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Chapter-1 

Introduction 
 

Interaction of an intense laser beam with a medium (solid/gaseous) and its underlying physics 

is a complex phenomenon. Since, the invention of high power lasers in 1960, the laser - matter 

interaction has gained a tremendous interest in understanding the phenomenon of laser 

interaction, plasma formation in the solids, liquids and gases. Laser beam focused into medium 

can deliver a very high energy that is capable of raising the temperature of the medium to the 

order of 105 K, followed by the evaporation of the material in the focused region. The 

expanding evaporated material cloud is called as the laser produced plasma (LPP). The 

fundamental mechanisms involved, the properties and dynamics of the subsequent laser-

produced plasmas depend strongly on the laser beam parameters (pulse duration, fluence 

/intensity, wavelength and beam profile), and on the properties of the irradiated material.  

In general, for laser material processing, two different laser pulse duration regimes are used:   

they are (i) the long pulse regime (ns pulse duration) and (ii) short and ultra-short pulse regime 

(picosecond and femtosecond pulse durations). During the interaction of the ns-laser pulse 

with the material the material undergoes heating, melting and evaporation subsequently 

forming the plasma. This method is used in material ablation. However, in the case of short 

and ultra-short pulse interaction, the material is directly evaporated due to lower time span. 

This method is suitable for micro and nano-machining [1, 2]. The present work focuses on the 

ns – laser interaction under different background gases (air, He) and Al target of different 

thickness. In the long pulse, inverse bremsstrahlung is dominant absorption mechanism that 

takes place during the interaction of the laser beam with the medium [3-6]. In the short pulse 

regime, the dominant absorption mechanism that are expected to occur are multi-photon 

ionization (MPI)  and tunnelling ionization [7].  

During the interaction of the laser beam with the material in the focal region the electrons 

absorb the photons from the leading pulse, the electrons after attaining the energy collide with 

the surrounding atoms and generate more number of free electrons and ions leading to an 

avalanche breakdown of the medium [3, 8]. During the breakdown of the material a rapid 

ionization takes place thus, a sudden increase in electron temperature and electron number 

density is observed leading to formation of plasma. The plasma formed after the breakdown 
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process absorbs the incoming laser energy (trailing part of the laser pulse) due to the availability 

of a large number of free electrons leading to further absorption of incoming laser beam 

(trailing edge) resulting to expansion of plasma plume towards the focusing lens.  

The atomic processes taking place in plasma can be classified into three types based on the 

initial and final states of the electrons namely: bound-bound, bound-free and free-free 

transitions. The mechanism by which the energy transfer take place can be further classified 

into collisional and radiative mechanism.  

The dominant atomic processes taking place in plasma are: (i) collisional excitation: collision 

of electrons with the neutral atoms in the plasma is leading to an increase in the kinetic energy 

and thus gains the sufficient excitation energy (Bound-Bound transition), (ii) collisional 

ionization: when the gained kinetic energy is sufficient to remove an electron the phenomenon 

is called collisional ionization (Bound-Free transition), (iii) photo excitation: electrons absorb 

the photons from the incident radiation gains kinetic energy sufficient for excitation (Bound-

Bound transition) (iv) photo ionization: if the gained energy is sufficient to remove the electron 

from the neutral atom then the process is called as photo ionization  (Bound-Free transition) 

and (v) bremsstrahlung: a collision of the electron with an ion of charge Ze in the excited state 

resulting in the de-excitation to the lower continuum state leading to emission of a photon. 

This process is called as bremsstrahlung (Free-Free transition) [3, 9]. 

However, in an inverse bremsstrahlung mechanism the electrons gains the energy from the 

incident photons, and the absorbed energy is converted into the kinetic energy (Free-Free 

transition). The bremsstrahlung and inverse bremsstrahlung are the key mechanism playing 

role in the laser induced plasma.  

The plasma thus generated consists of three main regions: (i) plasma core region containing 

high temperatures (of the order of 104 - 105 K) where large number of collisions occur, (ii) 

Absorption front and (iii) shock front containing higher density, pressure[10]. The 

material/medium ablated from the focal volume is accumulated at the plasma front forming a 

thin dense layer called as the shock front. The accumulation of mass continues until the SW is 

completely built. The SW at later times detaches from the plasma and expands adiabatically 

into the background gas. The range of the temperature, number density generated at the 

plasma and the pressures, densities generated at the shock front depends on the medium in 

which the plasma/shock wave is generated. Though the interaction of the laser beam with the 

medium is similar in case of a solid substrate and a gaseous medium, the evolution dynamics 

of the plasma and the shock wave show a variation because of the variation in the density of 
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the interacting medium. The following section discusses the expansion/interaction dynamics 

of laser generated plasma with different media. 

 1.1 Laser generated plasma from a solid target 

When the laser beam is incident on target material, a part of laser beam is reflected from the 

material surface (following Fresnel laws) and a part of the beam penetrates through the surface. 

The distance over which a laser beam penetrates through the target material is known as skin 

depth (δ) [11, 12] of the material given by: 

     𝛿 = (
2

𝜔𝜇𝜎
)

1

2
                (1.1) 

Where ω is the frequency of the incident laser beam, µ is the permeability of free space, and σ 

is the conductivity of the solid target. During the interaction of the laser beam with the solid 

target, the target material is heated, melted and vaporized leading to formation of the plasma.    

The ablative SW expanding into ambient air launches a compression wave on to the material 

due to momentum conservation. The launched SW travels through the material medium. 

Depending on the thickness of the target material, target properties and intensity of the 

incident beam, the SW reaches the rear end of the target and in few cases may lead to a blow-

off of material from the rear end of the target [13]. The interaction of sufficiently intense ns 

laser pulse with thin foil target induces the material blow-off (plasma) or ejection of flyer from 

the rear side of target [14-16].  

Laser ablation (LA) plumes or laser-produced plasmas (LPP) have applications such as pulsed 

laser deposition (PLD) [17], nanoparticle generation, nanostructure and cluster formation [18, 

19] laser induced breakdown spectroscopy (LIBS) [19], and LA inductively coupled plasma 

mass spectrometry (LA-ICP-MS) [20] to name a few. On the other hand, laser induced material 

blow-off (plasma) or ejection of  flyer from the rear side is a sophisticated tool and find its 

applications for the study of material behaviour that undergo shock compressions [21], 

generation of EOS [22], thrust generation for propulsion as to mention some. 

 1.2 Laser Induced breakdown in air 

The laser beam focussed into air (gaseous medium) leads o generation of plasma during the 

interaction of the leading pulse of the laser beam, while the trailing pulse of the incident laser beam 

interacts with the generated plasma leading to an asymmetric expansion of the plasma towards the 

incident laser beam [23-27]. Later due to the shifting of the absorption front, plasma expands along 

the laser propagation direction. This phenomenon is leading to the generation of multiple hot 
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spots in the generated air plasma. The plasma expansion is more dominant along the laser 

propagation axis compared to that along the radial direction. At longer timescales, the 

asymmetry in the plasma sustains but the SW after its detachment from the plasma expands 

freely into the surrounding medium, attains a spherical nature i.e., self-similar expansion in all 

the directions. 

 It is to be noted that the density of the medium from which the SW is generated effects the 

expansion dynamics of the SW. In the case of the solid target, the expansion is more dominant 

in the ablation regime (direction opposite to laser beam) less through the target (along the laser 

propagation axis). Whereas, the SW is expanding freely in all the directions when generated in 

gases (air). Factors such as intensity of the incident radiation [25, 27-29], background pressure 

[30-32], background gas species [31, 33] strongly influences the expansion dynamics and 

magnitudes of the temperature, number densities generated at the plasma and pressures 

generated at the SW.  

The optical breakdown in gases, and subsequent formation of plasma and the generation of a 

shock wave (SW) initiated by intense laser pulses, have many practical applications, such as 

laser-spark ignition of fuel-air mixtures [29, 34, 35], laser propulsion  systems such as laser 

thrusters [36] for wave drag reduction in a vehicle, localized flow control of blunt bodies [24, 

37], laser triggering of switches[38] and laser induced breakdown spectroscopy (LIBS) [39, 40]. 

 1.3 Confinement of laser generated plasma 

When the laser-induced plasmas are spatial confined of by some medium, induces a complex 

phenomenon involving shock reflection/transmission from the confining media which further 

leading to shock-shock, shock-plasma, plasma - plasma interactions depending on the method 

of confinement chosen. When two shock waves were interacting with each other, the shock 

parameters such as pressure, density at the interaction zone will be enhanced leading to a local 

increment in the strength of the SW [41]. Whereas, when a SW is interacting with the plasma 

may lead to, an effective change in the plasma parameters i.e., increment in electron 

temperature and number density may occur depending on the intensity of the input laser beam 

and the direction of interaction (axial/radial), which further may also lead to an increment in 

the plasma lifetime. When two plasmas were interacting with each other, an effective change 

in the plasma dynamics, and plasma parameters occur that may lead to plasma jet-let formation 

depending on the plasma source energy. 
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A wide range of studies have been performed on the confinement of laser generated plasma 

using different methods viz., (i) spatial (geometric) confinement i.e., using rectangular  [42-46], 

cylindrical [47, 48] cavities of different materials with no external input to the confining cavity, 

a micro hole[49], using another laser generated plasma interaction with different geometries 

(parallel [50-52], orthogonal [53-55], counter propagating [55-60], angular [56] interactions), in 

case of a solid target, the ablated plasma and SW were confined using a glass substrate [16, 61-

65]  (ii) magnetic confinement [66, 67] and (iii) electrical confinement [42]. To understand the 

plasma dynamics, an overview of the above mentioned processes is discussed in the following 

sections. 

 1.4 Geometric confinement of laser generated plasma 

The laser generated plasma is confined using a cavity of different dimensions, different 

material, different geometries, using another laser induced plasma in different interacting 

geometries. 

1.4.1 Confinement using a cavity  

In this case the target is placed inside a cavity at a certain distance d from the walls of the 

cavity, focus the laser beam into the cavity and generate the plasma and SW. The generated 

plasma and SW due to the presence of the walls of the confining cavity interact with the walls 

and reflect back. The reflected plasma/SW interact with the plasma core leading to an 

enhancement in the plasma parameters. The separation distance between the cavity walls plays 

a crucial role in the spatial confinement of laser plasma which influences the shockwave 

expansion process. A wide range of research has been performed based on the laser induced 

breakdown spectroscopy (LIBS) applications. LIBS is a powerful popular elemental analysis 

technique used since decades. It has many advantages such as simultaneous detection of 

multiple elements, real time analysis, and nearly non-destructive method [68]. However, LIBS 

has a major drawback of low detection sensitivity of trace elements. If the LIBS signal from 

the trace element can be enhanced by some means it makes LIBS more sensible for the trace 

element detection. Few researchers have tried different methods to enhance the signal; Scaffidi 

et al. [69] had used multiple pulse excitation, while Guo et al. [70] had given a comparative 

study of confinement using multiple pulse and confinement of the plasma produced from the 

multiple pulse. Asimellis et al. [71] had used the inert gas background to enhance the LIBS 

signal. However, the above methods have a drawback of increased complexity in the setup of 
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the experiments. To avoid such complexities a simple, flexible and cost-effective method of 

confinement is the spatial confinement of the laser induced plasma using a cavity of different 

geometries, different dimensions depending on the intensity of the incident laser beam and 

cavity made of different materials.  

Laser induced shock wave interaction with the cavity material is a potential source of removing 

of the nano scale contaminating particles from silicon wafers called as laser shock cleaning 

(LSC) useful in semiconductor industry [72-74]. Fig. 1.1 shows a schematic of the generation 

of the laser induced air plasma a distance solid wall, the expanding SW after interaction with 

the wall reflects back traversing towards the plasma.  

 
Fig. 1. 1 A schematic showing the interaction of a shock wave interacting and reflecting 
from a solid wall 

A detailed study of the interaction of the SW with the cavity material, reflection from the cavity 

and interaction with the plasma gives a holistic understanding of the shock propagation in 

supersonic combustion [75], shock mitigation in foams [76-79], shock wave lithotripsy [80], 

study of inertial confinement fusions [81].  

1.4.2 Confinement using a substrate overlay  

This is a method of confined ablation where the expansion of the ablated plasma from the 

front surface of the target is stopped using a transparent material attached to it [16]. A laser 

pulse of sufficient intensity ablates a target surface. The ablated plasma is mechanically 

confined by the substrate that leads to the generation of stress waves. Which propagates into 

the target surface, leading to the blow-off or flyer that launches a flyer from the rear side of 

the target. This is the working principle of laser induced blow-off (LIBO) [82]. The flyer is a 

material ejected from the rear side of the target that is accelerated during blow-off [83]. In 

contrast to the conventional dynamic loading tools such as gas gun, z-pinch, explosives etc. 

the laser-based technique generate the pressures of higher magnitude within short durations 
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of time. This technique was proved to be most convenient and sophisticated tool for the study 

of material behaviour under shock compression [21, 84-86] , generation of EOS [22, 87] thrust 

generation for propulsion [9, 10]. A significant enhancement in the blow-off shock and plasma 

parameters (pressure, velocity etc.) on the rear side of the foil are observed due to the 

mechanical confinement of the front end of the target material. Fig. 1.2 shows a schematic 

illustration of the launching of a blow-off SW from the rear side of the metal target. The metal 

target material is confined using a glass overlay for the confinement of the ablative plasma.   

 
Fig. 1. 2 A schematic showing the illustration of laser driven blow-off 

The ablated and blow-off plasma formed at the front and rear sides of the target depends on 

various parameters such as, input laser intensity (energy) , wavelength, pulse duration, beam 

size on the target, thickness of the target material and its properties, surrounding ambient gas 

pressure conditions and the effective impedance of the foil and confined materials used [16]. 

A range of studies have been performed on the acceleration of aluminium and copper foils 

using high power laser pulses.  Ripin et al. [88] has accelerated a thin metal foil to more than 

100 km/sec using high intensity laser beam (Ip = 1012-1013 W/cm2). Paisley et al [82] has 

accelerated the aluminium and copper thin film of thickness 2-10 µm to  5 km/sec. Later He 

et al [89] has accelerated aluminium foil of thickness 10 µm to 13 km/sec using laser radiation 

of intensity ranging from 20 – 400 GW/cm2.  

Despite the successful acceleration of metal flyers in the experiments, the dynamic processes 

in laser-driven flyers are still unclear. The major challenges in the flyer acceleration is retaining 

the material properties when accelerated to very high velocities and altering the flyer velocity 

using laser parameters, film thickness and material of the film. Hence, a detailed study is needed 

to describe the absorption of laser energy as well as the metal foil rupture and acceleration 

process of the flyers. 
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1.4.3 Confinement using another plasma source 

In this case the expansion of a laser generated plasma and SW were obstructed using another 

laser induced plasma. Initially the region at the interaction zone experiences a compression 

due to the expanding SW from the two sources resulting in an increase in the density and 

temperature at the interaction zone. Interaction of two such laser induced air plasmas can lead 

to two different phenomena: collision dominated and collision-less interaction. Collision 

dominated plasma interaction leads to either a formation of a stagnation layer or to an 

interpenetration of the two plasma sources, whereas in the case of collision-less interaction the 

two plasma sources tend to decelerate at the interaction zone [90].  Rambo and Procassini [55] 

have proposed that the interaction between the approaching plasmas depends on the ion–ion 

mean free path of the colliding fronts. The ion–ion mean free path in turn majorly depends 

on the relative velocity of the plasma plumes, the number densities at the plasma fronts before 

interaction and the average ionization state of the plasma. The SW from the two sources reflect 

or interpenetrate each other depending on the density at the SF. The velocity of the SW from 

the first source decreases as it is traversing through the shocked medium (i.e., a low pressure 

zone) generated by the second source [41]. The SW from the first source while interacting with 

the plasma core of the second source and vice-versa will be observed. If the interacting sources 

were of unequal energy then the SW from higher energy source while interacting with the 

lower energy source leads to a raise in kinetic energy. A part of the increased kinetic energy of 

the plasma is converted into thermal energy and a part of the energy is used in the formation 

of a plasma jet-let in the direction of the expanding SW from the other source. Harilal et al.[91] 

experimentally investigated the jet formation in laterally colliding plasma plumes and 

concluded that the plasma lifetime and the spatial expansion of plasma are enhanced in the 

colliding plasma more than with a single plasma.  

A wide range of studies have been performed to understand the interaction dynamics of two 

plasmas under different geometries such as angular [56] lateral [50, 51, 92, 93] orthogonal [53, 

54] counter streaming [55-58, 94] under vacuum conditions and a few studies in the presence 

of ambient air [51, 59, 60]. The interacting plasmas find application in the design of inertial 

confinement fusion (Hohlraums), x-ray laser research [81], high ionic temperature and charged 

particle acceleration using Thomson scattering in conjunction with proton radiography [95], 

understanding Supernovae (SNe), and Supernovae remnants (SNR) [96, 97] to model and 

understand various astrophysical processes via noble gases [98].  
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 Magnetic confinement of laser generated plasma 

The effect of the transverse magnetic field on the freely expanding laser induced plasma is 

studied in this method of confinement. Transverse magnetic fields were applied to the plasmas 

using two permanent magnets [66], while confining the laser generated plasma using a torus 

shaped strong magnets is called as a Tokamak. Application of magnetic field on the freely 

expanding laser induced plasma leads to two extreme conditions depending on the particle and 

applied magnetic pressure (energy density associated with magnetic field). The ratio of particle 

pressure to magnetic pressure is defined by the parameter β of the plasma. In the case of low 

β plasma, i.e., in the non-diamagnetic limit the magnetic field just diffuses through the plasma. 

However, in the case of high β, i.e., in the diamagnetic limit, the plasma pressure is very much 

higher than the magnetic pressure and hence, thermal pressure pushes and expands the plasma 

along the direction of the field. As the plasma expands farther from the plasma source, thermal 

pressure drops and magnetic pressure dominates the motion of the plasma. As the plasma 

temperature drops, the magnetic fields originally begin to diffuse into the plasma structure [67, 

99].  

It was initially observed by Pisarczyk et al.[100] that the plasma is being elongated and a plasma 

column is formed along the axis of the applied magnetic field (20 T). Later it was quantified 

by Peyser et.al. [101] that high energy plasma expanding through magnetic field above 3 kG 

gives rise to long narrow plasma jets because of E×B drift which is not seen for magnetic fields 

< 3 kG. The presence of a magnetic field during the expansion of a laser-produced plasma 

may leads to interesting physical phenomena such as conversion of the plasma thermal energy 

into kinetic energy, plasma confinement, ion acceleration, enhancement in optical emissions, 

plasma instabilities [102]. 

 
Fig. 1. 3 Schematic showing the confinement of laser generated from aluminium target 
using transverse magnetic field 
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Neogi and Thareja [99, 103] had studied the expansion of the carbon plasma in presence of 

the non-uniform magnetic field in presence of vacuum using emission spectroscopy and fast 

photography. Instabilities in the temporal profile of the ions at the edge of the plume were 

observed by Neogi and Thareja [99]. These oscillations were observed because of the edge 

instability in the magnetic field.  

Laser produced plasma in presence of an externally applied magnetic field is found to be a 

good source of x-ray emission [100]. Understanding the evolution dyanmics of plasmas in 

strong magnetic fields helps in understanding many areas of plasma physics, ranging from 

basic and applied plasma physics to astrophysics, controlled fusion reactions, and Z-pinch 

experiments etc[104-106].  

1.6 Electrical confinement of laser generated plasma 

 It is a well-known fact that the plasma generated from a metal target mainly consists of 

neutrals, ions and electrons. Generation of nanoparticles and thin film deposition using pulsed 

laser deposition (PLD) are one of the most important applications of the laser ablation (LA). 

In PLD, the plume propagates towards the substrate which is placed to the target. The quality 

of the film deposited depends on the plume characteristics such as the kinetic energy (KE) of 

the constituents of the plume. While the kinetic energy of the constituents of the plasma plume 

depends on the experimental parameters such as intensity, wavelength of the incident laser 

beam and background pressure. However, Izumi et al. [107] has shown that application of the 

electric filed between the target and the substrate is a most convenient way of manipulating 

the KE of the ions present in the plume.  

A range of studies have been reported on the pulsed laser deposition from different metal 

targets to understand the temporal evolution of plasma generated using ns laser pulse with 

energies ≤ 1 J and pulse duration (τ) in the range of 1-30 ns in the presence of applied electric 

field.  

Singh et al. [108] has studied the effect of the application of the electric field parallel to the 

expanding plasma in the formation of YBa2 Cu3 O7 superconducting thin film using pulsed 

evaporation technique. A dc bias voltage of + 300 V was applied during the deposition process, 

resulting in the formation of superconducting thin film at a low temperature of 500 0C. Parl et 

al [109] has confirmed that the concentration of the electronically excited ions in the laser 

produced plasma and their kinetic energies depends on the biasing voltage applied externally. 

Many studies have been performed with the electric field applied parallel [108, 110] or 
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perpendicular [107-109, 111] to the target surface using solid electrodes, rings or grids with the 

low biasing voltage (± 500 V) and low laser intensity (Ip < 109 W//cm2). A few studies have 

performed at higher intensities (Ip > 1010 - 1016 W//cm2) and biasing voltage upto +50 kV for 

enhanced ion yield and directivity of the generated laser plasma plume for laser ion source 

(LIS) operation. [112-114]. 

Among all the above methods of confinement of laser plasma it is understood that the spatial 

confinement with no external forces applied on the expanding plasma is a cost-effective and 

hassle free method to obtain an effective method to attain a pronounced enhancement in the 

plasma properties.The work presented in this thesis includes the hydrodynamic simulation of 

spatial confinement of plasma and shock waves by different methods (as given below) 

generated [115] using second harmonic Nd:YAG laser pulses of 10 ns width for the intensities 

ranging between 0.25 – 2.5×1010 W/cm2 (50 - 500 mJ). 

A quantitative study of the spatial confinement of the laser plasma generated in air medium 

and the plasma generated from aluminum foil were discussed in detail. Laser generated plasma 

in air and from material is confined spatially via the following methods: 

i. Longitudinal confinement of air plasma in counter propagation geometry 

ii. Lateral (radial) geometric confinement of air plasma 

iii. Longitudinal Confinement of laser ablative plasma by a glass slab 

iv. Lateral geometric confinement of blow-off SW from a metal foil 

Lateral confinement of blow-off shock wave generated at the rear end of the thin metal foil 

using a cavity of dimensions length L=12 mm and separation distance D= 8 mm. 

1.7 Organization of the thesis 

The organization of the thesis is as follows: 

Chapter-2 This chapter discusses about the simulation methodology used in formulating the 

hydrodynamics of laser - matter interaction. The factors playing role in the evolution dynamics 

of the generated plasma and shock waves were discussed in detail. A validation of the laser 

ablative shock wave dynamics generated from a bulk aluminium target is presented. The typical 

statistical error that occur in the plasma parameters such as electron temperature and electron 

number density using HLLC [116] scheme of order 1 and order 3 were discussed.  

Chapter-3 The laser induced breakdown of air, generation and evolution dynamics of plasma 

and shock wave were discussed in detail in the present chapter. The results were verified with 
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the experimentally obtained shock velocities [59, 115] and the evolution dynamics. The effect 

of the energy, pulse duration, intensity on the plasma and shock parameters were studied. The 

evolution dynamics of the plasma parameters such as electron number density and temperature 

were verified with the values existing in the literature [117, 118].  

Chapter-4 The spatial confinement of the laser induced air plasma using another laser induced 

air plasma along the laser propagation axis is studied in the present chapter. The air plasma 

generated using a laser beam energy of 50 mJ (S1), pulse duration 10 ns with the excitation 

wavelength of 532 nm is confined using another source (S2) generated using input energy of 

50 mJ/100 mJ. The effect of the separation distance (d) between the two sources and the 

acoustic impedance (ρu) of the confining source (S2) on the evolution dynamics of the freely 

expanding source S1 is studied in detail. The separation distance between the two sources is 

varied as d=0, 1, 2 and 4 mm. During the interaction of the two sources, the pressure and mass 

density were observed to be raised because of the interaction of the SFs. The interpenetration 

of the two SFs at the interaction zone is clearly visualized and confirmed from the line profiles 

of mass density and pressure along the laser propagation axis. However, the extent of 

interaction or interpenetration of the PC of the two sources is visualized and confirmed using 

the collisionality parameter (ζ) [50, 59, 60, 90, 119]. The collisionality parameter is calculated 

for all the combinations both the energy ratios for all the considered separation distances. The 

effect of the interaction of the SW with the PC is studied over a duration of 30 µs.  

Chapter-5 The lateral confinement of the laser induced air plasma using a rectangular cavity 

of different materials (glass, aluminium and copper) and different dimensions is presented in 

this chapter. The length of the cavity is varied as L=8,10 and 12 mm while the separation 

distance between the cavity walls is varied as D = 2, 4 and 8 mm respectively. The equation of 

state for the cavity material is generated by Sai Shiva et al. [120-123] by making the necessary 

modifications to the code given by Mac Farlane et al.[124]. A complete picture of the evolution 

of the freely expanding SW, its interaction and reflection from the cavity walls, interaction of 

the reflected SW with the plasma is clearly visualized and the corresponding effect on plasma 

parameters is studied over a duration of 30 µs. The effect of the interaction of the reflected 

SW on plasma and SW parameters is studied in detail with respect to the separation distance 

between the cavity walls the material of the confining cavity is studied in detail.  

Chapter-6 This chapter is divided into three stages:  
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Stage - 1 Ablation of aluminium thin foil under different ambient conditions such as varying 

background pressure (0.1 – 1 atm) and varying background gas (air, Helium). Initially the SW 

dynamics for the input laser energy of 50 mJ is verified with the experimental results. Later the 

SW and plasma parameters were simulated by varying the background conditions.  

Stage - 2 The laser ablative plasma from the thin foil generated under background pressure of 

1 atm in presence of air medium is confined using a glass slab of 1.8 mm thickness i.e., the 

aluminium metal foil is attached to a glass slab. The laser beam allowed to focus directly at the 

aluminium-glass slab interface. Aluminium - glass slab interface. The study is performed for 

the input laser energy of 50 mJ. During the interaction of the leading edge of the laser pulse 

plasma with much higher temperatures (of order of 105 K) is generated at the metal foil-glass 

interface. While ablation at the front surface of glass substrate (from glass substrate) is 

observed during the interaction of the trailing edge of the laser pulse. Launching of the material 

blow-off SW from the rear side of the metal foil and its expansion dynamics were studied over 

a duration of 3 µs. The obtained shock velocities were compared with the experimentally 

obtained shock velocities [13].  

