully entrained, particle set at 

the jets edge (425 μm) do not necessarily have the largest velocity even though they are the first 

to be entrained (Fig. 4.3.2(c)). The thick solid curves in Figs. 4.3.2(a) and (b) indicate the 

trajectory of the first particle on the jet edge, for each particle size. For all three particle sizes, the 

first particle has a lower velocity than the second or third. In the case of 20 μm (blue) and 30 μm 

(green) diameter particles, the first powder has the lowest velocity. 

The increased velocity in the second and third particles for all sizes can be explained by 

the velocity fields in Fig. 4.2.3(a). A comparison of first and third particles (thick and thin lines 

in Fig. 4.3.2(a)) show a difference in axial position inside the jet, where particles entrained 

deeper into the jet experience higher jet flow velocities. The first powder particle experiences 

“suction” towards the jet, but for a small amount of time, while the second and third are 

increasing in lateral velocity for ~20-60 μs (Fig. 4.3.2). This increase results in particles being 

pushed further into the interior of the jet (second and third particles) as opposed to the first 

particle experiencing immediate lift. The location in which the particle is accelerated, differs 

between the first, and second and third powder particle. By entering further into the jet, the 

second and third powder experience a higher vertical velocity and in the case of the weak jet, are 

fully entrained and have trajectories that propagate closer to the jets center. The regimes of full 

entrainment and ejection are seen in Fig. 4.3.2 as well, where in panel (c), velocities continually 

increase due to their location inside. 

  



 

129 

 

   
  

   
Figure 4.3.2. Diagrams of the first 3 powder particles from the jets edge ((a) and (b)) for 20 

μm powder diameter (blue in (c) and (d)), where thick line, dashed line and thin line 

correspond to the first second and third particle respectively in the plots below. The first three 

particles are considered starting at the jets edge, ~425 μm in the weak jet and ~450 μm in the 

strong jet. Thick lines correspond to the first particle, dashed lines are for the second particle, 

and thin represent the third particle. Panels (c) and (d) show velocity (magnitude) over time for 

powder particles entrained into a weak jet (c) and a strong jet (d) induced by heating a SSL316 

target into 1 bar argon background gas. Red lines are for 10 μm, blue for 20 μm, and green for 

30 μm diameter particles. 

 

It is interesting that in the case of the strong jet, particle velocities are significantly lower 

than those in the weaker jet (Figs. 4.3.2(c) and (d)). The structure of the strong jet resulted in 

flow fields that created a barreled jet along with ejection of the particles (Fig. 4.2.2 and Fig. 

4.3.1(b)). This is reflected in particle velocity as entrained particles spend less time inside the jet 

(a) (b) 

(d) (c) 
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flow. In the strong jet, the same effect is seen where the second and third particles have higher 

velocity than the first due to the increased lateral velocity and subsequent location in the jet prior 

to ejection. In both cases, the increase in particle size results in a decrease in velocity. 

 It is also interesting that after entraining into the gas flow, all particle trajectories in Fig. 

4.3.1 are practically straight.  In order to explain this fact, the Stokes number 𝑆𝑡𝑝 and Froude 

number 𝐹𝑟𝑝 for powder particle was calculated in the form 

𝑆𝑡𝑝 =
2

9
𝑅𝑒𝑝 (

𝑟𝑝

𝐻
)
2 𝜌𝑝

𝜌𝑔
,                                                                                                                               (26) 

𝐹𝑟𝑝 = 𝒗𝑝/√𝑔 ∙ 𝐻,                                                                                                                                       (27) 

where the Reynold number is determined in the initial position of every particle and the 

representative length scale 𝐻 is the height of the Mach disk in the strong jet profile, 550 μm. The 

Stokes number given by Eq. (26) can be considered as a ratio of the particle velocity relaxation 

length (i.e. a path at which the particle velocity with respect to gas reduces in e times) in the 

Stokes flow to the characteristic flow length scale [124]. Values of 𝑆𝑡𝑝 much larger than 1 

correspond particles with large inertia which are detached from the carrying gas flow field. In the 

case of small 𝑆𝑡𝑝, particle inertia is relatively small, and particles tend to follow the trajectories 

of fluid particles of carrying gas. The Froude number is the dimensionless ratio of the flow 

inertia to the external field, in this case gravity. Values indicate for these simulations that the 

gravitational force is somewhat negligible on the considered scales, where 𝐹𝑟𝑝 ≫ 1. 
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Table 6. Stokes number and Froude number for various particles entrained in the jet with 𝐷𝑆 =
50   µm and 𝑇𝑚𝑎𝑥 = 3500 K. The particle of diameter 2 is a specific case, considered in Fig. 

4.3.3, where a parabolic trajectory is seen for the particle. All other particles are ones which 

experienced full entrainment in the jet, seen for almost all particles in Fig. 4.3.1(a) and Fig. 

4.3.3(b) and (c). 

Particle diameter 𝑑𝑝 (μm) Stokes number 𝑆𝑡𝑝 Froude number 𝐹𝑟𝑝 

2 7.3 288.3 

10 349.1 551.4 

20 768.9 303.6 

30 1455.3 255.4 

 

These results indicated that under conditions considered in Figs. 4.3.1 and 4.3.2, all powder 

particles are relatively massive, so that their trajectories are detached from the gas flow and the 

gravity force does not affect their motion within domains shown, e.g., in Fig. 4.3.1.   

 With decreasing the particle diameter, the Stokes and Froude number decreases, so that 

this case corresponds to relatively light particles which motion can be affected by the gravity 

force to a large extent. This conclusion is in agreement with results of trajectory calculations for 

powder particles of 2 μm dimeter in case of the weak jet (Fig. 4.3.3(a)).  The obtained 

trajectories confirm that, despite the nearly straight line motion of many particle trajectories, the 

reduced inertia of small particles can result in a complex shape of particle trajectories, including 

relatively fast returning of the particle back to the substrate. For example, 6th powder particle 

experiences brief entrainment prior to ejection, and as a result of its decreased size and velocity, 

its full trajectory is captured inside the given domain where it eventually returns to the surface. 

The specific powder with a full parabolic trajectory has a Stokes number ~3. In order to capture 

the full trajectories of  particles of larger diameters, the domain would need to be greatly 

increased in both vertical and horizontal size.  
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Figure 4.3.3. Fields of velocity magnitude for the vapor jet produced by evaporation of a 

stainless steel target into argon background gas at atmospheric conditions obtained in the case 

of the hot spot temperature of 𝑇𝑚𝑎𝑥 = 3500 K. Red curves correspond to trajectories of 

powder particles shown are for 20 particles placed along the jets edge. Particle diameters are 

equal to 2 μm in (a), 10 μm in (b), and 30 μm in (c). In (a), the particle returning to the 

substrate is placed at a distance of 30 μm µm from the center of the hot spot. 
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CHAPTER 5 

CONCLUSIONS AND OUTLOOK 

The computational modeling of laser-induced vapor plume and jet flows show that the 

variation of major process parameters allows one to tune and optimize the flow condition in laser 

applications such as deep laser drilling, laser-induced breakdown spectroscopy, and selective 

melting of metallic powders. 

The problem of expansion of plumed induced by irradiation of various targets by short-

pulse laser in cavities or trenches, i.e. under conditions of spatial confinement, is relevant for 

technological applications of laser ablation for deep laser drilling and patterning, as well as  

analytical applications as LIBS. The simulations of plumes confined by cavities and trenches 

reveal an extremely strong effect of the background gas on the flow structure and the efficiency 

of material removal out of the cavity or trench. An increasing pressure of a non-reactive 

background gas is found to induce an order-of-magnitude increase in the effectiveness of 

removal of the laser ablation products from medium- and high-aspect ratio cavities as compared 

to ablation under vacuum conditions. The effectiveness of the material removal is determined by 

the interplay between the confinement and focusing effects of the background gas which 

decelerate the plume expansion and concentrate the ablation products far from the cavity wall, 

correspondingly. This focusing effect of the background gas pressure can substantially, in up to 

an order of magnitude, increase the amount of the ablated material that can be removed out of a 

cavity or trench. This confinement effect of the background gas pressure increases the amount of 