Stage-3 The blow-off SW/plasma generated by the confining glass slab that is generated in 

stage-2 is confined using a glass cavity of length L=8 mm and separation distance between the 

cavity walls D = 2 mm. It is observed that the considered dimensions of the cavity are too 

large to observe an effective reflection of the SW from the glass walls and to interact with the 

plasma. While in the case of foil confined with a glass slab enhanced coupling of the stronger 

blow-off SW is observed as the confining tube geometry resulted in a strong reflected SW. The 

reflected SW further interacts with the plasma leading to an enhanced and multiple reflections 

leading to a micro blast. 

Chapter-7 A detailed study of variation of the optical absorption in a metal nanoparticle doped 

high energy material (HEM) is presented in this chapter. The variation of the optical 

absorption when metal nanoparticles (aluminium, silver, gold) of different sizes (20-400 nm) 

were doped to HEMs (Penta Erythrtol Tetra Nitrate known as PETN, Octahydro-1,3,5,7- 

tetranitro-1,3,5,7- tetrazocine  known as HMX) were studied in detail over the excitation 

wavelength of 400 – 1200 nm. Optical absorption of the composite material is determined 

using the concept of Mie theory. To understand the effect of the increment in the optical 

absorption on the temperature evolution in the composite material, thee heat conduction 

equation is solved using finite central difference method of fourth order accuracy [125]. The 
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critical energy density of the composite material i.e., energy required to initiate the ignition of 

the composite material is to be determined.  

Chapter-8  

A summary of the work done in the above chapters is discussed in this chapter. A road map 

to the designing of a micro shock tube of dimensions in the range of mm is discussed. Relating 

the work done in the thesis with the future scope were discussed in detail.  

Confinement of laser plasma in air is used to understand the mechanisms involved, optimizing 

the parameters required for the geometric confinement of blow-off SW from metal foil. A 

detailed description of all the physical processes taking place from the point of interaction of 

laser beam with the material, effect of geometric/spatial confinement on SW, interaction of 

the modified SW (due to reflection from the confining geometry) with the plasma, 

enhancement in the plasma parameters, compression of the plasma by the SW were studied 

using FLASH 2D radiation hydrodynamic code [126] with relevant modifications.  

Experiments have a limitation in diagnosing the complex physical processes occurring 

concurrently during the laser-matter interactions for example, the minimum time span of the 

evolution of plasma and SW, study of the dynamics inside an opaque object, evolution of 

plasma parameters such as number density, temperature, determination of the shock strength 

based on mass density and pressure etc., are difficult to diagnose and require setting up of large 

number of diagnosing methods. However, with numerical simulations all these processes can 

be understood simultaneously. Thus, they help to study the plasma and SW dynamics from the 

time of generation to a longer time scale with increased resolution. Hence, the present work is 

aimed at numerical investigation of the ns laser generated plasma and the consequent shock 

wave evolution when confined spatially using different methods. The work includes the 

experimental validation [115], followed by in depth understanding of the physical mechanism 

involved during the confinement of plasma. The work is further extended to experimental are 

hardly performed resulting in minimal trials.  
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Chapter-2 

Simulation Methodology 

A hydrodynamic formalism of the shock wave and plasma dynamics were briefly 

described in this chapter. The conservative Euler equations describing a fluid flow, the 

numerical scheme used to solve these equations when a purely hydrodynamic 

evolution of shock wave is considered in fundamental problem such as a shock tube is 

discussed in detail. However, to describe and to visualize the mechanism undergoing 

and to understand the physical processes undergoing in the real time experiments such 

as laser matter interactions a 2D/3D hydrodynamic code is required.  Hence FLASH 

2D radiation hydrodynamic code is used to solve the conservative Euler equations 

when the energy deposition due to laser source is added. To verify the realistic 

phenomenon of laser ablation of 20 µm thick aluminium foil when a pulse of energy 50 

mJ at a wavelength of 532 nm of the incident beam is studied. The dynamics of plasma 

and shock wave were studied and the spatio-temporal evolution of the physical 

parameters describing the shock strength i.e., mass density, pressure and plasma 

parameter electron temperature were described in detail. The orders of the physical 

parameters obtained were verified with the values observed in literature and found that 

the results were in line with the realistic phenomenon. The results of numerical 

simulations were validated with experimental results where ever possible before 

predicting the output of new experimental schemes.  
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2.1 Introduction 

Laser - matter interaction is a complex phenomenon  and remains a challenge in understanding 

the multi-physics nature of the absorption of light by the target material , thermodynamics 

(heating, phase transitions, cooling), gas dynamics, plasma physics (collisions, electric 

interactions) and laser-plume interaction (plasma heating by absorption of laser photons, 

inverse Bremsstrahlung, multi-photon ionization). Moreover, the fundamental mechanisms 

involved and the properties and dynamics of the subsequent laser-produced plasmas depend 

strongly on the laser beam parameters (pulse duration, fluence, wavelength, beam profile) and 

also on the properties of the irradiated material (conductivity, reflectivity, surface finishing 

etc.). A laser beam irradiated on to a material (air, solid target), heats the material, followed by 

rapid ionization resulting in release of free electrons and ion pairs [1]. These free electrons 

loses its energy by continuous collisions with the ions, excited and the neutral atoms and gains 

energy from the incoming laser beam resulting in an abrupt raise in the temperature at the 

focal volume. The so formed high temperature ionized gas is called as plasma [1, 2]. The 

process of the absorption of the photons from the laser beam continues until the laser pulse 

duration, the resultant plasma during this time expands supersonically towards the direction 

opposite to laser beam. This free electron cloud moving towards the laser beam forms a thin 

layer of matter in front of the focal volume shielding the direct absorption of laser beam with 

the material called as plasma shielding. The layer of matter formed due to accumulation of the 

material ejected is called as the shock wave (SW). The SW is a thin layer having very high 

density and pressure when compared to the surrounding medium. The SW when completely 

built detaches from the plasma and expands adiabatically into the back ground gas. Since, the 

laser pulse considered here has ns time durations, the dominant absorption taking place is the 

inverse Bremsstrahlung absorption (IB) [2, 3].  The other absorption mechanism that are 

expected to occur are multi-photon ionization and tunnelling ionization which are dominant 

in the short and ultra-short laser pulses i.e., picosecond (ps) and femtosecond (fs) [2].  The 

main requirement for IB mechanism to take place is the existence of at least one free electron 

in the focal volume. In the IB, the incident photon is interacting with the electron, the 

mobilized electron in turn collides with the atoms and results in release of few more free 

electrons and ions via cascade ionization. Hence the inverse Bremsstrahlung is called as a three 

body mechanism [1]. During the interaction of laser with solid targets (metals, semiconductors 
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and dielectrics) the formation of plasma at the front surface of the solid target is called as 

ablation [4-8] which has various applications in different background environments [9-12] 

under different background pressures [13]. So the laser ablation finds application in many areas 

of pulsed laser deposition (PLD), nanoparticle generation [4, 14, 15], micromachining and to 

name a few. 

The density and pressure gradients at the shock front (SF) are very steep such that, a 

discontinuous flow across the SF is observed as a result. The SF characteristics are understood 

based on the Rankine – Hugoniot conditions are the jump conditions [16] which relates the 

shocked medium (medium behind the SW) and the un-shocked medium (medium ahead of 

SF). 

In the case of solid targets, the ablative shock wave (SW) expanding into ambient air launches 

a compression wave through the material due to momentum conservation. The launched SW 

travels through the material medium depending on the thickness of the target material and 

intensity of the incident beam.  In few cases the SW reaches the rear end of the target and a 

blow-off SW is launched in the rear end of the target [17-19].   

Simulation using molecular dynamics have the capability of modelling the ultra-short pulse 

laser ablation. However, it is to be noted that it takes a longer time to study the plasma 

dynamics under  high pressures. This is due to the number of molecules to be considered is 

very large in case of dense targets and high pressures [20, 21] .  

The evolution of shock wave and plasma were explained by solving the hydrodynamic 

equations [16, 22] in the present work. In order to understand the shock characteristics and its 

spatial-temporal evolution a shock tube problem is carried out. This is understood using in-

situ developed one-dimensional hydrodynamic code. The pressure gradient between two 

chambers separated by a thin diaphragm is explained in this chapter. The basic hydrodynamic 

equations are solved using Godonov method [16] However, since our problems (LMI, and 

ablation) dealt with high pressure, high temperature fluids which require different source terms 

such as laser deposition, energy transfer through heat, radiation and collisions. Moreover, the 

multi-dimensional nature of laser matter interaction can be well understood by either 2D or 

3D numerical simulations. Hence, to understand the phenomenon of laser ablation and the 

occurrence of different physical processes and to visualize the evolution of SW in ambient 

atmospheric air we have employed FLASH 2D radiation hydrodynamic code [23] which is well 

developed and widely used code. This code supports different source terms such as, the laser 

energy deposition, heat and radiation transfer mechanisms. The SW evolution at the early time 



Simulation Methodology 
 

 
23 

scales is presented in this chapter. Our experimental data gives 2D expansion of shock wave. 

Hence, the 2D simulations are ideal for us to predict the evolution in complex experiments. 

2.1.1 Hydrodynamic formulation 

The basic idea of hydrodynamics is to give a complete description of motion of a fluid element 

at any instant of time, and describe how the motion changes with respect to the applied forces. 

Hydrodynamic simulations of laser-produced plasmas are a useful tool allowing one to 

investigate the processes that take place during laser-plasma interaction, the evolution of 

plasma from the initial time of generation, internal structures of plasma, formation and 

evolution of shock wave which are often impossible to observe directly during the 

experiments. They allow not only the interpretation of experimental results, but are also often 

used for designing the experimental setup or detailed analysis of particular processes during 

the experiment. The physical quantities of interest in the motion of a fluid element are its mass 

density, the velocity and the forces that change these quantities such as stress, viscosity, thermal 

conductivity etc. The simplest starting point is to assume the material to be compressible ideal 

fluid that is non-viscous and non-conducting. The methodology followed while studying a 

physical problem is described in the following fig. 2.1.  

 
Fig. 2.  1 Flow chart showing the procedure followed while solving a physical problem 

The propagation of the SW and its effects through a medium are governed by the three laws: 

conservation of mass or continuity, momentum and energy where the shocked material is 

considered as a fluid. The conservation equations are the partial differential equations (PDEs) 

that are generally solved by either Eulerian or Lagrangian or arbitrary Lagrangian-Eulerian [24] 
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formalisms. There exists a variety of numerical techniques that are implicit [22, 24], explicit 

[16] that are used to numerically discretize the PDEs where each technique has its own 

advantage and disadvantage over the other. Hence the numerical technique can be adopted 

depending on the complexity of problem. The main aim of the thesis is to design of a 

millimetre size macro shock tube which involves different steps and different levels of 

confinement and refinement.  Fig. 2.2 shows a schematic of the method followed in achieving 

the design of a macro shock tube. 

 

Fig. 2.  2 A schematic showing the method followed in the design of a macro shock tube 

Each step of process shown in Fig 2.2 involves a refinement of different level depending on 

the regions of higher density gradients. In the first stage of the above process, a thin aluminium 

foil of thickness 20 µm is considered, laser beam of fixed energy is focussed onto the foil. The 

interaction of the laser beam with the metal foil results in generation of plasma and SW in the 

ablation and blow-off regimes as can be seen in stage two. The ablative plasma is confined 

using a glass substrate in the third stage. This has resulted in the increment of the plasma and 

SW strength. In the fourth stage, the blow-off plasma and SW were spatially confined using a 

glass cavity of fixed dimensions. To study the complex behaviour of plasma and SW generated, 

their expansion dynamics a better understanding of generation and propagation of a SW in a 

cell (assumed as fluid) is required. The effect of step size, initial conditions, discretization 

method on  SW (assuming SW as a fluid) generation and propagation gives a better 

understanding in the design of complex laser generated plasma and SW applications. Hence 

initially the formulation of a shock tube with no source terms is studied, which is then extended 

to the laser generated plasma and SW. 
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2.1.2 Hydrodynamic equations 

Let us assume that the fluid is entering into an arbitrary cell of volume V from –X direction 

through the face ABCD having an area A, with a velocity ux as shown in Fig. 2.3.  The fluid is 

leaving from the other face EFGH with a velocity ux+ dux. There is a net change in the flux 

parameters (density, pressure, energy), because of the moving fluid.  

 
Fig. 2.  3 Infinitesimal volume showing from which a fluid is flowing 

The first conservative equation is the mass conservation or continuity equation. According to 

this, the net mass flux entering the cell (ρux) is equal to the net mass flux leaving the cell 

(ρ(ux+dux)) i.e., the change in the density inside the volume V is due to the fluid flowing 

through the cell. The mass conservation equation in the generalized form is given in eq. 2.1 

                                       
𝜕𝜌

𝜕𝑡
 = -∇⃗⃗ . (𝜌𝑢)       (2.1) 

The second conservative equation is the conservation of momentum which states that the net 

rate of momentum (𝜌𝑢⃗ 𝑥 ) entering the volume V is equal to the net momentum leaving the 

volume. The momentum conservation equation is given by eq. 2.2 

                                      
𝜕(𝜌𝑢⃗⃗ )

𝜕𝑡
= −∇⃗⃗ . (𝜌𝑢⃗ 𝑢⃗ ) −  ∇⃗⃗ 𝑃       (2.2) 

The time rate of change of total energy in the control volume (eq. 2.3) is equal to the influx 

of energy per unit time plus all the forces acting on the volume 

                                      
𝜕(𝜌𝐸)

𝜕𝑡
= −∇⃗⃗ .  [( 𝜌𝐸 + 𝑃)𝑢⃗ ]                    (2.3) 

where 𝜌 is the mass density of fluid,  𝑢⃗  is the velocity of fluid, 𝐸  is the energy, 𝑒 is the internal 

energy = 
1

2
 𝑢2 and  𝑃   is the pressure. The total energy of the fluid in a volume is E = 𝜌 (e + 

1

2
 𝑢2). The set of equations (2.1) – (2.3) are in the Eulerian form [16] where the control volume 

is fixed and the fluid flows with reference to this fixed volume.  
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A study of spatial evolution of physical parameters of the fluid i.e., mass density, momentum 

density and energy density were studied in a shock tube problem by solving the above 

conservative equations using  Godonov  method is presented in the following section. 

2.1.3 Shock Tube Problem 

A shock wave is a thin transitive layer propagating with supersonic speed (velocity much higher 

than velocity of sound) in a medium. It is a compressive wave which moves forward by 

compressing the medium ahead of it. A SW is always followed by a sharp density and pressure 

gradient because of which it moves supersonically into the surrounding medium. Shock waves 

arise during explosions, detonation, supersonic movements of bodies, powerful electric 

discharges etc. A detonation wave is a SW in a reactive medium that is sustained by energy 

released in the form of chemical reactions. 

A shock tube is a device comprising two chambers of different density and pressure separated 

by a thin diaphragm. The density and pressure of the gas present on one side of the chamber 

(diaphragm) are higher in one chamber (known as driver section) than that on the other side 

of diaphragm were the ambient air conditions. Due to the existence of pressure or density 

gradients at the interface of diaphragm, the diaphragm bursts and a SW is launched into the 

chamber having low pressure and density. The SW thus launched moves forward in the 

chamber compressing the material ahead resulting in an increase in the density and pressure at 

the SF. Fig. 2.4 shows the schematic of a shock tube. The material inside the shock tube in 

both the chambers is assumed to be at rest initially i.e., fluid velocity on both sides is zero. 

Assuming the material to be air the density on the either sides of the diaphragm is assumed to 

be 1.3 kg/m3. However, the pressure in the left chamber is assumed to be 10 times more than 

that in the right chamber, which resulted in a pressure gradient between the two chambers. 

Due to the pressure gradient between the two chambers the diaphragm separating the two 

chambers bursts and launches a SW into the right chamber. To describe the spatial evolution 

of the physical parameters describing the system (density, pressure and velocity) Godonov 

scheme [16] is used. 

 Godunov’s method [25] uses a finite-volume spatial discretization of the Euler equations 

together with an explicit forward time difference. Time-advanced fluxes at cell boundaries are 

computed using the numerical solution to Riemann’s problem. A Riemann problem, consists 

of an initial value problem described by conservation equation together with piecewise 

constant data having a single discontinuity.   
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Fig. 2.  4 A schematic of shock tube 
According to the scheme, if the conservative equations from (2.1 - 2.3) can be represented as 

shown in eq.  2.4 

    Ut = -F(U)x      (2.4) 

Where Ut being the vector of conservative variables (node centered variables) density, 

momentum and energy, F(U)x being the vector of the flux (cell centered variables) entering 

and leaving cell as shown in eq. 2.5 

   Ux  = [
𝜌
𝜌𝑣
𝐸

] and   F(U)x = [

𝜌𝑣

𝜌𝑣2 + 𝑃
𝑣(𝐸 + 𝑃)

]    (2.5) 

To solve a set of equations, divide the whole system into number of equal grids in terms of 

position and time.  Since there are four variables (ρ, v, P and E), and three equations, a relation 

is required among the four variables to close the equations. The relation that is used to close 

the equations is called as the equation of state (EOS). The three equations are closed by the 

ideal gas EOS shown in eq. 2.6      

𝑃 = (𝛾 − 1)𝜌𝐸    (2.6) 

According to Godonov scheme, the conserved variables at the next time step  tn is given by 

the eq. 2.7 

𝑈𝑖
𝑛+1 = 𝑈𝑖

𝑛 + ∆𝑡

∆𝑥
(𝐹𝑖−1/2+𝐹𝑖+1/2)    (2.7) 

Where  𝐹𝑖−1/2 is the cell centered flux which is the average of the fluxes between i-1,i and i+1. 

Here, in order to solve the above condition the cell centered flux is to be evaluated. There are 

many numerical methods to calculate the cell centered flux. Here we are using the Lax-

Frederick method [16]. Accorfing to Lax –Frederick method the cell centered flux is evaluated 

using the eq. 2.8 

𝐹
𝑖+

1

2

=  
1

2
(𝐹𝑖

𝑛 + 𝐹𝑖
𝑛+1) +

1

2

∆𝑥

∆𝑡
(𝑈𝑖

𝑛 − 𝑈𝑖−1
𝑛 )     (2.8) 
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 Each step is controlled by the Courant- Friederichs - Lewy relation (CFL) [16, 22, 24].  

               c =  
𝑣 ∆𝑡

∆𝑥
      (2.9) 

with a condition that 0 < c < 1. The grid size considered here is in 1.0 × 10-9 m (∆𝑥). This is 

the condition which controls the velocity of the fluid. The spatial variation of conservative 

variables is presented in fig. 2.5. 

 
Fig. 2.  5 Spatial variation of (a) energy (b) pressure (c) density (d) velocity inside a shock 
tube driven from driver section 

Fig 2.5 (a) – (d) shows the spatial variation of the conservative variables energy, density and 

the 

physical parameters velocity and pressure inside the shock tube showing the evolution of SW. 

Fig 2.5 (a) shows the variation of energy. It is clearly visible that the energy of the chamber in 

the right side has increased. This is observed because; initially the particles on either sides of 

the diaphragm are at rest. However, due to the existence of pressure gradient, when the 

diaphragm is released the work is done (momentum equation) on the right side of the chamber. 

Hence, the particles that are in contact and near to the diaphragm start moving with the shock 

velocity i.e., with the diaphragm. As a result, the particle collisions with each other and with 

the walls of the chamber were initiated leading to a raise in their kinetic energy leading to 

increment in the internal energy. As a result, the temperature of the chamber also increases. 

Hence, a steep increase in energy, velocity was observed as shown in fig. 2.5 (a) & (d). (Internal 

energy e = (1/2) v2). Now, by the movement of the diaphragm the particles in the right 
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chamber were compressed leading to formation of a strong shock front as the peak can be 

observed in density and pressure (shown in fig. 2.5 (b) &(c)). The density has increased because 

of the accumulation of all the particles with the moving diaphragm. Similarly, the pressure has 

increased because of the force that is being exerted on the particles. The wave followed by SW 

is a rarefaction wave. Where a SF is a compressing wave, rarefaction wave is an expansion 

wave trying to recover the system back to its original state. But, the system cannot reach its 

original position after the shock traverses the medium.   

 
Fig. 2.  6 Spatial variation of the cell centred flux variables (a) mass density, (b) momentum 
density and (c) energy density inside the shock tube 

Fig. 2.6 shows the variation of the flux variables i.e., variation of the physical parameter per 

unit volume (since the equations were solved in 1D, per unit length is considered). Fig. 2.6 (a) 

shows the variation of mass density, (b) momentum density and (c) energy density. A steep 

raise in the physical variables is observed in fig (2.5) & (2.6) after the diaphragm which shows 

the shock front position. However, the problem considered till now is just a hydrodynamic 

evolution where no source terms were involved. However, to visualize and analyse the realistic 
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phenomenon taking place during and after the laser is irradiated on to a material, a two 

dimensional/ three dimensional code with source terms added is required. Hence we have 

adopted FLASH 2D radiation hydrodynamic code is brought into picture in this thesis. 

2.2 Hydrodynamics of Laser Ablation 

To study the complex laser-matter interaction, behaviour of plasma and shock waves, effect 

of energy deposition onto a metal target, is studied in this section. When the laser beam is 

focused on to a metal target, the optical energy may be converted into thermal, radiation and 

mechanical energy depending on the intensity (I) of the laser beam and breakdown threshold 

intensity (Ibr) of the target material. If the peak intensity of the incident laser beam is less than 

Ibr then the material is just heated and may be partially or fractionally ionized.  However with 

the increasing laser intensity the thermal effects become dominant and also other effects such 

as the radiation energy (from plasma) and mechanical energy in the form of SW becomes more 

significant [26]. The strength of SW generated from ablated plasma increases with the 

increasing intensity which also depends on the other variables such as laser pulse duration, 

wavelength, target properties and surrounding gas conditions. Laser ablation process can be 

divided in to two stages: i) evaporation of the solid target and formation of laser plasma, ii) 

expansion of ablated vapour cloud into background gas. The dominant photo absorption 

process in ns- laser produced plasma is inverse Bremsstrahlung absorption (IB).   

During the process of plasma formation a number of free electrons are created, because of the 

incident photons (multi photon ionization) leading to a linear increment in electron number 

density (Ne) with time. The electrons thus released re-absorb incident photon energy, leading 

to the excitation of the electron. The excited electron, collides with the surrounding particles 

(electrons, neutrals and ions) until the electron ionize a neutral atom. This process involving 

three – body (photon, electron and neutral atom) leading to ionization of the target material 

and plasma formation is called as inverse Bremsstrahlung process.  

The free electrons generated in the plasma by different processes, receive energy from the 

incoming photons, resulting in the increase of kinetic energy (electron temperatures). The 

process of gaining and losing the electron energy continues because, the nanosecond pulse 

duration is longer than the excitation and de-excitation times of the electrons leading to the 

increase in the thermal energy and ionization. The temperatures, ionization, electron number 

density, pressures, total specific energy of the plasma increases that causes the expansion of 

the plasma. During the expansion process, a rapid thermal energy transfer between the 
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particles of the hot plasma and surrounding gas takes place within a thin layer of few orders 

of mean free path [2, 12] resulting in accumulation of the energy and increasing in entropy. 

According to kinetic theory of gases, the temperature of the electrons is much higher than that 

of the ions. The electrons are in continuous collisions with the surrounding electrons and ions, 

hence the temperature of the electrons is very high. However, as the ions have the heavy mass 

compared to electrons, the collision frequency is less and as a result, have less temperature 

when compared to that of electrons. However, after few micro seconds electron and ion 

temperatures come to equilibrium state. The mechanisms that cause plasma to emit or absorb 

radiation can be classified into two types as: radiation from emitting atoms or molecules, and 

radiation from accelerated charges. During the process of plasma ionization due to incident 

laser beam and due to continuous collisions, [26] that is recombination of the ions and 

electrons to form neutral particles, also occurs. A radiation is emitted when the excited particle 

decay down to the ground state. This radiation constitutes the line spectra of plasmas. The 

transition is called as the bound-bound transition. On the other hand, radiation emitted 

whenever a charged particle is decelerated by making some kind of collisional interaction is 

called bremsstrahlung. If the charged particle remains unbound, both before and after the 

collision is called free-free transition. If the originally unbound charged particle is captured by 

another bound particle by emitting a radiation, the process is called free-bound transitions.  

 To understand and visualize the process of formation and expansion of laser induced plasma 

and SW, the laser ablation of an aluminium target of thickness 20 µm is irradiated with a laser 

beam of energy 50 mJ at incident wavelength 532 nm and spot size of 500 µm at 0.1 MPa 

baground gas pressure is presented below. Fig. 2.7 shows the simulation domain. The size of 

the two dimension domain considered is 600 × 1000 µm.  

 
Fig. 2.  7 Simulation domain 
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To describe the system considered and study the evolution of physical parameters, such as 

mass density, pressure, temperature the system of the three conservative equations similar to 

that shown in eq. (2.1 - 2.3) is to be considered. However, the extra source terms such as 

thermal conduction, energy deposition are to be added to the energy equation [2, 23] as shown 

below. 

                
𝜕𝜌

𝜕𝑡
+ ∇⃗⃗ . (𝜌𝑣 ) = 0 ,     (2.10) 

            
𝜕(𝜌𝑣⃗ )

𝜕𝑡 
+ ∇⃗⃗ . (𝜌𝑣 𝑣 ) + ∇𝑃𝑡𝑜𝑡 = 0,      (2.11) 

           
𝜕𝐸𝑡𝑜𝑡

𝜕𝑡
+ ∇⃗⃗ . [(𝜌𝐸𝑡𝑜𝑡 + 𝑃𝑡𝑜𝑡)𝑣 ] =  𝑄𝑙𝑎𝑠 − ∇𝑞,  (2.12)  

Here, ρ is the total mass density, v is the average particle velocity, Ptot and Etot are the total 

pressure and total specific energy which are the sum of electron, ion and radiation pressures, 

Ptot = Pele + Pion. 

Qlas is the energy due to laser heating. The Harten-Lax-van Leer-Contact (HLLC) scheme 

[16] is used to determine the inter cell fluxes. q is the total heat flux due to radiation and 

electron conductivity. The thermal conductivity is calculated using the SpitzerHighZ model of 

elctron thermal conduction given by the relation as shown in eq. 2.13 [23] . 

𝑞𝑒𝑙𝑒 =  (
8

𝜋
)
3/2 𝑘𝐵

7/2

𝑒4√𝑚𝑒
(

1

1+3.3/𝑧̅
)

𝑇𝑒
5/2

𝑧̅𝑙𝑛Λ𝑒𝑖
               (2.13)  

qele is the electron conductivity,  kB is the Boltzmann constant, e is the electron charge, me is the 

mass of an electron , 𝑧̅ is the average ionization as computed by the EOS, Te is the electron 

temperature  𝑙𝑛𝛬𝑒𝑖 is the Coulomb logarithm associated with electron-ion collisions. 

  To close the above equations (2.10-2.12), the multi-temperature gamma equation of state 

(EOS)  for air is taken [3]. This EOS implements the ideal gas conditions separately for ion as 

well as for electron. The radiative transfer equation is solved in the grey diffusion model by 

assuming the black body radiation. Ionmix EOS is used for aluminum target [23]. The laser 

power deposited in a cell is calculated based on the inverse Bremsstrahlung (IB) power in the 

cell and depends on the local electron number density and electron temperature gradient. The 

IB frequency factor is given by:[23] 

  ϑIB (s−1) =  (
4

3
) (

2π

me
)
1/2 Ze4

ncKB
3/2

ne[r(t)]2ln(Λ[r(t)])

Te[r(t)]2
     (2.14)  
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 where  𝑙𝑛 𝛬 = 𝑙𝑛[
3

2𝑍𝑒3 (
𝑘𝐵

3𝑇𝑒
3

𝜋𝑛𝑒
)

1

2
] is the Coulomb logarithm [2]. Z is the charge state of target 

material, e is the electro-static charge of electron, Ne the electron number density, kB is 

Boltzmann constant, Te electron temperature, and me is the mass of electron.  Hence it can be 

understood that the rate of IB absorption depends on the electron number density and the 

electron temperature, both of which are functions of the position, and, since the position 

changes with time, it ultimately is also a function of time. To solve the above set of equations, 

FLASH code is used and to visualize the plasma and shock parameters. VisIT [27] 

 
Fig. 2.  8 A schematic of adaptive mesh refinement (AMR) showing more refinement near 
high density gradients (shown in zoomed view) and less refinement at low density 
gradients 

FLASH is a parallel, adaptive-mesh refinement (AMR) code with block structured AMR, 

designed for compressible reactive flows and can solve a broad range of (astro) physical 

problems. FLASH supports Cartesian - 1D, 2D, 3D, Cylindrical - 2D, (3D), Spherical - 1D, 

(2D), (3D), and Polar - (2D) geometries.  Grid implementation makes use of paramesh 

supported grid geometry. Paramesh is an adaptive mesh refinement (AMR) method in which 

the level of refinement throughout the domain is not the same but varies from region to region. 

The refinement level is more at the interfaces with steep gradients (pressure, density, energy 

etc.,) in the domain or at the point where the energy is being deposited. The refinement level 

decrease as we move away from the interfaces Fig. 2.8 shows the variation between paramesh 

and uniform grid.  
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2.2.1 Evolution of Physical Parameters 

Solving the conservative equations eq. (2.10 – 2.12) using FLASH code, the spatio – temporal 

evolution of physical parameters describing the system i.e., mass density, pressure, temperature 

were studied. To study the evolution of plasma, spatial variation of electron temperature is 

studied since most of the contribution to plasma temperature is due to the free charge carriers. 

Fig. 2.9 (a) & (b) shows the spatial evolution of electron temperature (Te) at 10 and 20 ns i.e., 

during the pulse duration.  

 
Fig. 2.  9 Evolution of electron temperature shown at (a) 10 ns and (b) 20 ns for the input 
laser energy of 50 mJ 

Fig 2.9(a) shows the variation of Te at 10 ns. the hottest and the densest part of the plasma 

called  plasma core; in this region, the material is mostly found in the ionized state because of 

high temperatures which is at 4.7 ×105 K represents the plasma core the most heated zone. In 

the plasma core regions, ions and neutrals exist due to the ongoing ionization and 

recombination processes. The outer edge of the plasma core is the SF and the outermost region 

of the plasma is relatively cold, where the population of neutrals dominates[28]. A clear view of 

shock front and plasma front (PF) were clearly visible in the fig. 2.9(b).   

To understand the dynamics of shock wave, such as the strength of the SW, formation, 

detachment and expansion of SW into the ambient gas can be understood by studying the 

parameters such as pressure and density. The spatio- temporal evolution of pressure, mass 

density and electron temperature were presented in Fig. 2.10 (a) – (c) at different time scales 
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Fig. 2.  10 Spatio -temporal evolution of (a) pressure, (b) mass density and (c) electron 
temperature for the input laser energy of 50 mJ. The solid line at Z=0 represents the 
position of the target 

Pressure as shown in fig 2.10 (a) at 4 ns shows that the SW has not formed yet but the pressure 

at the interface of air and target increased to 1.4 GPa which is 0.1 MPa before the interaction 

of the laser beam. This pressure is created because of the force exerted by the plasma plume 

created at the front surface. However, the SF is clearly visible at 8 ns with a shock pressure of 

0.4 GPa. The strength of the SW increase as it travels with plasma because of accumulation of 

mass removed the focal region. Hence an increase in shock pressure observed from 8 ns to 12 

ns upto 0.5 GPa.  

When the SW detaches from the plasma the strength of the SW decreases as it expands 

adiabatically into the surrounding medium. The strength of the SW decreases during the 
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expansion due to the energy dissipation to the surrounding medium. The SW traverses in the 

forward direction because of its high pressure gradient at the shock front (SF) and the medium.  

The pressure and density of the shocked region (medium after the traversal of the SW) 

increases since the SW compresses the medium as it moves ahead.  The expansion of the SW 

in the ablative regime is shown upto 30 ns in the fig 2.10 (c) (1.8 GPa) showing a decrease in 

the shock strength as it moves in the forward. The peak region visible behind the SF is the 

plasma region. At 30 ns an ablative SW is launched into the blow-off regime. As the thickness 

of the target is very less the SW launched into the target at 8 ns has reached the rear side of 

the target. The strength of the SW has decreased from the time it is launched at the interface 

(1.8 GPa) [29] to that has  reached the rear side of the target to 0.3 GPa. It is also noteworthy 

that the pressure created at the target interface is 1.8 GPa and the SW launched into the 

ablation regime is 0.6 GPa (i.e., in air) because of the atomic arrangement in solids and gases. 

In metal target (solid) the atoms are closely arranged and hence the force exerted on the target 

is more, however, the atoms are freely distributed in air and hence the compression of the 

gases leads to less pressure. 

Fig. 2.10 (b) shows the variation of mass density clearly showing the movement of the SF. A 

clear increment in the strength of the SW (density at the front end) is visible from 8 ns to 12 

ns. The region behind the SF in density plot is the plasma showing that all the mass is 

accumulating at the SF and hence the mass density behind the SF is very less and high at the 

SF.  

Fig 2.10 (c) shows the variation of electron temperature upto 30 ns. It can be clearly seen that 

the temperature has increased from room temperature (290 K) before laser deposition to 1.6 

× 105 K [12] at 12 ns because of the laser absorption. After 12 ns the temperature has started 

to decrease till 20 ns and increased at the plasma front (PF) because of the shielding of the free 

electron cloud at the front surface after which the laser is not directly interacting with the target 

but absorption is taking place at the front surface. A clear view of plasma and shock fronts can 

be seen after 16 ns. It is also noteworthy that the temperature at the plasma core is more, but 

the pressure and density were high at the SF.  

To determine the accuracy of the plasma parameters determined, the same simulations i.e., 

study of laser ablation and plasma generation using 50 mJ source is performed using different 

orders of Harten-Lax-van Leer-Contact (HLLC) scheme [16]. The statistical error in 
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determining the inter-cell fluxes using HLLC scheme is determined. Beyond order 3, no 

change in the cell fluxes is observed which is confirmed by the best convergence of the 

solutions. The statistical errors are obtained by comparing the electron temperature (Te) and 

number density (Ne) obtained for Order 1 and Order 3. Table- 2.1 compares the peak electron 

temperature (Te) and number density (Ne) obtained for Order 1 and Order 3, respectively at 

different times from 0.5 – 10 μs. The statistical error in temperature and number density is 

estimated to be Te = 0.26×104 K and Ne = 0.82×1017 cm-3 respectively. No much variation in 

the statistical error is observed with the further increase in the order of the HLLC scheme. 

Table 2.1: Comparison of electron temperature and number density for Order 1 and Order 

3 at different times.  

Time (μs) 
 

Order =1    Order = 3  

Te (K) Ne(1/cc) Te (K) Ne(1/cm3) Te(K) Ne (1/cm3) 

0.5 2.35×104 12.2×1017 2.55×104 9.72×1017 0.2×104 2.48×1017 
1 1.841×104 7.59×1017 2.00×104 7.00×1017 0.16×104 0.59×1017 

5 1.00×104 0.54×1017 1.29×104 0.68×1017 0.29×104 0.14×1017 

10 0.37×104 0.12×1017 0.77×104 0.21×1017 0.40×104 0.09×1017 
    Average 0.26×104 0.83×1017 

The obtained values of the temperature, number density and the pressures were verified with 

the values published the literature [30-33]. With the confirmation that the methodology 

followed is in accordance with the physical process taking place in the real time experiment, 

the simulations were extended to the next level of application to laser matter interaction. 

2.3 Summary 

A brief description of the conservation equations of density, momentum, energy when purely 

hydrodynamic evolution of SW is considered where no source terms were present. A shock 

tube problem is considered where two chambers are separated by a thin diaphragm. When the 

diaphragm burst due to the pressure gradient between the two chambers a SW is generated. 

Its spatial evolution is studied by solving the hydrodynamic conservative equations combining 

the Godonov scheme with Lax- Friederichs method which relates the conservative variables 

i.e., density, velocity and energy (face cantered variables) and flux variables i.e., mass density, 

momentum density and energy density (cell cantered variables).   However, to study the real 

time applications such as laser ablation / laser deposition model, FLASH 2D radiation 

hydrodynamic code is used.  
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Initially laser ablation study of aluminium target of 20 µm thickness is irradiated with a laser 

beam of energy 50 mJ energy at incident wavelength of 532 nm during the time of laser 

deposition is studied using FLASH code. To study the hydrodynamics of plasma and shock 

evolution during energy deposition and the expansion dynamics of SW and plasma, the three 

conservative equations were solved, where the source terms due to laser energy deposition and 

thermal conductivity were added to the energy conservation equation. The spatio-temporal 

evolution of plasma is studied by studying the electron temperature evolution, the SW 

evolution is understood using the mass density and pressure variables. 

The dynamics of plasma and SW, the orders of mass density, pressure and temperature were 

verified with literature. Standardization of the code with the experiments conducted in 

laboratory is described in the chapter 3 and then moved forward towards the confinement of 

laser plasma geometrically in different ways described in further chapters. 
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Chapter-3 

An Insight Into Laser Induced Air Plasma 

An introduction to simulation of laser-induced breakdown in air from the initial laser pulse 

interaction up to 20 µs was presented in this chapter. The process of laser energy 

deposition, plasma formation and expansion, launching shock wave into the background 

gas were discussed in detail in this chapter. The role of the governing hydrodynamic 

equations on the expansion dynamics of plasma and shock wave were understood. The 

laser-matter interaction model considered is: the inverse bremsstrahlung absorption 

coefficient for laser energy deposition as this is the dominant process that occur for 

nanosecond laser pulse - matter interactions. Ideal gas equation-of-state (EOS) is used to 

close the conservation equations. The role of input laser parameters such as pulse energy, 

pulse duration and spot-size, on the evolution of the plasma and shock wave (SW) were 

presented. The considered input laser intensities were in the range of 0.25 - 2.5 × 1010 

W/cm2. The simulated shock velocities were validated and found to be in line with the 

experimentally obtained values. The effect of the input energy on the asymmetric shock 

wave expansion is discussed in terms of the shock velocities along laser propagation axis. 

The presence of multiple hotspots inside the plasma during the initial time scales and 

formation of vortex rings by the plasma due to plasma rolling at latter were discussed. The 

temporal evolution of plasma parameters such as number density, and temperature, with 

respect to aforementioned varied laser parameters were presented. The peak temperatures 

at the initial time scales were observed to be in the range of 104 – 105 K and the number 

density in the 1016- 1019 /cm3. The results showed that the intensity of the laser beam is 

highly influencing the plasma parameters. 
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3.1 Introduction 

An intense laser beam focused into a gaseous medium, interacts with the medium, resulting in 

the breakdown of the medium leading to an intense spark generation [1-6]. This phenomenon 

is known as laser–induced breakdown (LIB) of a gas, where the breakdown is observed 

because of the cascade or avalanche ionization [2, 7, 8].  This high-pressure region develops a 

shock wave into the ambient medium that has sufficient strength to ignite a gaseous mixture 

[9] or to extinguish a diffusion flame [10]. Since the first reports of the laser induced breakdown 

(LIB) in air by Maker et al [11], Meyerand and Haught et al [12], there has been an enormous 

growth of interest in the subject of LIB in gaseous medium. Laser-induced gaseous plasmas has 

a wide range of applications including detecting airborne biological agents [13], elemental 

analysis [14, 15], quantitative analysis of aerosols [16], ultrafast shutters [17], production of X-

rays and soft X-rays [18, 19], ignition of gas mixtures [9, 20], localized flow control across the 

blunt bodies [21, 22] and many. Gas breakdown studies laid the initial step in research in inertial 

confinement fusion (ICF) and plasma heating by laser radiation [23]. 

To understand the process of laser-induced breakdown it requires an understanding of the 

initial stages of various processes involved during laser-matter interaction, that is plasma 

formation, and its subsequent expansion. The mechanism behind the laser induced breakdown 

(LIB) of air can be defined as four stage process: (1) generation of free electrons in the focal 

volume (for incident photon flux) followed by cascaded ionization of the gas leading to 

generation of secondary electrons, (2) formative growth, and plasma development followed by 

(3) shock wave generation and supersonic propagation in the surrounding gas and 4) fourth and 

final stage, is the expansion/decay of the plasma leading to formation of the blast wave and its 

propagation into the ambient medium, attaining sound speed[1, 24, 25]. The main absorption 

mechanism that leads to breakdown of the air medium and plasma formation during the 

nanosecond pulse laser –matter interaction is the inverse bremsstrahlung observed due to the  

electron-ion collisions [12, 26].  

The plasma thus created attains a very high temperature ( ̴ 105 K), pressure, energy, number 

density, whose magnitude depends on various parameters such as laser energy [4, 6, 27, 28], 

wavelength [29-31], pulse duration [32] of the incident laser beam, background pressure  [29, 

33-38] and background gas species [31, 37].  Due to the high temperature (>1 eV) the molecules 

in the air are dissociated to atoms and ions while excited molecular species are assumed to be 

formed during plasma cooling [8, 39, 40].  
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A detailed study of the expansion dynamics of such laser generated air plasma and shock wave 

for different energies (50-500 mJ) and pulse duration (τ = 10 ns and 7ns) were performed using 

FLASH 2D radiation hydrodynamic code [41]. The equations describing the evolution 

dynamics were explained in chapter-2. Ideal gas equation of state is used to close these system 

of equations [2]. The ionization model used to determine the charge state by default given in 

FLASH describing the N-body. This ionization model used in FLASH is replaced with Atzeni 

model of ionization to estimate the charge state of an atom [4, 6, 42]. The simulation details 

and the evolution dynamics of plasma, shock wave and the plasma parameters were discussed 

in the following sections. 

3.1.1 Simulation details 

A laser beam with a pulse duration (FWHM) of 10 ns, with the input laser energy varied between 

50 - 500 mJ, and with excitation wavelength of 532 nm is focused into the ambient air at 1.0 

atm of ambient pressure. The spot size is considered to be 250 µm.  Fig. 3.1 shows the 

simulation domain illustrating the dimensions of the computational domain along (Z, R) 

direction, focal region where the laser beam is being focused, and the direction of the focused 

laser beam.  

 
Fig. 3.  1 Simulation domain describing the direction (Z) of the laser beam, red color region 
describing the focal region where the laser beam is focused 

The meshing of the simulation domain is built using PARAMESH, which uses an adaptive 

mesh refinement (AMR) method[41]. The AMR meshing which considers fine refinement at 

regions where the steep density gradients exist in the computational domain i.e., initially the 

mesh refinement is more near the target surface (30 × 60 µm) along the laser propagation axis, 

that extends to the regions where plasma and SW expansion is taking place. In the regions far 

away from target surface, the mesh has the dimensions of 60 × 120 µm.  
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3.2 Inverse Bremsstrahlung absorption 

The inverse bremsstrahlung (IB) absorption mechanism can be described as a three body 

mechanism. The intense photon flux when incident in the focal region, interacts with the free 

electrons in the focal region. The free electron loses its kinetic energy when passes through the 

ion vicinity, which then immediately acquires the photon energy from the incident laser energy. 

With the continuous collision of the free electrons with the neutral atoms and ions leads to an 

avalanche of free electrons inducing the breakdown of the medium and formation of plasma 

[2, 43]. During these collisions a raise in temperature in the focal region is observed because of 

the conversion of the kinetic energy into thermal energy [6, 8, 44]. The plasma generated during 

the leading edge of the laser pulse expands in the direction opposite to laser propagation 

direction owing to momentum conservation [4, 6, 45]. The trailing part of the laser pulse then 

interacts with the generated plasma thus, resulting in asymmetric expansion of the plasma along 

the Z-axis. The asymmetry in the plasma expansion increases with increasing input laser energy. 

According to Raizer et al., [8, 46] the asymmetric deposition of the laser energy occurs due to 

one of the following mechanisms: shifting of the absorption front (AF), radiation driven shock 

wave (RDSW), and laser supported detonation wave [47, 48] (LSDW). Due to the lower laser 

intensities used for generating the plasma, the simulations performed in this thesis assumes the 

radiation effects to be negligible [4, 6, 49]. Hence, the asymmetric expansion observed is due to 

the shifting of the the absorption front location. In this mechanism, the movement of the AF 

starts at the onset of the breakdown at the focal point. The laser power deposited in a cell is 

calculated based on the inverse bremsstrahlung power in the cell that depends on the local 

electron number density gradient and local electron temperature gradient. The inverse 

bremsstrahlung frequency factor is given by the formula ( 𝜗𝑖𝑏(𝑡) )as shown in equation 3.1 

 𝜗𝑖𝑏(𝑡) =  
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Here, Z is the average ionization, e is the charge of electron, ne is the electron number density, 

nc is the critical density defined by the following relation (equation 3.3). 

𝑛𝑐 =
𝑚𝑒𝜋𝑐2

𝜆2𝑒2          (3.3) 
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Te is the electron temperature, λ is the wavelength of the incident radiation, c speed of light, me 

is the mass of electron, kB is the Boltzmann constant. Hence, from the above expressions it can 

be understood that the percentage absorption of the incident radiation at the focal region 

depends on the wavelength of the incident radiation, average ionization of the medium, electron 

number density and electron temperature, respectively. All the parameters were taken in CGS 

unit system. The average ionization of the medium and electron number density were inter 

related to each other by the equation (3.4). 

    𝑛𝑒 = 
𝑍𝜌

𝐴𝑚𝑝
      (3.4) 

ρ is the mass density, A is the atomic mass number and mp is the mass of proton (1.67 × 10-27 

g). Hence, it can be considered that electron number density and electron temperature were the 

two factors influencing the absorption percentage. Hence, in this chapter, the factors effecting 

the electron number density and electron temperature of the plasma and SW dynamics were 

discussed in detail. Before we present the details of this, we first understand the evolution 

dynamics of the plasma and SW generated by 50 mJ laser source and validate the results with 

the experimental results [51]. 

3.3 Axi-symmetric evolution of plasma and shock waves 

The present section deals with a detailed explanation of expansion dynamics of laser induced 

air plasmas for the input laser energy of 50 mJ. The simulations presented were performed with 

axi-symmetry i.e., considering the laser propagation axis (Z) of symmetry in the cylindrical 

geometry. The deposition of the laser energy in the focal volume is performed by the ray tracing 

algorithm [41]. Initially the threshold energy i.e., 5 mJ, (the breakdown threshold of air taken 

from experiments [45]) required for the breakdown of the air is deposited in the focal volume 

by raising the temperature of the focal volume by 0.5 eV. This helps in creating the seed 

electrons inside the focal volume that results in the deposition of laser energy [4, 52]. The plasma 

and shock wave thus generated due to the absorption of the incident laser energy have a very 

high temperature and density gradients with respect to the ambient conditions. Hence, a fine 

meshing of the domain is required where the steep gradients exist. The fine meshing of the 

domain causes slowing down of the simulations which influences the total simulation output 

time of the problem. However, this is reduced by considering the half-plane of the 

computational domain where the laser propagation axis (Z) is taken as axis-symmetric plane. 

The simulations were performed for +R direction and replicated for the –R directions [41]. 



An Insight Into Laser Induced Air Plasma 

 
45 

Hence, the plasma and shock dynamics along the –R and +R directions were the same. 

However, one cannot consider the R axis as the axis of symmetry in the present scenario as the 

assumption changes the physical nature of the plasma which is asymmetric in nature along the 

laser propagation axis. The spatial evolution of the electron temperature generated using 50 mJ 

laser source at different timescales is shown in fig. 3.2 (a) - (e). Fig. 3.2 (a) - (d) shows the pseudo 

image of electron temperature from 25 - 500 ns.  

 

Fig. 3.  2 Spatial evolution of electron temperature at (a) 25 ns, (b) 50 ns, (c) 100 ns, (d) 500 
ns and (e) a line profile of electron temperature at 25, 50, 100 and 500 ns along the laser 
propagation axis generated using 50 mJ laser source. 

It is observed that the generated air plasma is expanding asymmetrically more along the 

direction opposite to laser propagation direction. The formation of plasma in ambient 

atmospheric air takes place enduring the interaction with the leading edge of the laser pulse. 

The plasma thus formed appears as a tear–drop shape with very high temperature and pressure 

with respect to the surrounding air. It can be observed that the high temperature plasma core 

(PC) is surrounded by the low temperature region called as the plasma outer region (POR). T 

spatial evolution of temperature can be understood by taking the line profile of the temperature 

along the laser propagation axis (Fig. 3.2(e)). 

Fig. 3.2(e) shows the spatio-temporal evolution of the electron temperature at the initial 

timescales i.e., from 25 - 500 ns. During the initial timescales and after the termination of the 

laser pulse i.e., at 25 ns the plasma temperatures were found to be very high as can be seen in 

Fig. 3.2(a). As a result, continuous collision between the electrons and the ions takes place. It 
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is to be noted that the temperature is high at the plasma core region. Hence, the mass density 

in the PC region is very low. The temperature decreases as moved away from the PC towards 

the POR and hence the mass density increases and attains a maximum value at the interface 

between the POR and ambient gas (discussed in Fig. 3.3). This is observed because of the 

pressure gradient between the POR and the ambient gas [52]. 

The line profile of the electron temperature shows that the maximum temperature is attained 

at 25 ns which is observed to be   ~8.8 × 104 K (~8 eV). On either side of the peak temperature, 

it is also observed that the existence of two distinct peaks as observed whose temperature is 

found to be 6 ~ 7 eV. This clearly shows the existence of hotspots in the plasma region which 

are formed due to the asymmetric deposition of input laser energy at the focal plane. In Fig. 

3.2 (a) - (c) & 3.2 (e), multiple hotspots were observed to be appearing till  less than 500 ns 

and disappear at later time scales of >500 ns (3.2 (d)). The two peaks appearing on either sides 

of the plasma core (seen in Fig. 3.2 (e)) have less temperature compared to that of the core 

region. They represent the plasma outer region (POR) where the SF builds up.  

   The specific internal energy of the plasma is converted into the kinetic energy which is 

utilized in the expansion of the plasma. Hence a decrease in the temperature at the focal region 

is observed at the later time scales as shown in Fig. 3.2 (b) – (d). The peak temperature at the 

plasma core over the given time scales of 25 – 500 ns (Fig. 3.2(a)-(d)) is observed to be in the 

range 8.8-2.8 eV, while the maximum temperature at the plasma outer region (POR) is in the 

range 7-2 eV. The plasma thus formed has different energy spots in the internal regions. The 

mass that is removed from the focal region accumulates at the front end of the plasma forming 

a shock front (SF). Fig. 3.3 (a) - (d) shows the two-dimensional (R, Z) evolution of mass density 

at 0.5, 1, 2 and 5 µs respectively. While Fig. 3.3 (e) shows the line profile of mass density taken 

along the laser propagation axis at 0.5, 1, 1.5, 2, 2.5 and 3 µs respectively.  

A shock wave (SW) is a thin region with high pressure and density advancing in the forward 

direction. The SF builds up and expands along with the plasma until few hundreds of 

nanoseconds, attains sufficient energy and detaches from the plasma and expands into the 

surrounding medium adiabatically with velocity much higher than the local sound speed. 

However, after few microseconds of the detachment it attains a spherical shape. The SW 

advances into the surrounding medium because of the pressure gradient existing between the 

SF and the surrounding medium 



An Insight Into Laser Induced Air Plasma 

 
47 

 

Fig. 3.  3 (a) Spatial variation of mass density at (a) 0.5, (b) 1, (c) 2 and (d) 5 µs respectively 
and (e) line profile of mass density along the laser propagation axis for the input laser 
energy of 50 mJ. 

From momentum conservation equation (Eq. 2.11 explained in chapter-2) it can be 

understood that when the pressure gradient between the SF and surrounding medium is more, 

then the velocity gradient is more i.e., velocity of the SF is more [53, 54]. While the SW is 

advancing in the forward direction it loses its kinetic energy by exchanging energy to the 

surrounding medium. Thus, the pressure at the SF decreases resulting in a decrease of shock 

velocity. Hence, after few microseconds (> 5 µs) the SW is attaining a spherical nature and 

finally  transforming to an acoustic SW (shock velocity approaching the local sound speed) 

[32] at longer times (few hundreds of microseconds ) depending on the input laser energy.  

Fig. 3.3 (a) shows the two dimensional evolution of mass density at 0.5 µs. The red colored 

region appearing at the centre is the plasma core. While the thin boundary around the PC is the 

SF. It is to be observed that the SF has not detached but travelling with the plasma core. During 

the initial time scales (< 1 µs), the expansion is asymmetric in nature. The expansion of the 

plasma and the SW is more along +Z direction when compared to that along –Z directions. 

The expansion is dominant along the laser propagation axis when compared to that along the 

radial direction. The SF is observed to be travelling with the PC till 2 µs as can be seen in Fig. 

3.3 (b) & (c). However, the freely expanding SW after detaching from the PC can be seen in 

Fig. 3.3 (d). Fig. 3.3 (e) shows visualization of the variation of the mass density along the laser 

propagation axis.  
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The peaks appearing (Fig. 3.3 (e)) along the –Z and +Z directions are the SFs expanding into 

the ambient air that are generated due to the removal of mass at the focal region. The dip at 

Z=0 represents the plasma core from where the mass is removed, which is accumulated at the 

SFs. It is observed that during the initial timescales (< 1 µs) the shock strength and its expansion 

along +Z direction is more when compared to that along the –Z direction. This is because of 

the shifting of the absorption front (AF) towards the laser beam during the trailing edge of the 

laser pulse.  The AF comprises of both electron and ion clouds generated at the focal region 

during the leading edge of the laser pulse [6]. The maximum mass density attained at the SF is 

~ 2.3 × 10-3 g/cm3 at 1.5 µs along –Z direction which is ~ 1.7 times higher than the ambient 

air density (1.3 × 10-3 g/cm3). However, after few hundreds of nanoseconds the density at both 

the SFs is almost the same. The asymmetric expansion of the plasma and shock wave is not 

much prominent because of the low intensity (2.5 GW/cm2) of the incident laser beam. The 

density at the SF is observed to be increasing till 2 µs and thereafter decreases. It is also to be 

noted that as long as the density at the SF is increasing, the mass density at the PC is decreasing. 