the vapor that condenses at the cavity surface and, thus, decreases the efficiency of vapor 
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removal out of the cavity or trench. At relatively small background gas pressures, the deposition 

of the vaporized material is dominated by the focusing effect while at relatively large 

background gas pressures, the plume expansion and deposition of the ablated material on the 

lateral wall is dominated by the confinement effect. Due to this interplay, there is an optimum 

background gas pressure that provides the maximum efficiency of the material removal. This 

optimum background gas pressure strongly increases with increasing absorbed intensity of laser 

radiation incident to the target. The mechanism of these effects is revealed by the gradual 

formation of a complex structure of moving shock waves under pressurized conditions, which 

drastically changes the flow compared to the case of expansion into a vacuum.  Reflection of the 

primary and secondary shocks from the lateral wall induces the formation of new shock waves 

moving from the wall towards the center.  Behind these shocks, the flow is also directed towards 

the center.  In response to the change in the radial flow velocity field, a near-wall layer with a 

decreased fraction of vapor is formed, while the vapor density around the axis or plane of 

symmetry increases. Moving shock waves also induce the formation of transient zones of high 

temperature and pressure at the axis or plane of symmetry that can be beneficial for LIBS. The 

simulations predict a complicated effect of the molar mass of the background gas on the flow 

pattern inside the cavity and efficiency of material removal.  If the flow is dominated by the 

focusing effect, then an increase in the molar mass increases the amount of the material removed 

out of the cavity with expanding plume.  If the flow is dominated by the confinement effect, 

especially in the extreme case when the plume is stopped inside the cavity, then the increasing 

molar mass of the background gas decreases the amount of vapor removed out of the cavity. 

Under identical irradiation conditions, an increase in the cavity diameter produces a delay in the 

time that the bouncing shock interacts with the wall, and an increase in the vapor free protective 
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layer near the lateral wall. In the case that the cavities have the same height, this change in flow 

structure results in an increase in material removed from the cavity throat in ~6 times. In the case 

of cavity drilling, this effect can be beneficial to prevent material deposition and increase 

material throughput. This change is shown to improve material removal when comparing cases 

with identical fluence, aspect ratio and cavity diameter to laser diameter ratio. The early stages of 

more vertical expansion cause shockwave interaction to occur at higher points in the cavity, 

resulting in lower deposition. In high-aspect ratio cavities, a second pulse can help increase 

material removal efficiency by re-energizing the plume and changing shock wave interaction to 

achieve better material throughput at the cavity throat. The second pulse also shows increased 

plume properties at the axis, indicating the potential for an increase in LIBS performance when 

plumes merge. The obtained results suggest that confining the laser-induced plume and tuning 

parameters of the background gas can be used to optimize the plume properties and laser 

material processing in technological and analytical applications of pulsed laser ablation, 

including material processing and LIBS. 

Simulations of a simplified laser-induced jet under conditions seen in SLM processes 

provide insight into the different jet structures, the denudation effect and particle entrainment. Jet 

structure is dependent upon evaporation and consequentially the temperature profile introduced 

by the CW laser. Different jet structures can produce varying degrees of under expanded jet 

profiles where the size of the “barreling” increases with increasing temperature. Jet flow fields 

are shown to induce significant flow in the ambient gas, ranging from 10-40 m/s. In turn, these 

induced flow fields are shown to be strong enough to entrain powder particles ranging from 10-

30 μm in diameter.  Particles can experience full entrainment or ejection from the jet depending 
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on the jet profile and location they enter. The different modes of entrainment or ejection can 

potentially help shed light on defects such localized increased surface thickness or porosity. 

The research of the laser-induced plumes and jet can be extended in the future to more 

realistic system geometries, for instance, the actual cavity geometry formed by multiple laser 

pulses and real depression and temperature field obtained as results of CW laser melting of 

particle layer on a substrate. These extensions can substantially increase the realism of modeling, 

but will require hybrid computational models, combining computationally efficient models of 

material melting and the molten material flow with the models of vapor expansion and mixing 

with the background gas. Such models can provide currently missing information on the effects 

of coupling between processes in the laser-induced molten pools and vapor plumes or jets above 

them.
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