Also, the increase in mass density represents that both the SF and plasma are in contact with 

each other and travelling with the same velocity. So, when the SW has attained sufficient energy 

it has detached from the plasma. Hence, a decrease in mass density is observed at the SF after 

2 µs.  Fig. 3.4 (a) - (b) shows the two dimensional view of evolved mass density and electron 

temperature at 20 µs, respectively.  

 

Fig. 3.  4 (a) Spatio-temporal evolution of mass density and (b) two dimensional view of 
electron temperature at 20 us for the input laser energy of 50 mJ 

The mass density and electron temperature at 20 µs were clearly depicting the PC, and 

expanding SW in all the directions. The asymmetry in the plasma core is sustaining even at 20 

µs. The SW is observed to attain a spherical structure travelling with almost same velocity in all 
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the directions. A rolling of the plasma core is observed due to the hydrodynamic instabilities 

called as Rayleigh-Taylor instabilities [4] occurring within the plasma region.  

Fig. 3.4(b) shows a two dimensional view of electron temperature at 20 µs. The red color 

region appearing at the centre is the plasma core. As observed from the temperature line 

profiles, the magnitude of the temperature is decreasing as approaching towards the outer 

region of the plasma. It is also observed  that there exists localized regions within the plasma 

with different temperatures confirming the existence of temperature gradients [55].  

The  plasma rolling is observed at initial time scales (1 µs) and a toroidal vortex ring is observed 

by 20 µs [56, 57]. It is observed from Fig. 3.4 (a) & (b) that the temperature is maximum and 

density is minimum at the regions where the plasma rolling occurs.  

 

Fig. 3.  5 A comparison of the simulated shock velocities with the experimental velocities 
[51] along (a) -Z and (b) +Z directions for the input laser energy of 50 mJ 

As discussed previously, temperature is maximum at the core and less at the outer region, where 

as the mass density is following the inverse relation. Hence, the gradient of temperature is acting 

in the outward direction, while the gradient of mass density is acting in the inward direction. As 

a result the plasma fluid experiences Rayleigh-Taylor (RT) instabilities at these points [4, 58, 59]. 

The instabilities occurring between the two layers with high and low densities (more density 
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gradient) are called as the RT instabilities [60]. As time progresses, the RT instability occurs at 

multiple points leading to rolling of plasma at multiple points. The temporal variation of the 

shock velocities along –Z and +Z directions were presented in Fig. 3.5 (a & b) to understand 

the temporal evolution of SW and plasma over a duration of 10 µs.  

The shock velocities along –Z and +Z directions presented in Fig. 3.5 (a) clearly explains the 

asymmetry in shock expansion during the initial time scales. This is observed because the SF 

is travelling with the plasma during the initial time scales. At 0.2 µs the shock velocity along 

the +Z direction (direction opposite to laser propagation direction) is observed to be 3.5 

km/sec while that along the –Z is 2.5 km/sec. A slight variation in the shock velocities along 

–Z & +Z directions is observed till 2 µs. After 2 µs, the variation in the shock velocities were 

almost equal in both the directions. This is observed because of the detachment of the SF 

from the plasma. After few 100’s of µs the shock velocities along both the directions 

approaches the local sound velocity (340 m/sec). Hence, the SW can be called as the acoustic 

SW [27]. The simulated shock velocities were verified and found to be in line with the 

experimental shock velocities [51]. Fig. 3.6 shows the temporal evolution of the electron 

temperature and electron number density along the laser propagation axis over a duration of 

20 µs. 

 
Fig. 3.  6 Temporal evolution of electron temperature and electron number density over a 
duration of 20 µs for the input laser energy of 50 mJ 

Fig. 3.6 shows the temporal evolution of the electron temperature and the electron number 

density of the plasma over a duration of 20 µs. The temperature and number density were very 

high at the plasma core during the initial time scales. The amount of energy generated at the 

plasma core is further utilized in the expansion of the plasma. Hence, a decrease in the plasma 

parameters is observed over a duration of time. The obtained values of the electron 
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temperature and number density were in line with the range that were reported in the literature 

[39, 61]. The rate of decay is observed to be more during the initial time scales due to the 

sudden expansion of the plasma and recombination of large number of electrons with ions 

while, the rate of decay decreases at the later time scales. The intensity of the input laser pulse 

plays a crucial role on the expansion dynamics and the plasma parameters and their decay rate. 

Intensity in turn depends on the energy of the input laser pulse, pulse duration and the spot 

size of the laser beam at the focal point. Hence, the effect of the energy and pulse duration on 

plasma parameters is discussed in the following sections. 

3.4 Effect of input laser intensity 

3.4.1 Effect of energy 

At a fixed wavelength of 532 nm, pulse duration of 10 ns and spot size of 500 ± 100 µm, and  

input laser energy varied between 50 - 500 mJ (Intensity in the range 0.25 - 2.5 × 1010 GW/cm2) 

the spatio - temporal evolution of the SW and plasma parameters were studied in the present 

section. The absorption percentage is observed to be increasing with the increase in energy [62].  

 

Fig. 3.  7 Spatial evolution of mass density at 0.5, 1 and 5 µs for the input laser energy of 
(a) – (c) 50 mJ, (d) – (f) 100 mJ, (g) - (i) 200 mJ and (j) - (l) 500 mJ respectively 
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The percentage of absorbed laser energy for input laser energy of 50 mJ was observed to be in 

the range of 25-30 % while that for 500 mJ is in the range of the 40-45 %. The considered 

absorption percentages were in line with the values reported in literature [45, 51, 52, 63]. A clear 

variation in the expansion of the mass density with respect to the energy can be observed in 

Fig. 3.7 (a-l). Fig. 3.7 (a-c) were showing the mass density variation for the input laser energy of 

50 mJ. Initially at 0.5 µs, the plasma and SW appear as a tear drop shape. As the time is 

progressing i.e., at 5µs the SW becomes spherical and expands freely in all the directions. The 

asymmetry in the plasma and SW expansion is observed to be increasing with the increasing 

energy. Asymmetric expansion is more dominantly observed for 500 mJ (Fig. 3.7 (j-l)) especially 

at 1 µs. The expansion of the SW over the considered duration is also observed to be increasing 

with the energy. The detachment of the SW from the PC and its free expansion can be observed 

more clearly at 5 µs. The variation of the shock velocity with respect to the laser energy (50,100, 

200 and 500 mJ respectively) along –Z and +Z (opposite to laser propagation direction) 

directions and the obtained shock velocities with the experimental values were presented in Fig. 

3.8 (a - h) over a duration of 0.2 – 10 µs. 

Fig. 3.8 (a) & (b) shows the comparison of the evolution of shock velocities along +Z directions 

for the input laser energy of 50 mJ. The maximum shock velocity is observed at 0.2 µs over the 

considered duration of time. The maximum shock velocity along –Z direction is 2.6 km/sec 

and that along the +Z direction is 3.6 km/sec i.e, the shock velocity is more along the direction 

opposite to the laser propagation direction. The shock velocity has reached ~1 km/sec at 2.5 

µs along both –Z and +Z directions. As the shock velocity is approximately the same along –

Z and +Z directions it has attained the spherical nature by 2.5 µs after which  

Fig. 3.8 (c) & (d) shows the temporal variation of the shock velocity along –Z and +Z directions 

for the input laser energy of 100 mJ. The maximum shock velocity along the –Z and +Z 

directions were 3.1 and 4.5 km/sec respectively at 0.2 µs. The shock velocities were reaching < 

1 km/sec after 4.5 µs. For the input energy of 200 mJ (Fig. 3. 8 (e) & (f)), the shock velocity is 

reaching below 1 km/sec after 4.5 µs and that in case of 500 mJ (Fig. 3. 8 (g) & (h)) the shock 

velocities have reached below 1 km/sec after 6 µs. Hence, it can be observed that after 6 µs, 

the shock velocities with respect to all input energies were almost attaining the same velocity 

(0.6 km/sec). 
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Fig. 3.  8 Comparison of shock velocities along -Z and +Z directions respectively for the 
input laser energy of (a-b) 50, (c-d) 100, (e-f) 200 and (g-h) 500 mJ respectively 

Table 3.1 summarizes the maximum shock velocities along –Z and +Z directions respectively. 

From table 3.1 it can be understood that the shock velocity is increasing with the increase in 

the laser energy. For the considered energies, the shock velocity along +Z direction is more 

when compared to that along - Z direction confirming the asymmetry in SW expansion.  
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Table 3. 1 A summary of the maximum shock velocity in the -Z and +Z directions at .2 
us with respect to the input laser energy 

                 Energy(mJ) Shock Velocity (km/sec) 

(-Z Direction) 

Shock Velocity (km/sec) 

(+Z Direction) 

50 2.6 3.6 

100 3.1 4.5 

200 7.8 8.8 

500 8.2 10.3 

It is a known fact that the absorption at the focal region starts only when the breakdown 

threshold of the medium in the focal region is reached. For higher incident laser power, the 

absorption starts earlier, and the process lasts for a longer time. The fraction of absorbed energy 

increases leading to a significant growth in the electron density and temperatures at the focal 

region [63, 64]. As a result the fractional internal energy that is being converted into the kinetic 

energy also increases. This results in the increment of the shock/plasma velocities during the 

initial time scales. This can be confirmed from the energy conservation (Eqn. (2.12) shown in 

chapter-2). Where the total specific energy Etot is given by the sum of the total internal specific 

energy and the specific kinetic energy. 

   i.e., Etot = Eele + Eion + 
1

2
 𝑣. 𝑣            (3.5) 

Hence, an increase in the shock velocity with the increase in the energy is observed at the initial 

time scales. However, when the SF attains sufficient energy and detaches from the plasma and 

starts expanding supersonically into the background gas, the shock velocity decreases and 

almost all the energies attain the same velocity at time scales > 6 µs. Similar is the case with 

the shock velocities along –Z direction (along the laser propagation direction). The maximum 

shock velocity for the input energy of 500 mJ is observed to be 10.6 km/s along +Z direction 

and 8 km/s along -Z direction. Similarly, the maximum shock velocity for the input energy of 

50 mJ which is observed to be 3.5 km/s along +Z direction and 2.4 km/s along -Z direction 

(shown in fig. 3.6(b) and table 3.1). Thus the difference in the shock velocities between 50 and 

500 mJ along +Z direction is 6.7 km/s and 5.6 km/sec along –Z directions. Hence, it can be 

confirmed that with the increase in the input energy, the asymmetry in the plasma expansion 

is being reflected in the shock velocities along –Z & +Z directions as can be observed in Fig. 

3.8 (a - h). The effect of the input laser energy on plasma parameters is shown in Fig. 3.9 (a) & 

(b). 
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Fig. 3.  9 Comparison of (a) electron temperature and (b) electron number density of the 
plasma along the laser propagation axis with respect to the input laser energy 50, 100, 200 
and 500 mJ. 

Fig. 3.9 (a) shows the temporal evolution of the electron temperature over a duration of 10 µs 

with respect to the input laser energy. As discussed above with the increase in the 

power/energy the energy that is being absorbed in the focal region is increasing. This has 

resulted in the increase of the thermal energy at the core region. However, after 5 µs, the 

temperature profile of all the energies is approaching a similar trend. Similarly the number 

densities were high for 500 mJ during the initial time scales but decaying to the range of the 

lower energies quickly after 5 µs (Fig. 3.9 (b)). It is discussed in the previous section that the 

decay in the plasma parameters in the early timescales is due to the sudden expansion of the 

plasma and recombination of the large number of electrons and ions. Since, the expansion rate 

of the plasma with higher energy is more during the initial time scales the decay rate of the 

plasma parameters is high during the initial time scales. The decay rate slows down when the 

plasma expansion reaches the maximum plasma length.  
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3.4.2 Effect of pulse duration & beam waist   

The effect of pulse duration (τ) and beam waist on laser generated plasma parameters were 

discussed in the present section. The two experimental conditions used to generate plasma 

were: i) laser beam with pulse duration 10 ns, beam diameter 500 ± 100 µm at the focal region, 

generated using input energies of 50 and 100 mJ (Intensity 0.25 & 0.5 × 1010 W/cm2), 

excitation wavelength of 532 nm, and ii)  with pulse duration 7 ns, beam diameter of 140 ± 10 

µm  using energies of 50 and 100 mJ (Intensity 5 & 10 × 1010 W/cm2) with the excitation 

wavelength of 532 nm. A comparison of the two dimensional evolution of the electron 

temperature with respect to the intensity were shown in Fig. 3.10 (a – f). 

 

Fig. 3.  10 Comparison of the spatial evolution of electron temperature with respect to the 
incident pulse duration (a –c) with τ= 7ns and (d -f) with τ= 10 ns at 0.5, 1 and 5 µs 
respectively for the input laser energy of 50 mJ 

Fig. 3.10 (a) & (d) shows the comparison of the electron temperature at 0.5 µs for the two 

input laser pulse durations of 7 and 10 ns respectively. The temperature distribution is more 

directional along laser propagation axis and asymmetry in the deposition is more dominant for 
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τ = 7 ns when compared to that of τ = 10 ns. The peak temperature at the PC is 3.09 × 104 K 

for τ = 7 ns and 2.82 × 104 K for τ = 10 ns. Hence, increase in the intensity (τ = 7 ns) is leading 

to an increase in the temperature at the PC.  

Existence of the two hotspots in the PC is more dominant at 1 µs for τ = 7 ns than that for τ 

= 10 ns (Fig. 3.10 (b) & (e)). The asymmetric distribution of the temperature along laser 

propagation axis and initiation of the rolling of the plasma is visible in both Fig. 3.10 (c) & (f). 

The temperature at the PC is more when compared to that at the plasma outer region (POR). 

The temporal evolution of the plasma parameters were shown in Fig. 3.11 (a - d) over a 

duration of 20 µs.  

 
Fig. 3.  11 Temporal evolution of (a) electron temperature and (b) electron number density 
with respect to pulse duration τ = 10, 7 ns and energy 50 and 100 mJ respectively of the 
laser beam along the laser propagation axis 

Fig. 3.11(a) & (c) shows the comparison of the temporal variation of the electron temperature 

and number density for the input laser energy of 50 mJ. Initially at 0.2 µs, the temperature of 

the PC generated using 7 ns laser pulse is 4.4 × 104 K and that using 10 ns laser pulse is 3.6 × 

104 K. It can be observed from Fig. 3.11 (a) that the maximum variation in the temperature 

between the two sources is existing at the initial time scales (< 1 µs). Later, the temperature is 
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almost the same in both the sources. However, the number density (Ne) at the initial time 

scales (< 2 µs) is high for 7 ns source while after 2 µs the Ne for 10 ns plasma is high up to 12 

µs. This can be once again interpreted as the higher decay rate existing because of the fast 

expansion of the plasma generated using high intensity laser source. 

The peak temperature obtained for 100 mJ energy generated using 7 ns laser beam is observed 

to be 6.6 × 104 K at 0.2 µs. While the temperature attained with 10 ns is 3.8 × 104 K. Similarly 

the number density attained is observed to be of the order of 1018 /cm3 even at 0.2 µs for both 

7 and 10 ns pulses. However, after 2 µs the electron temperature and the number density of 

the higher intensity source is less than that obtained for lower intensity source. The decay in 

density with time is taking place due to increased recombination rate of the electrons with ions 

between electrons and ions because of reduced temperatures [31, 52].  

3.5 Conclusion 

The generation and expansion dynamics of laser induced air plasma and shock waves under 

different input laser energies were discussed in detail. The simulations were performed at 

atmospheric air pressure (0.1 MPa). The asymmetry in the plasma expansion is observed to be 

less for lower intensities and is becoming more prominent for higher energies. The spatio-

temporal evolution of the shock and plasma parameters such as the shock velocities along the 

laser propagation axis, electron temperature and number densities at the plasma were studied 

for varied intensities (energy and pulse duration). The number density and temperatures were 

found to be high during the initial time scales. The increase in the intensity is observed to be 

effecting the plasma and shock parameters during the initial time scales up to 5 µs. Beyond 

these times, all the parameters irrespective of the laser energy were observed to be following 

the same trend and attaining almost the same values. After 5 µs, the shock velocities for all the 

input laser energies were decreasing rapidly. Mass density and temperature were observed to 

be following the inverse relation with respect to each other at the plasma and the SF. The 

hydrodynamic instabilities in the plasma were observed to result in rolling of the plasma at 

multiple points.  
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Chapter-4 

Interaction of Two Counter Propagating Laser 
Induced Air Plasmas 

In this chapter, the interaction of two counter propagating laser induced air plasma is 

studied to understand the axial confinement effects on the evolution dynamics of laser 

induced air plasma.    The two counter propagating plasma sources were generated along 

the laser axis (Z) with one energy source (S1) fixed to 50 mJ while the other source (S2) 

energy is varied as 50 and 100 mJ respectively. The interaction studies were performed for  

separation distances of d = 0 - 4 mm between the two plasmas. The study is performed 

over a duration of 30 µs from the generation of plasma. When the two expanding plasmas 

encounter each other, the interaction zone dynamics and the effect of the plasma/ shock 

wave of confining source (S2  = 50/ 100 mJ) on the other source (S1 = 50 mJ) show 

interesting results.  During the interaction of the two plasmas, the plasma parameters such 

as, the number density, temperature, and the shock parameters such as, the mass density 

pressure were observed to be increasing at the interaction zone. The variation of these 

parameters at the interaction zone and at the plasma core (PC) of S1 were studied in detail 

with respect to the energy of the confining source S2 and the separation distance (d) 

between the seed plasmas. It is observed that for the separation distance d < 4 mm and 

when the energy of source S2 is double that of S1 (S1: S2 = 1:2), the plasma of S2 is penetrating 

through the PC of S1 and compressing the PC of S1. However, for d = 4 mm, the interaction 

between the two sources is limited to the outer regions only.  The interaction between the 

sources is leading to formation of a plasma jet-let due to the compression of the PC by the 

shock front generated from S2. While, when two sources were generated with equal laser 

energy hard stagnation region is formed at the interaction zone for the separation distance 

d >0 mm and d < 4 mm that last up to the time scales of 20 µs after which an 

interpenetration of the two seed plasmas is observed. The interpenetration or stagnation 

of the two sources at the interaction zone is confirmed by determining the collisionality 

parameter for all the separation distances. In the case of S1: S2 = 1:2, the  maximum pressure 

of 25 MPa and a maximum temperature of 3.6 × 104 K is observed at the interaction zone 

for a separation distance of 1 mm. While a maximum pressure of 19 MPa and maximum 
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temperature of 3.11× 104 K is observed at the interaction zone in the case of S1 : S2  = 1:1. 

The electron temperature and number densities at the PC of low energy source S1 in the 

case of S1 : S2 = 1:2 were found to be increasing with decrease in the separation distance 

due to the compression the PC.  

4.1 Introduction 

The complex behaviour of expansion dynamics and underlying physics of a freely expanding 

laser induced air plasma studied were presented in chapter-3. The pressures existing at the 

shock front were of the order of few tens of MPa (during initial times of < 100 ns), and mass 

densities were 3-4 times higher than the ambient air density (1.3 × 10-3 g/cm3) [1-7]. Spatial 

confinement of such laser generated air plasmas find a wide range of applications depending 

on the method chosen for confinement. Confinement effect on the plasma and shock 

parameters depend on the acoustic impedance, (Z = ρu, (where ρ is the density and u is the 

velocity of the medium) of the medium with which the plasma is being confined. In the present 

chapter, the laser generated air plasma is confined using another laser generated air plasma 

(with nearly equal or slightly higher impedance) i.e., interaction of two counter streaming laser 

induced air plasmas and the effect of confinement on plasma and shock parameters is studied 

in detail. The expanding plasma source when approaches the second source (confining 

medium), a thick layer of high density and pressure is formed at the interaction zone called as 

the stagnation layer because of the compression of the medium between the two expanding 

plasma sources [8]. The stability of the stagnation layer depends on the acoustic impedance of 

the confining plasma. The interaction o-f two plasmas can lead to two different phenomena: 

collision dominated and collision-less interaction. Collision dominated plasma interaction leads 

to either formation of a stagnation layer or to an interpenetration of the two plasma sources, 

whereas in the case of collision-less interaction the two plasma sources tend to decelerate at 

the interaction zone. The interpenetration or stagnation of plasma or shock front (SF) at the 

interaction zone is determined by the collisionality parameter [8-13]. The collisionality 

parameter (ζ) is defined as the ratio of the separation (d) between the seed plasmas to the ion–

ion mean free path (λi-i) at the colliding region. 

     i.e.,    ζ = d/ λi-i                      (4.1) 

 If ζ <1, then an interpenetration of the two plasmas will take place, where the interaction is a 

collision dominated. However, if ζ >1, then the two plasmas will decelerate and stagnate at the 

interaction zone. The ion-ion mean free path is given by the relation [12]    
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λi-i = 
𝑚𝑖

2𝑣1,2
4

4𝜋𝑒4𝑧𝑖
4𝑁𝑖𝑙𝑛Λ1,2

, (in cgs units)    (4.2) 

where, 𝑣1,2 is the relative velocity between the seed plasmas, mi is the ion mass, zi  is the average 

ionization state of the plasma, Ni is the average ion density at the collision plane, 𝑙𝑛Λ is the 

Coulomb logarithm which is given by the expression [14, 15],  

𝑙𝑛Λ = 𝑙𝑛 [
3

2𝑧𝑖𝑒
3 (

𝑘𝐵𝑇𝑒
3

𝜋𝑛𝑒
)
1/2

]                     (4.3) 

where, kB is the Boltzmann constant, Te is the electron temperature at the interaction zone. 

The ion-ion mean free path (mfp) depends on the relative velocity between the seed plasmas, 

the ion density, ionization number and Coulomb logarithm. The interaction between the 

approaching plasmas depends on the ion–ion mfp of the colliding fronts. Hence, it can be 

understood that if the seed plasmas have a large relative velocity and density gradient at the 

collision plane, the plasma plumes will tend to interpenetrate. On the other hand, when the 

relative velocities between the plasmas are small, plasma constituents will tend to rapidly 

decelerate at the collision plane, forming a hard stagnation layer.  

The stagnation layer dynamics under different interaction/confinement geometries of 

interacting plasmas such as angular [11] lateral [9, 16-18] orthogonal [19, 20] counter 

propagating [8, 11, 21-23] interactions have been studied under vacuum conditions and a few 

studies in the presence of ambient air [16, 24, 25] have been performed. However, in almost 

all the studies, the interaction and stagnation layer dynamics were performed by generating the 

ablated (front surface of the target) or blow-off (rear surface of the target) plasmas from solid 

targets. Despite of low intensities and low shock pressures generated during the laser induced 

breakdown in air, interacting laser induced air plasmas have a variety of applications in ignition 

of fuel mixtures [26] such as increasing the plasma temperature, longevity, and the resulting 

spectral emissions [10, 27-30] .  In addition, the interacting plasmas are being used to 

understand the design of inertial confinement fusion (Hohlraums), x-ray laser research [31], 

high ionic temperature and charged particle acceleration using Thomson scattering in 

conjunction with proton radiography [32] understanding Supernovae (SNe), and Supernovae 

remnants (SNR) [33, 34] to model and understand various astrophysical processes via noble 

gases [35]. An experimental study on the evolution of plasma and shock wave (SW) dynamics, 

in the counter propagating geometry with varying separation between the seed plasmas, was 

studied by Guthikonda et al.[24]. However, a deep insight into plasma dynamics during the 

interaction of counter propagating laser created air plasmas in terms of the plasma parameters 
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such as temperature and density is required. The present work focuses on interaction of two 

counter propagating ns laser generated air plasmas and the associated shockwaves up to tens 

of microseconds to get a complete insight into (a) the physical mechanism taking place at the 

interaction zone via 2D hydrodynamic simulations using two temperatures (Te, Ti) and to 

explicitly understand the role of electron and ions in the interaction process up to tens of 

microseconds, (b) role of ion–ion collisions at the interaction zone, (c) shock–shock and 

shock–plasma interaction leading to jet-let initiation and its evolution, and (d) validation of the 

numerical simulations with the experimental results observed via shadowgraphic imaging.  

The interaction dynamics and the evolution of the counter propagating collinear 10 ns laser 

pulse induced air plasmas (of equal and unequal energies) under similar experimental 

conditions as reported by Guthikonda et al. [24] are simulated. The simulations were 

performed using 2D FLASH radiation hydrodynamic (FLASH 2D RHD) code [14] for the 

interaction of the two plasma sources separated by an optimal distance of 4 mm over a duration 

of 30 µs. The FLASH code was modified to match the experimental conditions, by considering 

appropriate equation of state and ionization models as described in chapter-2. An insight into 

the physical mechanism taking place during the interaction of the SFs and the factors affecting 

the interpenetration or the stagnation were discussed. The evolution of plasma parameters 

such as the number density, temperature at the interaction zone and at the seed plasmas, 

compression of the low energy seed plasma leading to the jet-let formation were mainly 

highlighted for the two sources S1 and S2. The numerical simulations were validated by 

comparing with that of the experimental observations. To explain the plasma–shock and 

shock–shock interaction, two sources S1 and S2 with the laser pulse energy in the ratio of 1:1 

and 1:2 were considered. These are referred to as equal energy and unequal energy cases, 

respectively throughout the chapter. Factors supporting the formation of the stagnation layer, 

the interpenetration of the two SWs of unequal strength, the SW interaction with PC, and the 

formation of the plasma jet-let by considering two unequal sources. The formation of the 

stagnation layer, evolution of plasma parameters in the case of interaction of equal energy 

sources is discussed for different separation distances of the seed plasmas. 

 4.1.1 Simulation details 

The two sources S1 and S2 are created by focusing the 10 ns laser pulses at wavelength of 532 

nm in ambient atmospheric air separated by a distances of 0, 1, 2 and 4 mm. The two sources 
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were generated in air medium with background pressure 0.1 MPa, at room temperature of 300 

K, and density of ambient air 1.3 ×10-3 g/cm3. 

 
Fig. 4. 1 Simulation domain showing the focal regions at which the laser beams were 
focused and the separation distance between the two sources 

The spot size of the focused laser beam is taken as 500 ± 100 µm in line with the experimental 

parameters. The simulation was performed in a domain of size 6 × 6 cm along the longitudinal 

(laser axis) and radial directions (Z × R). The laser energy to generate source S1 is kept fixed 

at 50 mJ. While the laser energy for second source S2 is taken as 50 and 100 mJ giving S1:S2 

=1:1 and 1:2 respectively.  

4.2 Interaction of unequal energy sources 

The interaction of the two unequal sources S1: S2 =1:2 in the counter propagation direction 

were discussed in the present section. The two sources considered were S1 = 50 mJ and S2 = 

100 mJ, focused in the opposite directions separated by a distance d = 4 mm. The coupling 

between the input laser beam and the generated plasma is governed by the inverse 

bremsstrahlung absorption followed by avalanche breakdown [14, 36, 37]. In the simulations 

the laser absorption percentage is considered to be between 25-35% of the input laser energy 

[5, 24, 38]. In Fig. 4.2 (a-f) the simulated mass density showing the interaction dynamics of the 

two sources over a duration of 30 µs.  The corresponding experimental shadowgrams are 

shown in fig.4.2 (g-l).  
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Fig. 4. 2 A comparison of evolution of (a) – (f) simulated mass density and (g) – (l) 
shadowgram images [24] at 1, 2, 5, 10, 20 and 30 µs, for the case S1:S2 =1:2. 
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The two plasma sources S1 and S2 were generated as shown in Fig.4.1 and were allowed to 

evolve. The two freely expanding sources encounter each other at 1 µs as shown in Fig. 4.2 (a) 

& (g).  The interaction is taking place between the outer regions of the two sources i.e., the 

shock fronts from the two sources were interacting with each other. The two shock waves 

during interaction with each other lead to formation of stagnation layer [8, 12, 24] at around 2 

µs as shown in Fig. 4.2 (b) & (h). After few hundreds of nanoseconds, the two shock fronts 

(SFs) at the interaction zone were interpenetrating with each other and traversing towards the 

plasma core of the other source. The interpenetration of the two SFs and interaction with the 

plasma core of the other source can be observed in Fig. 4.2 (c) & (i) at 5 µs. During the 

interaction of the two SFs at the interaction zone, the pressure builds up at the stagnation layer 

as a result, a radial split of mass density is observed which leads to the development of a radial 

shock wave at the stagnation layer. The radially expanding SW at the stagnation layer can be 

seen in Fig. 4.2 (d) & (j) at 10 µs. The radial SW generated along the –Y and +Y directions is 

building upto 8 µs, after which the SF is expanding freely into the surrounding atmosphere. 

The SF along the laser propagation axis while advancing through the PC is creating a plasma 

channel due to the mass drag created by the SF [25]. The initiation of the plasma channel can 

be observed in Fig. 4.2 (c) & (i). The plasma channel created in the source S1 due to SF2 can 

be visualized at 10 µs. However, the SF from lower energy source (SF1) is not able to efficiently 

create a plasma channel because of its lower energy. Due to the high energy SF i.e., SF2 

traversing through the source S1, the stagnation layer is bent and is slightly shifted towards the 

lower energy source S1. The shifting of the stagnation layer is observed because of the density 

gradient existing between the stagnation layer and the source S1. The expanding SF2 is forming 

a bow-tie shape at the end of the source S1. The SF2 while exiting from the PC of source S1 

initiates a plasma jet-let as can be seen in Fig. 4.2 (e) & (k). A bubble-like structure is observed 

to be emanating from –Z direction with time. This is observed to be formed because of the 

drag created by the SF2 expanding through the plasma. A completely evolved plasma jet-let 

can be clearly visualized in Fig. 4.2 (f) & (l).   

4.2.1 Stagnation layer dynamics in the unequal source 

interaction 

It is a well-known fact that the SW advancing into the background gas compresses the medium 

ahead of it leading to an increase in the density and pressure of the background gas [5, 36]. 

Similarly, the compression of the medium between the approaching SFs of the two sources 
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leads to a raise in the mass density and pressure at the interaction zone. This is observed 

because of the increase in the kinetic energy of plasma at the interaction zone because of the 

increased electron – ion collisions that is converted into thermal energy. Fig. 4.3 (a)-(d) shows 

the spatio-temporal evolution of the mass density, pressure, number density and electron 

temperature respectively along the laser propagation axis. The line profiles were plotted at 0.9, 

1.1, 2 and 5 µs respectively.  

 

Fig. 4. 3 Spatio-temporal evolution Spatio-temporal evolution of (a) mass density, (b) 
pressure and (c) number density and (c) electron temperature along the laser propagation 
axis of the two sources for the separation distance between the plasmas d = 4 mm 
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The mass density (fig. 4.3 (a)) plot shows that at 0.9 µs the two SFs generated from S1 and S2 

are about to interact. The interaction of two SFs takes place after these times. At 1.1 µs the 

maximum mass density of 6.4 ×10-3
 g/cm3 is attained at the interaction zone i.e., at Z = 0 

(considered as zone of interaction). The maximum mass density attained at Z =0 is higher than 

that of the density at the individual SFs before interaction at 0.9 µs which is 4.9 times higher 

than the ambient air density. After 1.1 µs, the two SFs were interpenetrating with each other 

leading to a decrease in the density at Z=0 as can be observed at 2 µs from Fig. 4.3 (a). Since, 

the density existing at the individual SFs is very less (of the order 10-3 g/cm3) as a result, the 

two SFs were interpenetrating with each other rather than reflection at Z=0 [24, 25]. The 

interpenetration of the SFs can be confirmed from the line profile of mass density at 5 µs. The 

line profile clearly shows that the SF of higher energy is travelling towards the lower energy 

source S1, while that of lower energy source is travelling towards the higher energy source  

resulting in decrease in mass density at Z=0. 

Fig. 4.3 (b) shows the line profile of pressure along the laser propagation axis. The pressure 

existing at SF1 and SF2 before interaction i.e., at 0.9 µs is observed to be 0.7 and 0.9 MPa 

respectively. The pressure attained at the stagnation layer i.e., at Z= 0 during the time of 

maximum interaction 1.1 µs is 1.9 MPa which is higher than the sum of the pressures at the 

individual SFs before interaction [39]. The maximum pressure attained at Z=0 is 19 times 

higher than the ambient air pressure. However, at latter times > 1.1µs the pressure at Z=0 is 

decreasing as can be seen at 2 µs. A rarefaction wave that is followed by SF2 along –Z direction 

can be observed in the line profile of pressure at 5 µs. 

Fig. 4.3 (c) shows the number density line profile. The number density is also observed to 

follow a similar trend as that of mass density and pressure. A spike in number density at Z=0 

at 1.1 µs is observed which has decreased after 1.1 µs. During the interaction of two shocks, 

the maximum number density is estimated to be 1.28 × 1016/cm3 which is equal to the sum of 

number densities before interaction. A reflection of the two SFs at the interaction zone was 

proposed in the literature [16] for the plasma number density of the order 1018 /cm3 and that 

at the SFs of the order 1019 /cm3. However, an interpenetration of the SFs is observed in the 

present case because of the lower number density existing at the SF (of the order 1016 /cm3). 

This is also confirmed from the experimental results [24]. 

Fig. 4.3(d) shows the line profile of the electron temperature taken along the laser propagation 

axis. It can be observed that the temperature existing at the plasma outer regions (POR1 and 
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POR2) of the two sources is ~ 0.89 × 104 K and ~1.0 × 104 K respectively during the initiation 

of the interaction at 0.9 µs. However, it is to be noted that the maximum temperature attained 

at the stagnation layer is ~1.0 × 104 K at 1.1 µs, which has further decreased to ~ 0.89 × 104 

K by 5 µs.  The temporal variation of the electron temperature at the stagnation layer is 

discussed in detail in the following section. 

4.2.2 Temporal evolution of electron temperature at 

stagnation layer 

As discussed in the previous section, the temperature at the interaction zone (Z=0) is 

increasing during the formation of the stagnation layer. Since, the interaction of the two 

sources is taking place > 1 µs, the ion-ion collisions are dominant and play a crucial role in 

determining the nature of the interaction process. The compression of the medium between 

the two sources increases the KE of the medium as a result, the system temperature increases. 

However, the mfp between the ions decreases due to the compression that resulted in the 

energy exchange between the ions and finally leading to fall in the temperatures at later times 

[12]. Before interaction the temperature of Z=0 zone is at room temperature (300 K). 

However, at 1.1 µs, the temperature has increased to 1.05 × 104 K, which is 1.9 times higher 

than the temperature attained at the SF1 (5540 K, in the absence of the second source). Fig. 

4.4 shows the temporal evolution of electron temperature at positions Z=-0.5, 0 and 0.5 mm 

respectively. 

 
Fig. 4. 4 Temporal evolution of electron temperature at stagnation layer Z=0, -0.5 mm 
(towards S1) and 0.5 mm (towards S2) formed due to interaction of 1:2 sources separated 
by d=4 mm 
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From Fig.4.4 it can observed that the electron temperature at Z=0 (Te,Z=0) is decreasing rapidly 

after 1.1 µs. This is observed because of the interpenetration of the interacting SFs and 

expansion in the opposite direction. The temperature at Z= 0.5 (Te, Z=0.5) is always more than 

that observed at Z= -0.5 and 0 (Te Z=0.5 > Te, Z=0 > Te, Z=-0.5). This is observed because of the 

high energy source S2 along the +Z direction. After 5 µs an increase in the electron temperature 

is observed at all the three positions, Z= -0.5, 0 and 0.5 due to transfer of energy between the 

sources via ion - ion collisions. This is observed because of the shifting of the stagnation layer 

towards the lower energy source. 

The stagnation layer is observed to shift by 1.8 mm towards the lower source. The relative 

momentum of the stagnation layer towards the lower energy source is due to the pressure 

gradient pointing towards the lower source between the SF2 and PC of S1. It is also observed 

from Fig. 4.2 (e & k) at 20 µs and Fig. 4.2 (f & l) the PC of S2 is slightly crossing the interaction 

zone and interacting with the PC of S1.The extent of the interaction/ interpenetration of the 

two plasma sources is controlled by a parameter known as the collisionality parameter [8, 12, 

13, 19, 24, 25, 40]. 

For the separation distance d=4 mm between the two seed plasmas, the estimated relative 

velocity between the two sources v1,2 is 2×105 cm/s, and average ionization zi of the seed 

plasmas at 50 and 100 mJ is estimated to be 1.6 and 2.06, respectively. The simulated average 

ion density Ni during the interaction of two sources (~1 µs) at the interaction region is found 

to be in the range 1017 /cm3. In our case, the interaction between the seed plasmas is dominated 

by the ion–ion collisions as the density is in the range 1016–1019 cm. The interaction between 

the particles is decided by collisionality parameter ζ which is estimated to be 9. It was proposed 

by Dardis et al.[12] that ζ <1 indicate that the two seed plasmas interpenetrate with each other. 

This interaction is dominated by collisions between ionic species from each of the opposing 

seed plasmas. From the simulations, we observed that for the considered seed plasma 

separation, the plasma–plasma core interpenetration is not taking place but, instead the two 

plasma outer regions were interacting. During the ion–ion interaction process, the ions with 

high kinetic energies (velocity) collide with the residing ions of lower energy and exchange 

their energy. During the exchange of the energy, the ions decelerate to lower velocities 

(momentum).  
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4.2.3 Shock wave dynamics for unequal source interaction 

(S1:S2 = 1:2) 

In Fig. 4.5 (a - d) the temporal evolution of SFs from the two sources along –Z and +Z 

directions in the presence of the second source were compared to their corresponding 

evolution in the absence of second source were presented. Fig. 4.5 (a) shows the SF1 (from S1) 

evolution along – Z direction. It can be observed from Fig. 4.5(a) that the interaction of the 

SF1 at Z=0 with SF2 is not affecting the SF1 evolution along –Z direction. i.e., the presence of 

the second source is not affecting the temporal evolution of SF1 along –Z direction. It can be 

observed that though the SF2 (from S2) along –Z is traversing through the PC of S1 and 

reaching the other end of the plasma at around 15 µs. However, the SF2 is not effecting the 

SF1 expansion along –Z direction because, by the time the SF2 reaching the outer edge of PC1 

(15 µs) the SF1 along –Z direction has completely detached from the PC1 and is freely 

expanding into the surrounding medium. However, the SF1 evolution along +Z direction is 

slightly effected due to its interaction with the PC of S2.  

 
Fig. 4. 5 Comparison of axial variation of shock radius source S1 along (a) -Z, (b) +Z and 
from source S2 along (c) –Z and (d) +Z directions respectively. 

Fig. 4.5 (b) shows the temporal evolution of the SF1 along +Z direction. The SF1 evolution is 

similar both in presence and in the absence of the second source until 7 µs. After 7 µs the SF1 

is slightly slowed down when compared to the freely expanding SF1. This is the time where 
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the SF1 is interacting with the PC of source S2. This can be correlated with the mass density 

evolution in Fig. 4.2. It is to be noted from Fig. 4.2 (e) that SF1 along +Z direction is crossing 

the PC of S2 around 18 µs. Hence, a slight rise in shock radius is observed. The slowing down 

of the SF1 inside the PC of S2 and increase in the shock radius after exiting the PC can be 

attributed to the low pressure inside the PC when compared to the ambient pressure (𝑉 =

√ 𝛾𝑃/𝜌 , V being the velocity of the SW, γ is the adiabatic constant, P is the pressure and ρ is 

the density of the SW). 

Similar to SF1 along +Z direction the SF2 along –Z direction is observed to be slowing down 

slightly after 10 µs as can be seen in Fig. 4.5 (c). This is due to the SF2 while traversing through 

the PC of source S1 sweeps the plasma thus, initiating the plasma jet-let.  A completely evolved 

jet-let is observed by 30 µs as can be seen in Fig.4.2 (f & l). 

Hence a slightly decreased shock radius is observed between 10-20 µs as can be seen in Fig. 

4.5(c). The SF2 along + Z direction is expanding freely as there is no confining source ahead 

of it as can be observed in Fig. 4.5(c). A comparison of the simulated mass density evolution 

of 50 mJ source expanding freely in the absence of second source and confined in presence of 

the second source S2 is shown in Fig. 4.6 (a & b) at 8 µs.  

 

Fig. 4. 6 A comparison of mass density evolution at 8 µs generated from (a) single source 
and (b) when two unequal sources were interacting 

It can be observed from Fig. 4.6 (a) that the SF in all the directions is expanding freely without 

any obstruction. The expanding SW has attained a spherical nature hence the expansion is 

almost the same in all the directions. Fig. 4.6 (b) shows a pseudo plot of the 50 mJ source at 8 

µs which is interacting with a 100 mJ source.  A clear view of the stagnation of the mass density 

at the interaction zone can be visualized in Fig. 4.6 (b). The formation of the secondary radial 

SW due to the compression of the mass at the interaction zone along the laser propagation 
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axis can be observed. The formation of the plasma channel in the source S1 can be observed 

because of the SF2 traversing through PC1. Freely expanding SF1 along –Z direction can be 

visualized which is not effected by the interaction taking place at Z = 0. Similarly SF2 along 

+Z direction is unaffected due to the interaction at Z=0. However, an initiation of the plasma 

channel formation in source S2 due to the interaction of SF1 with the PC2.   

4.3 Interaction dynamics of two equal sources separated by 

4 mm 

Since, the SFs traversing through the PCs of the two sources were of equal strength, the 

stagnation layer at the interaction zone is straight and stable not being shifted towards S1 or 

S2. This can be observed at the longer timescales i.e., from Fig. 4.7 (d) - (f).   

 
Fig. 4. 7 Interaction dynamics of two equal energy sources (S1 : S2 =1:1) at (a) 1 µs, (b) 2 
µs, (c) 5 µs, (d) 10 µs, (e) 20 µs and (f) 30 µs, respectively. 

In contrast to this, in the case of unequal source interaction (Fig. 4.2 (d)), the stagnation layer 

shifts toward lower energy source S1 and formed as bow-shaped during their interaction. In 

this case (1:1), the SFs were observed to reach the edge of the PC by 20 µs after which an 

initiation of plasma jet-let can be observed at 20 µs on both sides of the stagnation layer. The 

initiation of the jet-let is more clearly observed at 30 µs. The SF of one source while 
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propagating through the PC of other source, loses a part of its energy to the PC which is 

manifested as the drag, resulting in a jet-let formation 

4.3.1 Stagnation layer dynamics in case of equal source 

interaction (S1:S2 = 1:1) 

The spatio-temporal variation of mass density, pressure and electron number density along the 

laser propagation axis is presented in Fig. 4.8 (a-c) respectively. It is observed from the line 

profile of mass density and pressure that the interaction between the two sources is initiated 

at 1.05 µs.  

 
Fig. 4. 8 Axial variation of (a) mass density, (b) pressure,  (c) electron number and (d) 
electron temperature around the interaction zone at 1.05, 1.3, 2 and 5 µs respectively in the 
case of equal energy source interaction  S1 = S2 
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A maximum interaction is taking place between the two SFs at 1.3 µs (Fig. 4.8(a)), at Z= 0.  

The maximum density of 5.8 × 10-3g/cm3 is attained at Z=0 which is greater than the density 

existing at the individual SFs before interaction. Also the maximum density is 4.5 times higher 

than the ambient air density. After 1.3 µs, the density at the interaction zone is observed to 

decrease because of the interpenetration of the SFs to their opposite sources. The line profile 

of mass density at 5 µs clearly shows the two interpenetrated SFs traversing towards the PC of 

the other source. 

Fig. 4.8 (b) shows the line profile of pressure along the laser propagation axis at different time 

scales. By the time of interaction at 1.05 µs, the pressure at the two SFs is observed to be 0.58 

MPa. The maximum pressure reached at the stagnation layer is 1.3 MPa at 1.3 µs, which is 

greater than the sum of the individual shock pressures (1.16 MPa) before interaction.  The 

enhancement of the SF pressure is observed to be increased by a factor of 2.2, compared to 

that of a single source shock pressure. Similarly, the pressure is increased by a factor of 13, 

compared to that of ambient pressure. 

After 1.3 µs, the interpenetration of the two SFs takes place resulting in a fall of pressure at 

the stagnation layer. A rarefaction wave at Z= 0 followed by the SF at the stagnation layer can 

be visualized from Fig. 4.8 (b) at 5 µs. The spatial variation of the electron number density is 

presented in Fig. 4.8(c). The number density at the two SFs before interaction is 

6.06×1015/cm3, and the resultant number density at the maximum interaction time, i.e., at 1.3 

µs is 1.18× 1016 /cm3. 

The spatial variation of the electron temperature along the laser propagation axis is shown in 

Fig. 4.8 (d). The peak temperature attained at the plasma core of the two sources is 2.0 ×104 

K while the temperature existing at the plasma outer regions of the two sources is ~ 0.89 ×104 

K at 1.05 µs. The maximum temperature attained at the stagnation layer is 0.89 ×104 K. The 

temperature at the stagnation layer has decreased to 0.5 ×104 K at 5 µs. The temporal evolution 

of the electron temperature at the stagnation layer is presented in the following section. 

4.3.2 Temporal evolution of electron temperature at 

interaction zone 

Fig. 4.9 shows the temporal evolution of the electron temperature at the stagnation layer. The 

temperature at Z=0 is at 300 K before interaction, which started to increase during the 

interaction and rises to a maximum of 8900 K. It is 29 times higher than the ambient 
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temperature. After the maximum interaction, an interpenetration of the SFs is observed as 

confirmed from Fig. 4.8.  

 
Fig. 4. 9 Temporal evolution of electron temperature at the stagnation layer formed due to 
interaction of two equal energy sources (S1:S2 = 1:1). 

Later, they traverse towards the PC of the other source resulting in the relaxation of the 

compressed medium during the time of interaction. As a result the temperature at the three 

regions Z=-0.5, 0 and 0.5 mm started to decrease rapidly. However, during the interaction of 

the SF of one source (say S1) with the PC of the second source (S2) the PC of S1 is shifted 

towards the stagnation layer resulting in the increase of the electron temperature at Z=-0.5, 0 

and 0.5 mm. The temperature at these three regions, is observed to be almost equal (Te,Z=-0.5 

=T e, Z =0 =T e, Z= 0.5). A stagnation layer of 1 mm thick has formed at the interaction zone of 

the two plasma sources S1 and S2. At the interaction zone, the interpenetration of the plasmas 

is not observed which is in contrast to that of 1:2 source interaction where the interpenetration 

is observed. The two plasmas were decelerating at the stagnation layer forming a hard 

stagnation layer. This is confirmed from the collisionality parameter (ζ). 

For the separation distance of d = 4 mm between the two seed plasmas, the estimated relative 

velocity between the two sources v1,2 is 2×105 cm/s, and average ionization zi of the seed 

plasmas at 50 ns is estimated to be 1.6. The simulated average ion density Ni during the 

interaction of two sources (~1.3 µs) at the interaction region is found to be in the range 1017 

/cm3 and lnΛ = 3.4 with the ion–ion mfp of 0.6 µm. The collisionality parameter ζ = d/λi–i 

>1, hence confirming the formation of collision dominated stagnation layer. This indicates 

that the two plumes will decelerate rapidly at the interaction zone leading to little or no 
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interpenetration of the seed plasmas. This interaction is dominated by collisions between ionic 

species from each of the opposing seed plasmas. 

4.4 Temporal evolution of plasma parameters in counter 

propagating equal (S1: S2 = 1:1) and unequal sources (S1: 

S2 = 1:2)  

Fig. 4.10 (a) and (b) compares the temporal evolution of electron temperature (Te) and number 

density (ne) at the plasma core of S1 alone and that of S1 under the influence of the source S2, 

along the axial direction (laser propagation axis) for the case of equal sources and unequal 

sources. The evolution of Te and ne are similar with and without the presence of plasma source 

(S1) before the interaction times of up to 2 µs.  

 
Fig. 4. 10 Comparison of temporal evolution of (a) electron temperature and (b) number 
density at the PC of single plasma source (50 mJ) alone, in the presence  of equal (1:1) and 
unequal (1:2) sources. 
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In the case of unequal sources, the interaction of SF2 with the PC of S1 takes place at 2 µs. As 

a result, a slight increment in the plasma temperature is observed, which lasts up to 4 µs. The 

pressure at SF2 (1:2 case) during the interaction with plasma is 0.11 MPa, while the pressure at 

the PC of S1 is 0.12 MPa. Since the gradient in the pressure is very small, an effective rise in 

the plasma is not observed. After traversal of SF2 through PC of S1 (at > 5 µs), a fall in the PC 

temperature is observed. During the expansion, the shocked region tries to return to its original 

state via the rarefaction wave, leading to a fall in the temperature. A rarefaction wave is an 

expansion wave (unloading wave) that helps the shocked medium to reach its initial state. Due 

to the interaction of the SF with the plasma core, a rarefaction wave (fan) propagates toward 

the stagnation layer, which tends to reduce the pressure at the stagnation layer. In the present 

context, the rarefaction wave associated with the SF2 interacts with the PC of S1 (see Fig. 4.3) 

resulting in the reduction of pressures at the stagnation layer. Hence, a fall in temperature in 

the PC of S1 is observed after 5 µs, which is less than the plasma temperature in the case of 

free expansion of S1. Though a slight rise in plasma temperature is observed, the rise and fall 

of Te are delayed for the case of 1:1 compared to the 1:2 case.  

The maximum rise in temperature of between ~1× 103 K is observed between 3 - 5 µs .  

However, from 5 - 11 µs, a decrease in the temperature of ~ 0.25×104 K is observed. The rise 

and fall in temperatures are within the statistical error (0.26 × 104 K). Hence, the SW does not 

effectively raise the plasma temperature. However, an effective variation in the number density 

(1.0 × 1017/cm3), during the compression of the SW is observed, which falls above the 

statistical error (0.82 ×1017/cm3). The simulated statistical error is  estimated by comparing the 

plasma parameters (electron temperature and number density) from simulations performed in 

the first and third order of Harten–Lax–van Leer-Contact (HLLC) scheme [41]. Details of the 

statistical error determination were presented in Chapter 2. The decrease in the number density 

along the laser propagation axis is observed because of the compression and squeezing of the 

PC by the SW, that is leading to the movement of density along the radial direction. However, 

an efficient energy transfer between the plasma and SF does not occur which is confirmed as 

there is no increment in the electron temperature. Physically, this can also be understood by 

calculating the energies associated with the electrons (Eele), ions (Eion), and the total energies 

(Etot). Though the total pressure P =Pele + Pion , the total energy E is not equal to Eele + Eion. 

The additional energy is due to the kinetic energy term ½ 𝑣 . 𝑣 . The difference in the energy is 

being utilized in the compression of the plasma. The statistical error is estimated to be 65 J/g. 
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When the simulations are performed for order 1, the sum of the ion energy and the electron 

energy is 3.29 × 103 J/g, which is not equal to the total energy. The sum of the electron and 

ion energies is 3.92×103 J/g. Hence, a loss in the total energy is observed, which does not 

appear in the electron and ion energies. The difference of the total energy observed, and the 

sum of the electron and ion energies is 5.8 × 102 J/g. The loss in the energy is above the 

estimated statistical error. Hence, from energy conservation (refer to chapter 2) it can be 

understood that the corresponding energy is converted into kinetic energy used in the 

expansion of the plasma during the process of SW compression along the laser propagation 

direction. As we know, that Etot = Ee+Ei+KE, the difference in the Etot and (Ee+Ei), goes as 

KE which is used to compress the plasma. From the above understanding of the energy 

conversion, it can be confirmed that the dominant energy in the plasma and at the interaction 

zone is in the form of kinetic energy. The energy at the SF is not sufficient enough to effectively 

convert it to the thermal energy, however, induces compression of the mass along the 

propagation axis. This leads to the compression of mass at the SF and evolution of the plasma 

jet-let and formation of the plasma channel behind the SF. A similar trend in the number 

density inside the plasma is observed over the timescales of 2 - 14 µs, as can be seen in Fig. 

4.8(b). It can be observed from Figs. 4.2(d &j) that the compression of the plasma by SF along 

the laser direction (axial direction) created an axial channel. This has resulted in dispersal of 

mass along the radial direction. Hence, a decrease in the axial number density is observed. No 

significant change in the plasma parameters of the source S2 is observed either in the 

simulations. A rise in temperature is observed because of the shifting of the plasma outer 

region of the two sources into the stagnation layer. It is noteworthy that the temperature is 

more at the stagnation layer (8520 K) than that appeared at the plasma front and the SF during 

the evolution in a single source (5540 K) by a factor of 1.54. However, the temperature at the 

stagnation layer during the interaction of two equal sources is small (8520 K) in comparison 

with that of two unequal sources were interacting (9330 K). Hence, it can be concluded that 

the variation of Te and Ne is higher for the S1:S2 = 1:2 case compared to that of the 1:1 case. 

 From the above sections, the physical mechanism such as interaction of two SWs at the 

interaction zone, compression of the plasma by the SF from the other source, the mass drag 

created by the expanding SW through the plasma, evolution of plasma jet-let taking place 

during the interaction of the two sources were clearly understood. The effect of the separation 

distance between the seed plasmas on the plasma parameters of 50mJ source and stagnation 

layer dynamics were discussed in the following sections.  
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4.5 Effect of separation distance on plasma parameters  

It is observed that the separation distance between the seed plasmas is playing a crucial role in 

the plasma evolution and on its plasma parameters. It is a well-known fact that decrease in the 

separation distance between the seed plasmas leads to an early interaction of the plasma 

sources. It is noteworthy that the pressure at the SF will be more at the initial times (< 100 ns), 

while the density at the SF increases during its build up time and decreases as soon as it 

detaches from the plasma [2, 5, 7, 42]. The pressure existing at the interaction zone during the 

early time scales is more compared to that at latter time scales, as the SF from both 50 and 100 

mJ sources were detaching after 1 µs. Hence, the maximum density at the interaction zone is 

increasing with separation distance. Table 4.1 summarizes the maximum pressure and density 

existing at the interaction zone in both the equal and unequal source interaction for different 

separation distances of seed plasmas (d = 1, 2 and 4 mm).  

Table 4. 1 The maximum pressure existing at the interaction zone for the equal and 
unequal source interaction for different separation distances were presented. 

Configuration d 
(mm) 

Time of 
Maximum 

Interaction (µs) 

@ Stagnation Layer 

Max. Pressure 
(MPa) 

Max. Density 
(g/cm3) 

1:2 1 0.075 25 3.5×10-3 

1:2 2 0.25 8.6 5.9×10-3 

1:2 4 1.1 1.9 6.4×10-3 

1:1 1 0.1 19 3.8×10-3 

1:1 2 0.3 6.9 6.4×10-3 

1:1 4 1.1 1.66 5.8×103 

 

It can be observed that the maximum pressure (25 MPa) obtained at the interaction zone in 

the case of unequal source interaction (S1: S2 = 1:2) is for the separation distance of 1 mm, 

while a maximum mass density (6.4×10-3  g/cm3) is observed at the separation distance of 4 

mm. While in the case of equal source interaction (S1: S2 = 1:1), a maximum pressure of 19 

MPa is observed at separation distance of 1 mm and a maximum density of 6.4 × 10-3 g/cm3 

for the separation distance of  2 mm. It is noteworthy that in the case of unequal source 

interaction, for separation distance d < 4 mm the two seed plasmas were interacting with each 

other and forming as a single plasma. However, for equal source interaction for separation 

distance d < 4 mm, the two sources were stagnating and decelerating at the interaction zone 

over 20 µs, however forming as a single source plasma after 20 µs. As we know that the 
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interpenetration or stagnation of the two seed plasmas is determined by the collisionality 

parameter. Table 4.2 summarizes the collisionality parameter obtained at the interaction of the 

two seed plasmas for the separation distances d =1, 2 and 4 mm.  

Table 4. 2 Summarizing the collisionality parameter for the two energy ratios and for 
different separation distances between the seed plasmas. 

Energy 
Ratio 

Distance (d) 
(mm) 

ni  (1/cm3) v12 (cm/sec) T 
(eV) 

ζ 

1:2 4 1.9×1018 2.0×105 1.1 9.0×10-10 

1:2 2 3.3×1018 11×105 1.9 7.0×10-7 

1:2 1 3.4×1018 13.6×105 3.3 5.2×10-4 

1:1 4 9.0×1017 2.0×105 0.9 71.0 

1:1 2 2.7×1018 4.8×105 1.7 2.0×103 

1:1 1 3.9×1018 7.6×105 3.1 6.0×104 

  

The ion number density (ni) and the electron temperature (Te) given in the Table 4.2 were the 

parameters existing at the stagnation layer by the time of interaction and v12 is the relative 

velocity with which the two plasmas were approaching each other. It is noted that the 

parameters ni, Te and v12 were increasing with the decrease in the separation distance between 

the seed plasmas. This is observed because of the early time interaction of the sources where 

the temperatures existing at the plasmas and the ion number densities were high. 

The ion-ion mean free path is calculated using the equations (4.1) – (4.3). Collisionality 

parameter is obtained by determining the ratio of the separation distance and the ion-ion mean 

free path. It can be seen from the table 4.2 that for all the separation distances the collisionality 

parameter is less than 1 for energy ratio 1:2  and is greater than 1 for 1:1. Hence it can be 

confirmed that the stagnation layer formed in the case of unequal energy sources is a soft 

stagnation layer, allowing the energy tranfer between the two sources. While the stagnation 

layer formed in the case of equal energy source interaction is a hard stagnation layer where the 

two plasmas were deccelerating at the stagnation layer. However, it is noteworthy that the 

decclerated plasmas at the stagnation layer in the case of equal source interaction were 

interacting with each other at longer time scales i.e., after 25 µs and forming as a single plasma 

source. Fig. 4.11 (a & b) shows a comparison of the variation of the electron tempearture at 

the stagnation layer for both the uneual and equal energy combinations (S1: S2 = 1:2 & 1:1) 

for the separation distances of d = 1, 2 and 4 mm respectively.  
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Fig. 4. 11 Temporal evolution of maximum temperature at the stagnation layer   for d= 1, 
2 and 4 mm in the case of (a) unequal source and (b) equal source interaction 

The comparison of d= 0 mm is not shown as both the sources were generated at the same 

point where no stagnation layer formation is observed. Fig. 4.11 (a) compares Te for unequal 

sources interaction for all the three separtion distances d = 1, 2 and 4 mm. The temperature 

has raised to a maximum during the time of maximum interaction of the two sources. It is 

obsered that the interaction is dominated by the plasma- plasma interaction in all the cases as 

the SF from the source has not detached. However, the interaction in the case of d = 4 mm is 

dominated by the outer regions of the two plasmas whereas, in the case of d < 4 mm the 

interaction has extended to PC regions  of the two plasma sorces. 

A maximum temperature of 3.6 ×104 K is observed for d=1 mm, while it is 2 ×104 K  and 

1.05×104 K for d= 2 mm and d= 4 mm respectively. The raise in temperature is high in case 

of d = 1 mm and decreases as d is increased to 2 & 4 mm. A raise in temperature for d = 4 

mm is observed after 6 µs, and for d = 2 mm after 3 µs. After the time of maximum interaction, 

the temperature has decreased because of the interpenetration of the SFs in the outer regions 

of plasma sources. However, after few microseconds an increase in the temperature is 
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observed at the stagnation layer because of the shifting of the plasma towards the interaction 

zone. The stagnation layer is not visible in case of d = 1 mm after 3 µs because of 

interpenetration of the two plasmas in case of unequal source interaction. Conversely, the 

stagnation layer is stable in all the three cases of d = 1, 2 and 4 mm in case of equal source 

interaction.  

Fig. 4.11 (b) shows the temperature evolution in the case of equal source interaction for all the 

three separation distances. Though the trend followed by the electron temeperature at the 

interaction zone is similar to that of the unequal source interaction, the stagnation layer is 

stable for the time span < 20 µs. However, after 25 µs, it  has disappeared because of the 

interpenetration of the two plasma sources. The maximum temperatures obtained were 3.11 

× 104 K, 1.66 × 104 K and 0.89 × 104 K  for d = 1, 2 and 4 mm respectively. These 

temperatures were observed to be  lower than that obtained for unequal source (S1: S2=1:2) 

for all the separation distances. It is also observed that the stagnation layer, is disappearing in 

case of unequal source interaction because of the compression of the PC of  S1 by the dense 

PC of S2. However, in case of equal source interaction, the temperature at the stagnation layer 

is still in the range of 1×104 K because the two plasmas at the interaction zone are still trying 

to interact with each other.    

4.5.1 Comparison of temporal evolution of plasma 

parameters for varied separation distance between seed 

plasmas 

The effect of the interaction of SF from source S2 with PC of S1 is discussed in detail in case 

of unequal source and equal source interactions in section 4.4. It was understood that due to 

the delayed interaction of the SF2 with the PC1 ( > 2 µs), an effective increment in plasma 

parameters is not observed for  d = 4 mm. Fig. 4.12 (a-d) shows the temporal evolution of 

plasma parameters of source S1 (50 mJ) in the presence of S2 (50 & 100 mJ) compared to that 

of the freely expanding single source plasma generated using 50 mJ. Fig. 4.12 (a) shows the 

average electron temperature evolution at the PC of S1 along the laser propagation axis, with 

the varying separation distance for the unequal source interaction. For all the time scales Te is 

maximum for the separation distance d = 0 mm because of the overlapping of the two sources. 

For d=1 mm, the temperature evolution is nearly same as that of freely expanding plasma 

source (50 mJ). 
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Fig. 4. 12 Temporal evolution of electron temperature and electron number density at PC 
along the laser propagation axis compared for unequal source interaction (a, b), and equal 
source (c, d) interaction in PC1. 

However, after 3 µs, a raise in temperature is observed indicating the time of the initiation of 

the interaction of the two sources plasma cores (PC).  Thus leading to formation of a single 

plasma source.  The maximum temperature obtained after 3 µs is found to be equivalent to 

that of the temperature of 100 mJ. Likewise, for d=2 mm also, the interpenetration of the two 

plasmas is taking place after 6 µs and the raise in the temperature is observed after these times. 

Fig. 4.12 (b) shows the average electron number density along the laser propagation axis. It is 

understood that the increase in the number density for d= 1 and 2 mm is because of the 

penetration of the PC2 through S1.  Fig. 4.11 (c &d) show the electron temperature and number 

density for the equal source were interaction. It is observed that for d= 1 and 2 mm not much 

variation is observed in the plasma parameters because, the two sources were still not 

interacting with each other.  
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4.5.2 Mass density with respect to separation distance 

A comparison of mass density evolution for all the separation distances for both equal and 

unequal source interactions at different time scales were discussed in the present section. Fig. 

4.13 (a) – (h) shows the mass density evolution at 5 µs when two plasma sources were 

interacting for the separation distances d = 4, 2, 1 and 0 mm respectively.  

 

Fig. 4. 13 A comparison of mass density evolution at 5 µs in the case of unequal source 
interaction for the separation distance of (a) d= 4 mm, (b) d= 2 mm, (c) d= 1 mm and (d) 
d= 0 mm and in case of equal source interaction for the separation distance of (e) d= 4 
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Fig. 4.13 (a) shows the mass density when two unequal sources were interacting with the 

separation distance d = 4 mm. The formation of the stagnation layer can be observed at Z=0. 

The PC of the two sources were on the either side of the stagnation layer and were not 

interacting with each other at this time of visualization. Initiation of the plasma channel in PC1 

due to the interaction of the SF2 along –Z direction can be observed. While the plasma channel 

formation is not still visible in PC2. While the SF1 along –Z direction and SF2 along +Z 

direction were expanding freely. 

Interpenetration of the higher energy plasma source S2 into the source S1 at 5 µs can be 

visualized in Fig. 4.13 (b) for the separation distance of d = 2 mm. The stagnation layer has 

bent towards the lower energy source S1 due to the high energy SF2 traversing through the 

PC1. However, the stagnation layer is slightly visible in Fig. 4.13 (c) and not visible in Fig. 4.13 

(d) due to the interpenetration of the PC from the two sources. While the two sources have 

formed like a single source for d = 0 mm.  

Fig. 4.13(e) - (h) shows the mass density evolution when two equal sources were interacting 

with each other with different separation distances d = 4, 2, 1 and 0 mm respectively. The 

stagnation of the two sources at the interaction zone for the separation distance of d = 4 mm 

is shown in Fig. 4.13 (e) at 5 µs. The two sources were on the either side of the stagnation layer 

where the two sources were not interacting with each other.  

A similar case is observed in Fig. 4.12(f) for the separation distance of d =2 mm. The two 

sources were just at the stagnation layer, where the interaction of the PC is just initiated. 

However, no plasma channel formation is observed in the both the sources. For the separation 

distance d = 1mm also the two sources were observed to be stagnating at the interaction zone 

with the initiation of the interaction between the two sources.  While the interpenetration of 

the two sources and formation as a single source can be observed for d = 0 mm.  

Fig. 4.14 (a) - (f) shows the mass density evolution of the two interacting plasma sources at 10 

µs for all the separation distance d = 4, 2, 1 and 0 mm respectively. Bending of the stagnation 

layer is observed to be more prominent in for d = 4 mm (Fig 4.14 (a)). Formation of the plasma 

channel due to the compression of the PC by the SF of the other source can be observed in 

PC of both the sources for d = 4 mm. However, the plasma channel formation is more 

prominent in S1 when compared to that observed in S2. Formation of a secondary radial SW 

at the stagnation layer due to the compression of the region at the stagnation layer along the 
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laser propagation axis is observed. Bending of the stagnation layer is also observed in Fig 4.14 

(b). 

 

Fig. 4. 14 A comparison of mass density evolution at 10 µs in the case of unequal source 
interaction for the separation distance of (a) d= 4 mm, (b) d= 2 mm, (c) d= 1 mm and (d) 
d= 0 mm and in case of equal source interaction for the separation distance of (e) d= 4 
mm 
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The higher energy PC2 has penetrated through the PC1 of the source S1 and compressing the 

PC along the laser propagation axis. It is to be observed that the plasma channel formation is 

not observed for all d < 4 mm in both the equal and unequal source interaction. The interaction 

of the SF with the PC of the second source has led to the mass drag in the PC leading to 

formation of the plasma channel in case of d = 4 mm. However, in the case of d < 4 mm, the 

interaction between the two sources is initiated at early time scales at which the SF has not 

detached from the plasma. Hence, the interaction of the SF with PC is observed for d = 4 mm 

and interaction between two plasma sources is observed for d < 4 mm. Though the stagnation 

layer is still visible in case of d = 1 mm (Fig 4.14 (b)), the two plasma cores were 

interpenetrating with each other forming like a single source plasma core. However, for d = 0 

mm a single plasma core is formed expanding freely in all the directions. 

Fig. 4.14 (e) shows the interaction of two equal source interaction (50 mJ – 50 mJ) with the 

separation distance of d = 4 mm. The plasma channel formation is visible in both the sources 

S1 and S2. However, it is to be noted that the stagnation layer formed for d = 4, 2 and 1 mm 

is stable and hard which is not movable towards any source. However, for d = 0 mm a single 

plasma source is formed expanding with shock radius less than that generated from two 

unequal source interaction.  

The spatial evolution of mass density with respect to the interacting source and with respect 

to the separation distance at 20 µs is shown in Fig. 4.15 (a) - (h). Initiation of the plasma jet-

let formation in the source S1 is observed in Fig. 4.15 (a). This is observed because of the mass 

drag taking place in the PC1 due to the SF2 traversing along –Z direction.  The plasma jet-let 

formation in equal source interaction is not visible at 20 µs (Fig. 4.15 (e)). 

With the separation distance d < 4 mm, interpenetration of the two sources has initiated as 

can be seen in Fig. 4.15 (b-h). Fig. 4.16 (a-h) shows a clear visualization of the variation in the 

PC evolution with respect to varied separation distances at 30 µs. From these images it can be 

clearly seen that the plasma length is decreasing from d = 4mm to d = 0 mm. A clear formation 

of plasma channel and plasma jet-let can be observed at d = 4mm (Fig. 4.15 (a)).   
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Fig. 4. 15 A comparison of mass density evolution at 20 µs in the case of unequal source 
interaction for the separation distance of (a) d= 4 mm, (b) d= 2 mm, (c) d= 1 mm and (d) 
d= 0 mm and in case of equal source interaction for the separation distance of (e) d=4mm 

 

Hence one can confirm that for the considered energy ratios, the two plasma sources generated 

at separation distance of 4mm is found to be more suitable for the generation of the plasma 

jet-lets. The concept of plasma jet-let formation and its underlying physics finds application in 
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a varying range of fields such as laser propulsion systems such as laser thrusters [43] for wave 

drag reduction in a vehicle, localized flow control of blunt bodies [44]. The concept of 

interpenetration of the plasma sources find application in the ignition of combustible mixture 

by determining the fuel to air mixing ratio [45].  

 

Fig. 4. 16 Mass density images at 30 µs for unequal source interaction at (a) d= 4mm, (b) 
2 mm, (c) 1mm, (d) 0 mm and for equal source interaction (e) d= 4 mm, (f) 2 mm, (g) 1 
mm and (h) 0 mm 
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A clear formation of a secondary radial SW at the stagnation layer can be observed for d = 4 

mm, whose strength has decreased for d= 2mm and is not visible in case d= 1 and 0 mm 

respectively. For d = 2 mm, the penetration of the high energy source into the lower energy 

source can be clearly seen in Fig. 4.16 (b). A slight initiation of the plasma jet-let can also 

observed at d = 2 mm. However, in case of d = 1 and 0 mm (Fig. 4.16 (c-d)), the two sources 

have completely overlapped with each other, forming a single plasma source and the plasma 

has shrunk along the laser propagation axis because of their shifting towards the interaction 

zone.  

Fig. 4.16 (e-h) shows the mass density evolution for equal source interaction. Similar to unequal 

sources interaction a plasma jet-let formation is initiated for d = 4 mm (Fig. 4.15(e)). A 

secondary radial SW is observed at the interaction zone. A clear initiation of the plasma jet-let 

from the two sources can be observed for d = 4 mm. However, for d = 2 mm, the interaction 

of the two sources is initiated (Fig. 4.16(f)) and the jet-let is about to form. Similarly, the 

interpenetration of the two sources has been observed for d = 1 and 0 mm respectively. 

However, it is noteworthy that the interpenetration/interaction of the two sources has been 

initiated only after 25 µs, which is not observed up to 20 µs. This is also confirmed from the 

plasma parameters presented in the previous section.  

4.6 Conclusions 

The confinement effects of a laser induced air plasma of nearly equal or higher density source 

on the plasma and shock parameters of a 50 mJ source were studied in detail. The dynamics 

of the interaction process due to the two laser plasma sources of equal and unequal energies, 

generated at different separation distances is studied over a duration of 30 µs. The dynamics 

of shock – plasma and shock – shock interaction have revealed the interpenetration of the 

shock fronts across the stagnation layer/interaction zone. The evolution of mass density and 

pressure at the stagnation layer due to the SF interaction with the plasma core resulted in the 

enhancement of the plasma parameters. The stagnation layer formed in the case of unequal 

sources has allowed propagation of energy across the interaction zone. The transport of the 

stagnation layer is governed by the collisionality parameter and the pressure gradient. In the 

case of unequal energy sources, the relative velocity of the SF along S1 (S2→S1) is more due 

to higher pressure gradient for d = 1 and 2 mm. Hence, a shift of the stagnation layer toward 

S1 is observed, while in the case of equal energy sources, a stationary hard stagnation layer is 

formed. A slight enhancement in plasma parameters for the 50 mJ source is observed because 
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of the interaction of the SF2 with the PC1 in both equal and unequal energy source. At the 

interaction zone the resultant pressure, density and the temperature increase is observed to be 

maximum in the case of d = 1 mm in both equal and unequal source interaction. The ion–ion 

dynamics and conversion of kinetic energy to the thermal energy are observed to be the major 

processes leading to the enhanced parameters at the interaction zone. The numerical 

simulations were validated by the experimental observations via shadowgraphic imaging in 

case of d = 4 mm and were simulated for the remaining separation distances. The pressure 

and temperatures generated at the stagnation layer were increasing with the decrease in the 

separation distance. However, not much variation in the plasma parameters were observed for 

d < 4 mm. A plasma jet-let formation is observed for d =4 mm and unequal source interaction 

and an initiation of plasma jet-let in case of d = 4 mm and equal source interaction over the 

considered time duration. For d < 4 mm the higher energy source is penetrating through the 

source S1 and forming as a single source. However, in case of equal source interaction for d=1 

and 2 mm, the two sources were stagnating over a duration of 20 µs after which the two 

sources were interpenetrating with each other.  
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Chapter -5 

Dynamics of Radially Confined Plasma and Shock 
Waves 

This chapter deals with the evolution of laser induced air plasma confined along the radial 

direction (perpendicular to axial or the laser propagation direction) using a rectangular 

cavity of  different materials (glass, aluminum, copper) whose acoustic impedance is much 

different than the medium where plasma is generated. A detailed study of the effect of 

spatial confinement on laser generated air plasma and shock waves (SW) for different laser 

intensities, confining cavity dimensions and confined material properties were presented. 

The dynamics of the plasma/SW in the confined geometry were quite interesting. The SW 

generated from the plasma expands adiabatically in the free ambient atmosphere, and 

reflects back when a boundary is placed in the expansion zone. The SW reflected from 

rectangular cavity walls interacts with the plasma and compresses the plasma radially 

which is resulting in an interesting changes in the dynamics and the physical parameters 

of the air plasma. Due to the radial compression, the air plasma expansion favor along the 

axial direction. As a result the plasma remain in the cavity for longer time. The exiting 

times of SW from cavity depends on the energy of the incident laser beam and length of 

the confining geometry. The mass density while exiting from the ends of the cavity forms 

a vortex around the corners of the cavity. The underlying physics of the SW reflection, SW 

interaction with the plasma, compressing and squeezing the plasma, exit of SW from the 

cavity ends, formation of cell like structures and formation of vortices that are happening 

within the confining geometry is explained. It is also observed that the compression of the 

air plasma by the SW is leading to a remarkable enhancement in the plasma parameters 

such as plasma temperature (Te) and number density (Ne). Hence, to understand this, a 

detailed study of all the physical processes such as, spatio – temporal evolution of plasma, 

SW, plasma parameters were presented in this chapter. The separation distance between 

the cavity walls is varied as d = 2, 4 and 8 mm for the three cavity materials glass, aluminum 

and copper to study the combined effect of the cavity dimensions and material on the 

plasma parameters. It is observed that the electrical conductivity of the cavity material is 

playing a role in the enhancement of plasma  parameters for separation distance d = 2mm. 
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The enhancement in the plasma parameters is decreasing with the increase in the 

separation distance.  

5.1 Introduction 

The plasma produced in the ambient air expands freely into surrounding atmosphere. If this 

freely expanding plasma is obstructed by placing the walls of the medium, with appropriate 

material properties, then the expansion gets confined locally and the corresponding shock 

wave interacts with the walls of boundaries, reflects back. Depending on the geometry of the 

boundaries, the reflected SW can be made to interact with the plasma. Further, the presence 

of this physical barrier is seen to have its effects on the expansion of the plume and its lifetime 

due to the interaction of the reflected shock wave with the plume. It is expected that the 

reflection of the shock wave, back into the plasma medium, would prolong its effect on the 

plasma/medium and hence the disturbance created by shock wave in medium will last longer 

than what it would have been in the case of freely expanding shock wave. A detailed 

understanding of the effects of forward moving and the reflected shock waves on the lifetime 

of plasma would let us have greater control over the plasma dynamics [1]. Hence, the 

understanding of the propagation of the SW and its interaction with boundary occurring over 

longer times of few tens of microseconds is of considerable interest. A detailed understanding 

of the SW dynamics and plasma evolution gives a holistic view of the SW propagation through 

confined channels.  

A range of studies related to the confinement of the plasma plume and the shock generated 

due to the rapid expansion of the plume have been reported [2-5]. These studies were proven 

to have a wide range of application such as, understanding of the explosions in gas/oil pipes 

[6, 7], flow of the fluids in capillaries i.e., microfluidics [8],  aerodynamics and aero acoustics 

[9, 10]. In fields like aerospace, military, and transportation to mitigate blast or shock impact 

foam materials are placed in the lateral direction [11-15]. Surface cleaning based on the laser-

induced shock wave generation can remove small particles from solid surfaces finds a good 

application in semiconductor industry for cleaning of contamination from the surface of the 

material [16, 17] and also find application in laser induced breakdown spectroscopy (LIBS) 

[18-20]. A numerous work has been done on the spectroscopic diagnostics of confined plasma 

[1, 5, 21-23], where the role of shape of confining geometry such as cylindrical [24-26], 

hemispherical [27, 28], and parallel wall cavity [29-33] were understood. A few studies were 

performed on comparison of plasma evolution with the  target composed of few cavities on a 
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plane target [34]. These studies have provided shock wave evolution, and an enhancement in 

the electron temperature (Te), and number density (Ne). However, a detailed  insight into the 

physical process undergoing inside the cavity such as, interaction of SW with the core plasma, 

multiple SW reflections from the glass walls, squeezing of the plasma core by the SW generated 

after coalescence of primary and secondary reflected SWs were sparsely studied. Also, the 

effect of input laser energy on the SW dynamics and its influence on the enhancement in the 

plasma parameters, effect of separation distance between the cavity walls and material 

properties of the confining geometry were sparsely discussed. Hence, this chapter emphasizes 

mainly on the dimensions of the confining geometry suitable for the chosen incident laser 

energy and determining the material suitable for the confining cavity to increase the longevity 

of the plasma. It is noteworthy that an enhancement in the plasma parameters is such that the 

lifetime of the plasma has increased to 10 µs when compared to that of a freely expanding 

plasma. The details of the simulation domain, initial conditions were discussed in the following 

section.  

5.1.1 Simulation details 

The simulations were performed in a axi-symmetric geometry over a computational domain 

of 6×6 cm with a minimum mesh size of 30×30 µm along laser (Z) and radial (R) directions. 

Fig. 5.1 show the computational domain where two glass plates are placed opposite to each 

other parallel to the laser propagation direction in surrounding ambient air. The ambient air 

conditions are considered at normal temperature and pressure (NTP) with initial mass density 

of 1.3×10-3 g/cm3, temperature of 300 K and pressure of 0.1 MPa. The length of the cavity is 

fixed at 12 mm and the separation distance is varied to be 2, 4 and 8 mm respectively. 

 
Fig. 5. 1 Simulation domain showing the dimensions of the confining geometry considered 
for simulations and focal point where laser energy deposition is taking place. 
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A laser beam is focused to a spot- diameter of 500 µm at the centre of the cavity as shown in 

Fig. 5.1.  The study has been performed for different input laser energies i.e., 50, 200 and 400 

mJ. To focus the laser beam at the required position a small cylindrical domain whose size 

varied from 250×300 µm (radius×length) to 250×900 µm depending on the input laser energy 

is considered.  [35, 36]. The temperature within this cylindrical domain is less than 0.5 eV and 

assumed to be pre – ionized such that the total energy within the volume exceeding the air 

breakdown threshold energy of 5 – 7 mJ.   

5.2 Plasma and SW dynamics in confined geometry  

 The laser  beam of energy 200 mJ is focused at the centre of the confining cavity interacts with 

the air medium at the focal region leading to generation of plasma which expands freely in all 

directions as shown in Fig. 3.7 of earlier chapter[37].  

 
Fig. 5. 2 Comparison of the simulated mass density images of spatio - temporal evolution 
of SW ((a)-(d) & (i)-(j)) inside the glass cavity with experimental shadowgrams [38] ((e)–
(h)) & ((m)-(p)) obtained at different time scales for the input laser energy of 200 mJ. 

The shock wave initially travels with the air plasma and then detaches from the plasma when it 

is completely built and expands freely into the background gas leaving the plasma behind it. Fig. 
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5.2 (a- p) shows the dynamics of the SW generated using 200 mJ plasma source, confined inside 

the cavity of length 12 mm and diameter 8 mm. A comparison of the simulated mass density 

with the experimental shadowgram images is presented at different time scales. It is observed 

that the expanding SW reaches the glass wall at 2.8 µs and starts to reflect back after 3 µs and 

head towards the centre of the cavity (Fig. 5.2 (a, b) & (e, f)). In contrast to this, the primary 

shock wave (PSW) along the laser axis is observed to be expanding unaffectedly as there is no 

obstacle present ahead of it. The tails of the primary reflected SW on either ends were observed 

to be sliding along the length of the cavity as the SW advances. At 4 µs the interaction of the 

reflected SW with the plasma outer region (pre-ionized region) has been initiated. As the 

reflected primary SW (PSW) moves forward, towards the centre of the cavity, the PSW along 

the laser axis is expanding towards the ends of the glass cavity. The interaction of the reflected 

RSW with plasma outer region (POR) is initiated at 3.5 µs which results in the compression of 

the plasma and plasma reheating, this results in the generation of a secondary SW.  At 6.4 µs 

the primary reflected SW is interacting with the plasma core (PC), resulting in the compression 

of the PC as shown in Fig. 5.2 (c) & (g). The secondary SW generated travel towards the glass 

wall and reflects back [38]. The secondary reflected SW is generated at 4.8 µs which also 

progresses towards the centre of PC.   

At 7.2 µs the two radially reflected SWs start coalescing with each other leading to formation 

of a single SW. This is observed to occur almost up to 10 µs. As the two SWs interact with each 

other constructively, the strength of the resultant SW increases that leads to compression of the 

PC. A maximum compression of the plasma is observed during 8 – 9 µs because of the 

compression of the two reflected SW generated from either sides of the glass cavity (-Y & +Y 

directions) as can be observed in Fig. 5.2 (i) & (m). The resultant SW is reaching the centre of 

the SW at 9 µs. After 9 µs, the two SW from either sides (-Y & +Y directions) passes through 

the plasma, and transmit through each other in short duration such that they travel in the 

opposite directions [38] (+Y & -Y directions) with respect to each other. During this 

interpenetration a cell like structure is formed along the –Z & +Z directions expanding towards 

the ends of the cavity [39] as can be seen in the fig. 5.2 (k) & (o) at 20 µs. The cell structure also 

expands towards the –Z and +Z directions which further follows the PSW expanding in the 

free air as can be seen in Fig. 5.2 (l) & (p). A line plot of   pressure and temporal evolution of 

SW is presented in Fig. 5.3 which explains reflection of the PSW, SSW, interaction of the two 

SWs and their combined effect on the PC.  
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At 10 µs, the exit of the PSW is observed from either ends of the cavity. The SW while exiting 

from the cavity curls forming a vortex [39, 40] due to abrupt change in the mass density and 

pressure between plasma/SW and ambient air. This vortex formation has taken place  due to 

the existence of the pressure gradient between  cavity inside and outside regions[40] as can be 

observed at 20 µs. Hence, four vortices were observed at the corners of the cavity. The two 

reflected SWs along –Y & +Y directions interacting at the PC interpenetrate with each other 

and traverse towards the cavity wall of opposite direction.  

5.2.1 Internal dynamics during SW reflection 

A lineplot of pressure is presented in Fig. 5.3 which explains the temporal evolution of SW, 

reflection of the PSW, SSW, interaction of the two SWs and their combined effect on the PC.  

 
Fig. 5. 3 Line plot of plasma pressure along the radial axis showing pressure variation at 
the shock front and plasma core for input energy of 200 mJ 

The pressure of both the primary reflected shock wave (RSW) and the plasma core (PC) before 

interacting with each other (4 µs) were found to be 3.50 × 105 Pa and 1.13 × 105 Pa respectively. 

After the reflection from the walls, the SW heads towards the PC, at 6 µs the SF pressure has 

decreased to 1.60 × 105 Pa whereas the pressure at the PC increases to 1.64× 105 Pa because 

of the compression induced by the advancement of the SW. At 4.8 µs a secondary RSW is 

observed to be launched. The pressure of this secondary RSW at 6 µs is observed to be 2.42 × 

105 Pa which is lower than the primary RSW. An energy transfer between SW and PC has taken 

place during the interaction. The SW with high pressure interacts with the PC and squeezes 

resulting in a raise in the pressure at the PC, and a simultaneous fall in pressure at the shock 

front (SF). At 6.4 µs the pressure at the primary reflected SF and PC has slightly increased to 
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1.66 × 105 Pa and 1.72 × 105 Pa respectively, because of the compression induced by the 

secondary RSW. At 7 µs the secondary RSW approaches closer to the primary RSW with a 

pressure nearly equal to that of the primary RSW i.e., 1.70 × 105 Pa whereas, the pressure at the 

PC has increased to 1.80 × 105 Pa. The primary SW continues to reflect back slightly at 7.2 µs 

the two SWs i.e., primary RSW and the secondary RSW coalesce with each other forming single 

strong SW. This leads to increase in the pressure at the SF to 1.82 × 105 Pa as well as at the PC 

to 1.96 × 105 Pa due to the compression by the coalesced SW. It is also observed that the 

strength at the coalesced SF increasing with time because of the continuous interaction between 

the two counter propagating RSWs. As expected  the resultant SW pressure is observed  to be 

greater than the sum of the pressures at the two RSWs before interaction i.e., greater than 3.40 

× 105 Pa [41, 42]. However, the pressure at the SF has increased to 3.45× 105 Pa at 9.7 µs. The 

two reflected SW from either side reach the centre of the PC hence, at this time PC is 

compressed to the maximum after which the PC has started expand.  During the interaction 

time of RSW with the plasma outer region to the maximum compression time of PC, a raise in 

the electron temperature and number density of the plasma were observed as the plasma is 

compressed during these times. The effect of primary RSW, coalesced strong SW on electron 

temperature and number density of the plasma were presented in detail in sub-section 5.2.2 

5.2.2 Electron Temperature and Electron Number Density 

The temporal evolution of electron temperature (Te) and number density (ne) of the plasma 

starting from the initial laser-matter interaction times up to 20 µs is compared between freely 

expanding and confined plasmas (Fig. 5.4 (a & b)) for input laser energy of 200 mJ .  

 

Fig. 5. 4 Comparison of temporal evolution of (a) electron temperature and (b) number 
density of plasma along radial direction with and without glass confinement for 200 mJ 
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The electron temperature and number density follow a similar trend as that of free expanding 

plasma until the RSW started interacting with the outer region of plasma at 4 µs. Due to this a 

sudden raise in temperature is observed as can be clearly seen from Fig. 5.4 (a). The electron 

temperature in the cavity has increased [2, 43-45] to 1.47 × 104 K which is 1.33 times greater 

than that of free expansion in air (0.75 × 104 K). However, no effect is observed in the electron 

number density. When the RSW is interacting with the PC i.e., at 6.4 µs the electron 

temperature (Te) has further increased to 1.49 × 104 K which is 1.63 times higher than the free 

expansion in air. A raise in number density (Ne) [44] is observed at 6.6 µs. The raise in Ne is 

(3.05 × 1017 /cm3) 1.79 times higher than the freely expanding plasma (1.60 × 1017 /cm3). The 

RSW upon interaction is compressing the plasma, resulting in an increase in the kinetic energy 

of the electrons because of the increased collisions between the electrons and the surrounding 

electrons and ions existing at the plasma. The raised kinetic energy is efficiently converted into 

thermal energy (greater than the statistical error in calculating the temperature i.e., > 2600 K) 

as a result raise in temperature is observed. The pressure at the shock front (SF) is more when 

compared to that existing at the PC as discussed in the above section. The SF is able to advance 

through the plasma because of the pressure gradient existing between the SF and PC. The 

compression of the PC by the coalesced SW (primary RSW and secondary RSW) has resulted 

in the increase of number density because of the increased pressure along radial direction. 

However, after few microseconds as the coalesced SW from –R and +R directions is 

approaching towards R = 0, the compression of the plasma has resulted in the expelling of the 

density along the laser propagation axis resulting in the decrease of the number density along 

Z=0 plane. A schematic of the process taking place during the interaction of the radial SW 

with the PC is shown in Fig. 5.5 for a better understanding of the physical process. This has 

resulted in the formation of the cell structure along the laser propagation axis, which can be 

observed in Fig. 5.2 (l &p). This formation of the cell structure (a secondary wave) is similar 

to the secondary radial SW that is observed in chapter – 4 (Fig. 4.2 (d) & (j)) when two plasma 

sources were interacting along the laser propagation axis. However, as the SW is freely 

expanding along the radial direction in that case a spherical SF is observed. However, in the 

present case, the presence of the cavity walls has resulted in the confinement of the expanding 

SW resulting in the formation of a cell like structure.  
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Fig. 5. 5 A schematic showing the interaction of the reflected radial SW with the PC along 
the Z=0 plane 

After 6.6 µs, the plasma parameters both Te and Ne were decreasing as the plasma is being 

squeezed along the radial direction. As a result more elongation is observed along the laser axis 

(axial direction) which leads to a fall in plasma parameters.  

At 9 µs the two SWs reflected from both ends of the cavity have reached the centre of the PC 

and in due course of time they transmit through each other and travel in the opposite directions 

with respect to each other. During the expansion of these two RSWs the plasma left behind 

the SWs starts to expand leading to a decrease in Te and Ne of the plasma. The plasma at latter 

times undergoes a sequential expansions and contractions due to the expanding and reflecting 

SWs. If the energy of the input laser increases then the strength of the SW increases which 

leads to the generation of a strong RSW and more compression of the plasma and it is expected 

that the enhancement in the plasma parameters will be more pronounced. Hence it would be 

interesting to determine the effect/role of input laser energy on the enhancement in the plasma 

parameters. These details were discussed in the following section. 

5.3 Effect of laser energy on SW and plasma dynamics 

An increase in the input laser energy leads to an increment in the shock velocity [46, 47]  

however, the increment in radius is not as prominent as it is observed along the laser 

propagation direction. This is because of increase in asymmetric expansion of plasma and SW 

along the laser direction with respect to increase in the input laser energy [47, 48]. The strength 

of the SW i.e., velocity, pressure accumulated at the SF, and temperature at the PC also 

increases along the radial direction. Hence, to study the effect of input laser energy on plasma 

and SW dynamics generated inside the confined rectilinear cavity of length (L) 12 mm and 

diameter (D) 8 mm were carried out for three laser energies 50, 200 and 400 mJ, respectively 
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with the spot size of 500 µm and excitation wavelength of 532 nm. Since, the dimensions of 

the cavity is same for all the three energies considered, the SW generated with the higher energy 

reaches the glass boundary early when compared to lower energy case. Fig. 5.6 (a) –(i) shows 

a comparison of evolution of mass density for the sources generated using 50, 200 and 400 

mJ, spatially confined by a cavity of length 12 mm and separation distance d = 8 mm.  

Fig. 5.6 (a) – (i) shows a clear variation of the mass density with respect to the incident laser 

energy at different time scales. Fig. 5.6 (a-c) shows the mass density evolution at 5 µs for the 

three input laser energies 50, 200 and 400 mJ respectively. It can be observed that the 50 mJ 

has just started to interact with the cavity walls (Fig. 5.6 (a)).  Fig. 5.6 (b) shows the mass density 

evolution of a 200 mJ source. It is discussed in the previous sections that the radial SW of the 

200 mJ source is interacting with the cavity wall at 3 µs and reflecting back, interacting with 

the plasma outer region between 3.5 – 6.4 µs. It can be confirmed from Fig. 5.6 (b) that the 

radial SW is interacting with the POR. While the 400 mJ is being compressed by the primary 

RSW as can be seen in Fig. 5.6 (c) and an initiation of a secondary RSW can also be observed.  

 

Fig. 5. 6 Spatial evolution of mass density of the source that is generated using 50, 200 and 
400 mJ at (a) 5, (b) 10 and 20 us respectively when confined in a cavity of L = 12 mm and 
d =8 mm 
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Fig. 5.6 (d) - (f) shows the mass density evolution of the three sources in the confined geometry 

at 10 µs. An initiation of the interaction of the primary RSW and a clear initiation of the 

secondary RSW can be observed in the 50 mJ source (Fig. 5.6 (d)). While, the primary SW 

along the laser propagation axis is expanding unaffectedly. In Fig. 5.6 (e), a maximum 

compression of the 200 mJ plasma source along the radial direction due to the RSW from –R 

and +R directions. While the 400 mJ (Fig. 5.6 (f)) has started to expand along the axial direction 

and relaxation along the radial direction. 

A clear expansion of the plasma along the laser propagation axis due to the compression along 

the radial direction at 20 µs from the three sources can be observed in Fig. 5.6 (g) - (i). It is to 

be observed in the 50 mJ source that the effective expansion of the PC along the laser 

propagation axis is less when compared to that of the higher energy sources 200 and 400 mJ. 

This is observed because of the lower shock strength while interacting with the PC. It can be 

observed in Fig. 5.6 (a) & (d) that the initiation of the reflection of SW from the cavity walls 

(4.5 µs), interaction with the PC at longer time scales by which the pressure, density at the SF 

decreased. Formation of a cell like structure in the 50 mJ source is clearly visible at 20 µs. This 

is observed because of the interpenetration of the radial SWs at the PC and expanding towards 

the opposite direction and also along the laser propagation axis. The mass density while 

expanding and exiting from the cavity forms vortices at the corners of the cavity due to the 

pressure and mass density gradients existing in and outside of the cavity. The formation of the 

vortices can be clearly observed at 20 µs in all the three expanding sources (Fig. 5.6 (g)-(i)). A 

clear explanation of the expansion of the radial SW in all the three energy sources is discussed 

in Fig. 5.7 (a)-(c).  

For convenience, the centre of the PC (or the laser focusing point) is considered as the origin, 

hence the distance from the origin to cavity wall is 4 mm. The generated primary SW travel up 

to the glass wall (4 mm), and reflect back from there and again travel towards the origin. Fig. 

5.7(a) shows the comparison of numerically simulated SW evolution before hitting the wall 

and after reflection from the wall for the input energy of 50 mJ with the experiments. It is 

observed that the freely expanding SW reaches the glass wall at 4.6 µs for 50 mJ, whereas for 

200 mJ at 2.8 µs (Fig. 5.7(b)) and for 400 mJ at 1.8 µs (Fig. 5.7 (c)) respectively, then reflecting 

back after few hundreds of nano-seconds. It is obvious that as the laser energy (intensity) 

decreases, the energy/strength with which the SW hitting the wall and its reflection from the 

wall becomes very less. Hence, the effect of the reflected SW on the plasma is less prominent 
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when compared to that of higher energy sources. Thus, a prominent change in the shock radius 

is not observed with 50 mJ (5.6(a)) after coalescence of primary RSW and secondary RSW 

compared to that of 200 and 400 mJ cases.   

 

Fig. 5. 7 Temporal variation of shock radius in the radial direction for (a) 50, (b) 200 and 
(c) 400 mJ respectively within a confining cavity of length 12 mm and diameter 8 mm 
(Vertical line indicates the time of SW interacting with the glass boundary) 

Fig. 5.7(b) compares the SW evolution for 200 mJ. It is clearly visible that the SW reaching the 

glass wall at 2.8 µs, interacts with glass wall for some time, reflecting back after 3 µs and 

expanding towards the centre of the PC where a smooth fall in radius is observed up to 7.2 µs. 

  At times between 7.2 - 7.8 µs, a raise in the shock radius is observed which means that the 

SW has reflected back by 0.5 mm after which a fall in shock radius observed. This is observed 

because of high pressure, energy that were created at the PC due to compression. At later time 

scale, a secondary RSW is interacting with the primary RSW. The two reflected SWs were 
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coalescing with each other resulting in the increase in the strength of the RSW (explained in 

Fig. 5.3). Thus the reflected and coalesced SW (RSW) is compressing the plasma and reaching 

the centre of the PC at 9 µs.  

A similar phenomenon is also observed in the case of 400 mJ as shown in Fig. 5.6 (c).The 

freely expanding primary SW is reaching the wall by 1.8 µs, interacting with the wall and a 

strong RSW is observed after 2.4 µs. The primary RSW which is expanding towards the centre 

of the PC is slightly reflected back by 1 mm between 5.6 – 7 µs and reached the centre of the 

PC by 7 µs due to combined effect of primary and secondary RSWs. Hence, it is clearly 

understood that the SW is reaching the centre of the PC by 14, 9, 7 µs for 50, 200 and 400 mJ 

respectively. A temporal evolution study of plasma parameters clearly explains the effect of 

input laser energy on the enhancement which is explained in the following sub-section5.3.1 

5.3.1 Electron temperature and number density 

 The temporal evolution of plasma temperature and number density with respect to input laser 

energy is presented in Fig. 5.8 (a-c) and Fig. 5.8 (d-f), respectively. The evolution of the plasma 

parameters in the confined geometry is similar to that in the unconfined geometry till the RSW 

interacts with the plasma/PC.  

In Fig. 5.8 (a) for 50 mJ the primary RSW is interacting with plasma at 6 µs so, maximum raise 

in temperature from 5426 K to 7000 K is observed which is 1.29 times higher than the 

unconfined geometry. Due to cooling of the rapidly expanding plasma, its temperature dropped 

down below 1 eV (11605 K). Hence, the plasma can now be treated as a hot air (as there are 

very small fraction of ionized species available) which is consisting of dissociated molecular 

species existing in the excited states [35, 48-50]. A maximum raise in temperature is also 

observed at 14 µs due to the SFs from either side of the plasma were reaching the center of the 

PC (maximum squeezing of the hot air) is observed. The enhancement in the plasma 

temperature is 1.25 times when compared to unconfined geometry. In line with the 

temperature, a similar trend is also observed in number density however, a maximum 

enhancement of 3.35 is observed at 12 µs as can be seen in Fig. 5.8 (d). It is to be noted that 

the increase in the temperature is initiated at 3.5 µs, whereas the increase in the number density 

is observed after 5 µs. It is a known fact that the increase in temperature leads to an increase in 

the generation of number of free electrons. Hence, a time lag is observed between the increase 

in the temperature and number density. It is observed that the secondary RSW coalesce with 
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the primary RSW at 12.8 µs and combined SW compressing the hot air. Later on after 14 µs, 

the two SWs from either side of plasma are transmitted through each other due to which the 

plasma is splitting along the radial direction and expanding along the axial direction. This is 

leading to a sudden decrease in the number density along radial direction. A decrement in 

electron temperature is observed after 16 µs for 50 mJ, 12 µs for 200 mJ and 15 µs for 400 mJ 

because of the free expansion of the hot air with the expanding RSWs.  

 

Fig. 5. 8 Temporal evolution of electron temperature (a-c) and number density (d-f) for 
input laser energies of 50, 200 and 400 mJ 
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In Fig. 5.8 (c & f) for 400 mJ, because of increase in the laser energy absorption, the SW strength 

increases, hence quickly reaches the glass wall by 1.8 µs. A strong SW is observed after reflection 

at 2.4 µs. The RSW is interacting with plasma at 3 µs after which maximum raise in temperature 

of 2.3×104 is observed at 5 µs (Fig. 5.8(c)) which is 1.91 times higher than freely expanding 

plasma. This is observed when the primary RSW is interacting with the PC. At 7 µs a maximum 

squeezing occurs as the two SWs from either side of the plasma reaching the centre of the PC. 

Similarly, a maximum enhancement of 1.92 is observed in the number density as can be seen in 

Fig. 5.8 (f). 

The maximum enhancement factor of Te is observed to be 1.16, 1.66 and 1.91 for the laser 

energies of 50, 200 and 400 mJ, respectively at 14, 10 and 5 µs from t=0. The time of maximum 

squeezing point is delayed for lower energy compared to higher energy SW evolution because 

of low initial velocity. However, the enhancement in number density is observed to decrease 

with the increasing laser energy. A slight increase in the enhancement in the number density 

from 200 mJ to 400 mJ is observed. However, the variation in the enhancement is under the 

calculated statistical error. A similar trend is proposed by Hayat et. al [44] where lateral 

confinement of laser ablative plasma from a Magnesium target is presented for different 

fluences and by Atiqa et. al. [51] where magnetic confinement of the laser ablative plasma from 

a graphite target is discussed.  

As discussed earlier, the increase in the input laser energy leads to an increment in the pressure 

of the SW. However, the increment in shock pressure along radial direction is not much 

significant when compared to that obtained along the axial direction. This is due to most of the 

laser energy deposition taking place along the laser propagation axis (mostly in the direction 

opposite to the laser propagation direction), which leads to an asymmetric expansion of plasma 

and SW. By the time of the SW interaction with the PC is initiated, the pressure at the PC almost 

reaches the ambient atmospheric pressure. Hence, a slight compression by SW is leading to a 

maximum enhancement in number density. The pressure gradient between the reflected SW 

and PC in case of 200 mJ is not much prominent and hence enhancement in the number density 

due to SW compression is small when compared to 50 mJ.  The density gradient between the 

PC and SW is high during the time of interaction. This happens because of the interaction 

during the early time scales, which has led to an effective enhancement in the number density.  
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Table. 5.1 Variation of enhancement factor in electron temperature (Te) and number 

density (Ne) showing the time at which the maximum enhancement in the parameter is 

taking place 

Input Laser Energy 
(mJ) 

Time 
(μs) 

Enhancement 
Factor in Te 

    Time 
     (μs) 

Enhancement 
Factor in Ne 

50 13 1.16 14 3.60 

200 10 1.66 10 1.77 
400 10 1.91 9 1.92 

 

This concludes that a maximum enhancement in the temperature is observed with increasing 

energy. Table 5.1 gives an over view of the variation of enhancement factor in plasma 

temperature (Te) and number density (Ne), for energies 50, 200 and 400 mJ, respectively with 

respect to the evolution in unconfined medium.  

It is a known fact that the pressure and density across the SF are high during the initial time 

scales (up to 1 µs) [52, 53]. If the diameter is reduced keeping the energy fixed, then the SW 

reaches the glass wall earlier and a more strong reflection is expected leading to a more 

enhancement in the electron temperature. Hence, the effect of separation distance between the 

walls of the confining geometry is discussed in the following section. 

5.4 Effect of separation distance and material of confining 

geometry on SW and plasma dynamics 

To study the effect of the cavity dimensions on the plasma parameters, the separation distance 

between the cavity walls is varied over d= 2, 4 and 8 mm respectively and the cavity material is 

also changed for all the separation distances. The cavity materials chosen were glass, aluminum 

and copper. The equation of state (EoS) of the three materials (glass. Aluminum and copper) 

were generated by Sai Shiva et. al. [54] by making the necessary changes to the IONMIX code 

by Mac Farlane et.al [55]. Hence a combined effect of the separation distance, “d” and the cavity 

material is studied in the present section. Fig. 5.9 (a) - (i) shows a comparison of the spatial 

variation of electron temperature with respect to confining cavity dimensions and cavity 

material at 0.2 µs for the input laser energy of 200 mJ. 
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Fig. 5. 9 Comparison of the spatial variation of the electron temperature confined using (a 
-c) glass cavity, (d -f) aluminum cavity and (g -i) copper cavity with separation distances 
d = 2, 4 and 8 mm respectively at 0.2 µs for the input laser energy of 200 mJ. 

For separation distance d = 2 mm, it can be observed from Fig. 5.9 (a), (d) and (g) the 

interaction of the plasma with the cavity walls is initiated in all the three cavities (glass, 

aluminum and copper). It is to be noted that the plasma is interacting with the cavity, but not 

the SW. Hence, it is to be noted that the plasma with number of free electrons is interacting 

with the cavity wall. Hence, the electrical conductivity of the cavity material plays a role in the 

enhancement in the plasma parameters. However, since the interaction of the plasma with the 

cavity walls is just initiated, the plasma temperature is almost the same i.e., 6.8 × 104 K, for all 

the three cavities (glass, aluminum and copper). 

For the separation distance d = 4 mm (Fig. 5.9 (b), (e) and (h)) the plasma is still approaching 

the cavity walls. While for d = 8 mm (Fig. 5.9 (c), (f) and (i)), the plasma is still far away from 

the cavity walls. Hence, the evolution of the plasma is still unaffected by the presence of the 

cavity. Hence, the temperature existing at the plasma and its expansion is similar to a 200 mJ 

plasma source freely expanding in ambient gas. The spatial variation of the electron 

temperature for the three separation distances d = 2, 4 and 8 mm inside the three cavities at 1 

µs is shown in Fig. 5.10 (a) - (i).   
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Fig. 5. 10 Comparison of the spatial variation of the electron temperature confined using 
(a -c) glass cavity, (d -f) aluminum cavity and (g -i) copper cavity with separation distances 
d = 2, 4 and 8 mm respectively at 1 µs for the input laser energy of 200 mJ. 

For the separation distance d = 2 mm, the interaction of the plasma with the cavity is initiated 

at 0.2 µs. The plasma outer region (POR) is reflecting from the cavity walls towards the PC. 

The reflected POR is interacting with the PC and compressing the PC. The compression of 

the PC along the radial direction has resulted in the expansion of the PC along the laser 

propagation axis. The expanding plasma is sliding along the cavity walls as can be seen in Fig. 

5.10 (a), (d) and (g).  

However, for the separation distance d = 4 mm, the POR has just started to reflect from the 

cavity walls Hence, no much variation in the plasma temperature is observed. However, the 

peak temperature existing at the PC is slightly less when compared to that existing at the PC 

for d = 2 mm (~ 3.95 × 104 – 4.0 × 104 K for d = 2 mm and 3.55 × 104 K for d = 4 mm). 

The variation is greater than the statistical error in determining the temperature (0.27 × 104 K, 

discussed (Fig. 5.10 (b), (e) and (h)) in Chapter-2).  

Fig. 5.10 (c), (f) and (i) shows that the plasma is still approaching the cavity walls, hence not 

effected by the presence of the cavity of any material. The plasma is still expanding freely. The 

peak temperature existing at the PC is 3.45 × 104 K which is less than that existing at the PC 
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for d = 2 mm. Fig. 5.11 (a) - (i) shows the spatial variation of the electron temperature at 5 µs, 

with respect to the separation distance d = 2, 4 and 8 respectively and confining material glass, 

aluminium and copper respectively, for the input laser energy of 200 mJ.  

 

Fig. 5. 11 Comparison of the spatial variation of the electron temperature confined using 
(a -c) glass cavity, (d -f) aluminum cavity and (g -i) copper cavity with separation distances 
d = 2, 4 and 8 mm respectively at 5 µs for the input laser energy of 200 mJ. 

From Fig. 5.11 (a) it can be observed that the plasma in the glass cavity is expanding more 

along the laser propagation axis with a minimum temperature existing at Z = 0 plane (refer to 

Fig. 5.5) i.e., a maximum compression of the PC is taking place at Z = 0 plane. The plasma is 

sliding along the tube boundary and the plasma with high temperature is about to exit from 

the cavity. However, in the aluminium cavity (Fig. 5.11 (d)) though a maximum compression 

of the PC is taking place, the sliding of the plasma along the laser propagation axis is less when 

compared to that of a glass cavity. And the plasma outer region (POR) is about to exit from 

the cavity, while the high temperature PC is still at the centre of the cavity.  While, the plasma 

inside the copper cavity (Fig. 5.11 (g)), the compression of the plasma is still taking place. The 

peak temperature PC is existing at the centre of the cavity i.e., at Z = 0 plane. A similar trend 

is observed for the separation distance d = 4 mm for the three cavity materials (glass, 

aluminium and copper). As can be seen in Fig. 5.11 (b) & (e), the plasma with high temperature 
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region is about to exit from the cavity along +Z direction, while the PC is at the centre of the 

cavity at Z=0 plane for the copper cavity (Fig. 5.10 (h)). The POR is sliding over the cavity 

walls and is about to exit from the copper cavity. A detailed study of the temporal variation of 

the plasma temperature along Z = 0 plane is presented in Fig. 5.12 (a) - (i) for all the three 

cavity materials glass, aluminium and copper with separation distances d = 2, 4 and 8 mm 

respectively for the input laser energy of 200 mJ.  

  

Fig. 5. 12 Variation of electron temperature along the radial direction for the separation 
distances (a) d= 2mm (b) 4 mm, (c) 8 mm and the electron number densities for (d) 
d=2mm, (e) 4 mm and (f) 8 mm with materials of cavity glass, aluminium and copper for 
the input laser energy of 200 mJ. 

It is observed that for d=2 mm (Fig. 5.12 (a), (d) and (g)) that the reflection of the SW from the 

cavity walls along the radial direction is taking place at 0.2 µs. By this time (0.2 µs), the SW has 

not detached from the plasma, hence, it can be understood both the SW and the plasma outer 

region were interacting with the cavity and reflecting back towards the PC.  A raise in electron 

temperature is observed because of the reflection of the plasma outer region. A maximum raise 

of temperature of (3.847 × 104 K) is observed in the aluminium cavity at 0.8 µs (Fig. 5.12 (d)) 



Dynamics of Radially Confined Plasma and Shock Waves 

 
117 

when compared to that in a glass (Fig. 5.12 (a)) and copper cavities (Fig. 5.12 (g)). However, the 

plasma is observed to be sliding through the glass and aluminium cavities and exiting from the 

cavity before 10 µs. Hence, a decrease in radial temperature at the point from which the 

reflection of the plasma outer region (POR) has taken place is observed after 3 µs. However, 

the plasma has sustained in the copper cavity over a longer time, but the temperature at the 

contact point has decreased. 

Fig. 5.12 (b), (e) and (h)  represents the electron temperature evolution in the cavities for 

separation distance of 4 mm, which is nearly equal to the plasma size along the radial direction 

[38]. The reflection from the cavity walls is taking place at 0.6 µs. The reflection from glass 

cavity (Fig. 5.12 (b)) is showing a pronounced enhancement at 1 µs after which the electron 

temperature evolution in all the three cavities were similar. It can be understood that for the 

separation distance equal to plasma length, the enhancement in the plasma parameters were 

independent of the material chosen (The obtained enhancement in temperature were below the 

statistical error determined in Chapter -2).  A similar trend is also observed for the separation 

distance of 8 mm (Fig. 5.12 (c), (f) and (i)) where the plasma is allowed to completely expand 

and the SW is about to detach from the plasma. Hence, it is the reflection of the SW that is 

taking place for d = 8 mm, which is interacting with the plasma and leading to a pronounced 

enhancement in the plasma parameters.  A maximum enhancement of 1.66, 1.62 and 1.62 is 

observed in the glass, aluminium and copper cavities respectively at 7, 7 and 6 µs respectively. 

The enhancement observed in electron temperature in all the three cavities is almost the same 

(in the range of statistical error). Fig. 5.13 (a) - (i) shows the temporal variation of the electron 

number density with respect to the dimensions of the cavity and cavity material.  

In the case of the separation distance d = 2 mm, it is to be noted that the plasma with higher 

number density in the outer region (of the order 1018/cm3) is interacting with the cavity walls 

at 0.2 µs. It is a known fact that the absorption or reflection of a radiant energy by a material 

depends on the electrical conductivity of the interacting material [56]. Hence, the electrical 

conductivity of the cavity material plays a major role in the enhancement in the number density 

of the plasma.  

Since, the electrical conductivity of glass and aluminum were less hence, the plasma is just 

interacting with the cavity and reflecting back towards the PC. The net effect on the cavity 

material is negligible. However, the reflected plasma is compressing the PC resulting in a 

pronounced enhancement in the number density at the PC. Since, the number density at the 
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POR is high i.e., of the order of 1018 /cm3. A maximum enhancement of 13.8 is observed in 

the number density in the glass cavity at 4 µs, while that in case of aluminium cavity is observed 

to be 7.3 at 4 µs. 

 

Fig. 5. 13 Variation of electron number density along the radial direction for the separation 
distances (a) d= 2mm (b) 4 mm, (c) 8 mm and the electron number densities for (d) 
d=2mm, (e) 4 mm and (f) 8 mm with materials of cavity glass, aluminum and copper for 
the input laser energy of 200 mJ. 

However, when the plasma is interacting with the copper wall, a fractional ionization at the 

contact point of the plasma is taking place. The raise in the electron number density is observed 

from the time of reflection and while interacting with the PC. The order of the increased 

number density at the PC along Z=0 has reached nearly of the order of 1020 /cm3 which is very 

high for a plasma generated from air. The  pressure existing at the plasma front after reflection 

from glass, aluminium and copper cavities and before interaction with the PC were found to be 

4.8, 5.4 and 6 MPa, respectively. While, the pressure existing at the PC is 3.19 MPa. Because of 

the pressure gradient existing between the plasma front and the PC, an effective compression 

of the PC is taking place resulting in an effective increment in the number density. Similarly, 
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the enhancement in number density for d=4 mm is slightly less than that observed for d = 2 

mm, because of the delay in the reflection. This has led to the decrease in the pressure at the 

plasma front. The enhancement in the number densities were observed to be decreasing with 

the increase in the separation distance. 

Fig. 5.13 (c), (f) and (i) shows the temporal evolution of the electron number density, for the 

separation distance of d = 8 mm. It is to be observed that the temporal evolution of the number 

density till 4 µs is similar to the number density evolution in the unconfined plasma. However, 

after 4 µs, the number density has increased and reached the maximum enhancement at 7, 8 

and 8 µs in the glass, aluminum and copper cavities respectively. In all the three cavities, the 

enhancement in the number density has decreased with the increase in separation distance. For 

d = 8 mm, the SW has detached from the plasma by the time of interaction with the cavity. 

Hence, the interaction is taking place between the SF and the cavity wall. However, for d =2 

and 4 mm the interaction is taking place between the plasma and the cavity wall. Since, the 

interaction is taking place at the early time scales for d =2 and 4 mm, the number density at the 

POR is high, the enhancement in the plasma parameters is pronounced for lower separation 

distances. However, for d = 8 mm, the SF with number density of the order 1017 /cm3 is 

interacting with PC resulting in a less enhancement in plasma parameters. 

 The enhancement in the temperature and number densities with respect to separation distance 

and the material of cavity were summarized in table 5.2.  

Table 5. 2 A summary of the enhancement factor in the plasma parameters with respect to 
the separation distance between the walls and material of the cavity 

Material Diameter 
d (mm) 

Time of 
maximum 

enhancement  
(µs) 

Enhancement 
in electron 

temperature   

Time of 
maximum 

enhancement 
(µs) 

Enhancement in 
electron number 

density  

Glass 2 0.8 1.46 4 13.8 
4 1.0 1.61 20 5.65 
8 7 1.66 7 2.22 

Aluminum 2 0.5 1.77 4 7.31 
4 5 1.36 20 7.93 
8 7 1.62 8 3.11 

Copper 2 2 1.47 7 8. 0 
4 4 1.32 19 3.64 
8 6 1.62 8 3.26 

 

From table 5.2 it is to be observed that for the separation distance of 2 mm, the maximum 

enhancement in the plasma number density is observed for glass, while that in case of d = 4 
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mm, aluminium is showing a maximum enhancement, and that in case of d = 8 mm, Cu is 

showing a maximum enhancement. Studying the thermodynamic variables (pressure, 

temperature, energy and shock velocity) just before and after reflection of the PSW at the cavity 

wall, it is understood that the electrical conductivity of the material is playing a role on the 

amount of enhancement in the plasma parameters with respect to the separation distance. 

Hence, the three cases, where separation distance (d) is less than the radial plasma length (d = 

2 mm), nearly equal to plasma length (d = 4 mm) and greater the plasma length (d = 8 mm) 

were studied. Among the three dimensions, d = 2 and 4 mm were showing a pronounced 

enhancement in plasma parameters. However, in case of d=2 mm, since the plasma reflection 

is taking place at early timescales, a fractional ionization of the cavity material is taking place 

and the plasma is exiting from the cavity. Hence, d= 2 mm is not suitable for effective 

confinement of the laser plasma. Where, d=8 mm can be chosen as the suitable separation 

distance for effectively increasing the lifetime of plasma. A brief discussion on the effect of 

electrical conductivity of the confining material in case of d = 2 mm is given in the following 

section.  

5.5 Plasma interaction with cavity material (d = 2 mm) 

It is presented in the section 5.4 that the electrical conductivity of the cavity material is playing 

a role in the enhancement of the electron number density for the separation distance d =2 mm. 

It is observed that a fractional ionization of the cavity is taking place due to the interaction of 

the plasma with the cavity. Fig. 5.14 shows a confirmation that, fractional ionization of the 

copper cavity is taking place during the plasma interaction.  

 

Fig. 5. 14 Average electron number density at region just before the contact point of the 
plasma with the cavity wall (glass, aluminium and copper) along the radial direction for 
the input laser energy of 200 mJ 
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Temporal evolution of the electron number density at the region just before the contact of 

plasma with the cavity wall for the input laser energy 200 mJ for the three cavity material (glass, 

aluminium and copper) can be seen in Fig 5.14. It can be observed that the number density 

during the time of interaction and reflection (0.2 µs) is almost the same for the three cavity 

materials. However after 2 µs, the number density at the glass and aluminium walls has 

decreased. This is observed because of the reflected POR traversing towards the POR. A slight 

raise in the number density of glass and aluminium plasma is observed after 3 µs. This is 

observed because of the POR retracing back after interaction with the PC. This confirms that 

multiple reflections of POR is taking place between the cavity wall and PC. However, as 

observed in Fig. 5.13 at 10 µs the plasma is exiting from the glass and aluminium cavity. Hence, 

a decrease in the number density is observed. However, in the case of copper cavity, the plasma 

is sustaining inside the cavity, due to the multiple reflections taking place inside the cavity a 

fractional ionization of the cavity is taking place leading to a pronounced increment in the 

number density. Hence, a copper cavity of d = 2 mm is not suitable for effective confinement 

of laser plasma.  

5.6 Conclusion 

The effect of radial confinement of laser generated air plasma using a cavity is studied in detail. 

The internal dynamics taking place during the interaction of reflected plasma/SW with the 

plasma core is studied in detail.  It is observed that the RSW while interacting with the PC along 

the radial direction is leading to an increase in the plasma temperature and number density 

because of the compression of the RSW. This is observed because of the increase in the 

collisions between the electrons and the surrounding electrons and ions, leading to increase in 

the kinetic energy. The increased kinetic energy is converted into thermal energy. An 

optimization study on the dimensions of the cavity, input laser energy and cavity material 

suitable in designing a millimetre size shock tube is performed. It is observed that 8 mm 

separation distance between the cavity walls is suitable for any material chosen for cavity. 

However, for d=4mm, aluminium and copper were showing a maximum increment in the 

plasma parameters and d=2mm is not suitable for any material chosen as the plasma is directly 

interacting with the cavities, a fractional ionization of the cavity material is taking place which 

is multiplying because of the confinement effects. Moreover, the plasma is exiting from the 

cavity at timescales less than 10 µs which is not suitable for increasing the longevity of the 

plasma.  
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Chapter-6 

Laser Irradiated Aluminum foil: ablation and blow-
off shock waves 

A preliminary study of generation of the laser ablative plasma and SW from a 20 µm thick 

aluminum foil is studied under different ambient pressures. The ambient pressure is 

varied between 0.1 -1 atm in presence of ambient air and helium (He) gas. The strength of 

the ablative SW is observed to be increasing with the increase in the ambient pressure. 

The expansion of the SW is more in the low ambient pressure, while it is spatially confined 

under high ambient pressures.  This has led to the increase in the electron temperature 

(Te) and number density (Ne) of the plasma, and the pressure at the shock front (SF) in 

both the ablation (from front surface) and blow-off regimes (rear side of the target). On 

comparing the expansion dynamics in presence of air and He, the plasma and SW 

parameters are low in presence of He, at all the considered ambient pressures. Though 

the strength of the SF in the blow-off regime is increasing with increasing pressure and 

changing the ambient gas (from He to air), flyer ejection is not observed in the blow-off 

regime. To enhance the strength of the blow-off SW, the ablative plasma generated in 

presence of air medium at 1 atm background pressure is spatially confined using a glass 

substrate (SiO2) of thickness 1.8 mm the front end of Al foil of 20 µm thickness is stuck to 

the glass substrate. A laser beam of energy 50 mJ is focused at the Al - glass interface and 

the ablative plasma and SW were confined along the laser propagation axis. It is observed 

that a blow-off SW of maximum density 1.0 gm/cm3 is launched into air at 0.1 µs.  The 

density of the blow-off SW generated in the confined geometry (confined axially along 

laser propagation axis) is much higher than that generated without confinement (bare Al 

foil). Plasma ejection is not observed in the case of unconfined geometry, however, plasma 

ejection and expansion is observed in the case of confined geometry.  The blow-off shock 

velocities were compared with the experimental results. To verify the strength of the blow-

off plasma and SW, a cavity (in a two dimensional view two walls with separation distance 

‘d’) is introduced at the rear side of the Al foil. The cavity confines the plasma and SW 

along radial direction. The confining cavity dimensions considered were d = 2 mm, and 

length L= 7 mm. However, no effective change in the blow-off shock pressures is observed 

because of the dimensions of the cavity considered. 
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6.1 Introduction 

The process of removal of material from a target surface is known as the laser ablation (LA). 

The ejection of material/particles from a target surface and their interaction with the 

background gas is receiving much interest due to its application in high temperature 

superconductor film growth and deposition [1]. The process of generation and expansion of 

plasma can be classified into three stages: 1) interaction of the laser beam with the target 

material and formation of plasma, 2) interaction of the laser beam with the material evaporated 

from the target material, isothermal expansion of the plasma and 3) adiabatic expansion of the 

plasma and shock wave into the background gas. In the first stage when the laser beam is 

incident on the target surface, a part of the incident radiation is reflected while the remaining 

part is absorbed by the target surface. The fraction of radiation reflected or absorbed depends 

on the target material properties and energy of the incident laser beam.  

The incident optical energy interacts with the medium such that atoms in the target material 

are excited to the higher energy states, further the electrons in the corresponding atoms 

become free leading to the ionization of the atom. During the initial times of laser-matter 

interaction the electron density will be very small compared to the neutral atom densities. The 

free electrons present in the metals are more likely to absorb the incoming laser photons during 

the free – free transitions in collisions with neutral atoms. Hence, the electron – ion collisions 

play a dominant role in the absorption mechanism [2, 3]. The dominant absorption 

mechanisms taking place are the inverse bremsstrahlung mechanism (IB) and photoionization 

(PI) [4, 5] which depends on the pulse duration. The number of atoms ionizing increases with 

the increase in the absorption of the laser energy leading to a rapid growth in the free electron 

number density and electron temperatures [6, 7] leading to formation of plasma. The material 

removed from the hot target is further heated by the absorption of the laser radiation. During 

this process, the specific internal energy and pressure of the medium increases rapidly.  

The optical breakdown threshold laser intensity of most of the solids is ~107 W/cm2. At very 

low intensities (~ 104 W/cm2) the material undergoes heating without ablation or formation 

of plasma. However, at intensities ranging between 104 – 107 W/cm2, the material vaporizes 

and leads to surface melting.  Further increase in the intensity of the input laser beam to greater 

than 108 W/cm2 results in heating, melting and evaporation and finally to breakdown of the 

matter and formation of plasma [4, 8].  
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The material ablated from the focal volume is accumulated at the plasma front expanding in 

the ambient atmosphere, forming a thin dense layer called as the shock front. The 

accumulation of mass continues until the SW is completely built. The SW at later times 

detaches from the plasma and expands adiabatically into the background gas. The ablative SW 

expanding into ambient atmosphere launches a compression wave on to the material due to 

momentum conservation. The launched SW travels through the material medium. Depending 

on the thickness of the target material, target properties and intensity of the incident beam, the 

SW reaches the rear end of the target and in few cases may lead to a blow-off of material from 

the rear end of the target. The interaction of sufficiently intense ns laser pulse with thin foil 

target induces the material blow-off (plasma) or ejection of flyer from the rear side of target 

[9-11].  

Most prominent applications of laser produced plasma (LPP) and laser ablation (LA) are 

pulsed laser deposition [12], nanoparticle synthesis and cluster formation [13-15], laser 

surgery[16], LA inductively coupled plasma mass spectrometry (LA-ICP-MS) [17], laser 

induced breakdown spectrometry (LIBS) to mention a few. A numerous work has been done 

on the study of LA and generation of SW from bulk targets. However, the study of ablation 

and blow-off from thin metal foil were limited.  

Spatial confinement of the ablative plasma/SW leads to an increase in the strength of the blow-

off SW. A wide range of studies have been performed in spatially confining the plasma by 

changing the background pressure [18-22], back ground gas species (He, N, O2, Ar, air) [13, 

23-28], overlaying transparent material on the target [11, 29-31]. Spatial confinement of 

ablative plasma /SW is useful in the study of material behavior under shock compression [32-

35], generation of EOS [36, 37], thrust generation for propulsion [38].  

In the present chapter an initial simulative study of the effect of the spatial confinement of 

ablative and blow-off plasma and shock wave is studied under four different methods. 

1. Effect of background gas pressure (varied between 0.1 – 1 atm) on the expansion 

dynamics of SW 

2. Effect of background gas (air and He) species with respect to the varying background 

pressure, to explicitly understand the role of the ambient gas on plasma and SW 

dynamics 

3. Spatial confinement of ablative plasma and SW using a glass substrate and 
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4. Spatial confinement of blow-off SW using a glass cavity. 

6.2 Laser ablation from a thin foil  

The expansion dynamics of plasma and SW from Al foil in presence of ambient air under 

normal temperature and pressure (NTP) conditions were presented in this section. A laser 

beam of energy 50 mJ, spot size of 500 µm, pulse duration of 10 ns is focused onto the thin 

metal aluminum (Al) foil of thickness 20 µm. The density of Al is considered to be 2.7 g/cm3, 

while that of air is 1.3 × 10-3 g/cm3. Fig. 6.1 shows the schematic of the computational domain 

in Z×R geometry.  

 
Fig. 6. 1 Schematic showing the simulation domain where the laser beam is focussed onto 
the front surface of aluminium foil 

Laser energy deposition, generation of plasma and SW were studied by solving the three 

hydrodynamic equations (1.1-1.3). The model considers the ideal gas equation of state (EoS) 

for air medium and tabulated IONMIX EOS is used for the Al foil to close the system of 

equations (1.1-1.3). The main absorption mechanism considered were inverse bremsstrahlung 

[39][40, 41].  

6.2.1 Spatio - temporal evolution of plasma and shock wave 

parameters 

Laser beam of sufficient intensity is focused onto the target surface results in melting and rapid 

evaporation of the target material leading to formation of plasma. The plasma plume is 

generated after breakdown of the target [20]. The plasma plume thus formed absorbs the 

incoming laser energy resulting in a raise in temperature and internal energy of the plasma. At 

the end of the laser pulse, the plume consisting of the high internal energy, and ablated material, 

expands freely in hemispherical shape in the laser propagation axis with high velocity 
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compressing the background gas ahead of it. When the intensity of the incident radiation is 

much higher (> 2.7 GW/cm2) [20, 42], a large amount of energy is delivered both to the target 

surface and to the plume resulting in an increase in the material evaporation rate and quantity 

of ablated material. However, in case of lower intensity of incident radiation, the ablated plume 

has less energy hence the plasma expansion limit is reached much closer to the target surface. 

In such case the radial expansion appears to be more prominent when compared to that along 

the laser propagation axis. The spatial evolution of electron temperature and pressure 

generated from the 20 µm thick aluminium foil using a laser beam of intensity 2.5 GW/cm2 

with back ground pressure of 1 atmospheric pressure (0.1 MPa) were presented in Fig. 6.2 (a) 

– (f).  

 
Fig. 6. 2 Spatial evolution of (a) – (b) electron temperature showing the plasma core (PC), 
shock front (SF) and contact front (CF) and (c) – (d) pressure at 10 and 20 ns respectively 
for the input laser energy of 50 mJ 



Laser Irradiated Aluminum foil: ablation and blow-off shock waves 

 
130 

Fig. 6.2 (a) - (b) shows the evolution of the electron temperature while fig. 6. 2 (c) - (d) shows 

the evolution of pressure at the early time scales of 10 and 20 ns respectively. The plasma 

formed during the leading edge of the input laser can be observed in fig. 6.2 (a). The maximum 

temperature of the plasma is observed to be 4.27 × 105 K at 10 ns, which decreases later on  

because of the expansion of the plasma into the ambient atmosphere. The plasma formed by 

10 ns (FWHM) interacts with the trailing edge of the laser beam, absorbs the energy and 

expands in the direction opposite to laser beam. The plasma thus generated consists of three 

main regions: (i) plasma core region where very high temperatures (of the order of 105 K) 

exists where number of collisions take place between the electrons and ions, (ii) absorption 

front and (iii) shock front with higher density, pressure due to the accumulation of the material 

ablated from the focal volume The expansion of the plasma is clearly observed as shown by 

electron temperature at 20 (fig 6.2 (b)). 

Plasma core (PC) is the region predominantly containing heated and ionized ablated matter. 

The temperature at the PC is very high due to the continuous collisions between the electrons 

and ions. The edges of the PC corresponds to the ablated matter and air interface forming a 

thin layer called as the shock front (SF). Across the shock front, the ambient gas gets heated 

and ionized forming new thin plasma layer capable of absorbing laser radiation called as the 

absorption front.  

The pressure at the SF is less than the pressure existing at the target – air interface at 10 ns as 

can be seen in Fig. 6.2 (c). The maximum pressure at the SF is found to be 0.28 GPa at 10 ns, 

which later decreases due to rapid adiabatic expansion of the SW. As the time advances the 

internal pressure of the plasma is decreases and becomes high across the SF. This can be 

visualized in fig. 6.2 (d). The spatio - temporal evolution of the SW in the ablative and blow-

off regimes generated using 50 mJ is shown in Fig. 6.3 

Fig. 6.3 shows the spatio – temporal evolution of SW at the time scales of 10, 30, 50, 100, 200 

and 500 ns respectively showing the Mach number with which the SW is travelling. Mach 

number can be defined as the ratio of the speed of the SW with the local sound speed in the 

medium in which the SW is travelling. If the Mach number is greater than one then propagation 

is called as a supersonic propagation. A shock wave is a hypersonic wave traversing through 

the medium compressing the medium ahead of it.  
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Fig. 6. 3 Spatio-temporal evolution of the shock front in the ablative and blow-off regimes 
generated using 50 mJ laser source in presence of ambient pressure of 1 atm. 

It can be observed that the SW is launched into the ablation regime at 10 ns. At 10 ns the 

ablative SW is travelling with a Mach number of 10.6. The ablative SW expanding into the 

ambient air launches a compression wave into the metal foil. The compression wave launched 

into the target travels through the target and is launched into the rear side of the target called 

as the blow-off SW. Though the blow-off SW is launched at 10 ns, the visibility and expansion 

of the SW were observed prominently after 100 ns. The Mach number is decreasing with time 

indicating a decrease in shock velocity because of the exchange of energy between the SF and 

the surrounding medium while adiabatically expanding into the background gas. Fig. 6.4 shows 

the spatial evolution of electron temperature and pressure at 100, 200 and 500 ns for the input 

energy of 50 mJ.  

Fig. 6.4 (a) & (e) shows the spatial variation of electron temperature and pressure at 100 ns. 

The maximum temperature at the PC is observed to be 7.26 × 104 K. The blue colored region 

ahead of the PC is the pre-ionized gas because of the high temperatures existing at the PC. 

Thin region behind SF is the absorption front (AF) or the contact front (CF). The peak 

pressure existing at the SF is 1.88 × 107 Pa (18.8 MPa) while that existing at the PC is 4.82 × 

107 Pa. A blow-off SW can be observed in the rear side of the Al foil. The peak pressure 

observed at the blow-off SF is 9.44 × 106 Pa.  

Fig. 6.4 (b) & (f) shows the electron temperature and pressure at 200 ns. The peak temperature 

at the PC has decreased to 4.14 × 104 K.  
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Fig. 6. 4 Two dimensional spatial evolution of (a)-(c) electron temperature and (d)-(e) 
pressure at 100, 200 and 500 ns respectively for the input laser energy of 50 mJ under the 
ambient pressure of 1 atm. 

The decrease in the plasma temperature is observed because of the utilization of fraction of 

internal energy for expansion along axial and radial directions [41]. Similar to electron 
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temperature, the peak pressure at the SF has decreased to 3.7 × 106 Pa. The pressure at SF 

decreases as the SF expands freely into the ambient gas, because of the exchange of the energy 

between SF and the surrounding medium. The blow-off SW with velocity of nearly 1 km/sec 

is expanding freely into the ambient atmosphere. 

The plasma core temperature has further decreased to 2.7 × 104 K by 500 ns (Fig. 6.4 (d)). The 

temperature at the pre-ionized gas expanding has decreased and is much nearer to the 

background temperature. It is to be understood that the dominant collisions taking place at 

the plasma core (higher temperatures) are electron-ion collisions, while at the outer region 

(pre-ionized gas) the ion-ion collisions are dominant. It is also observed that the temperature 

of the blow-off material generated at the rear surface is very low (< 1000 K). Hence, it cannot 

be called as plasma but just a hot gas. The temporal evolution of SW and plasma parameters 

generated from 50 mJ source were presented in Fig. 6.5 (a)-(c). 

 
Fig. 6. 5 Comparison of (a) Shock velocity (b) shock pressure (c) peak electron temperature 
and number density along laser propagation axis in the ablation and blow-off regimes for 
the input energy of 50 mJ 
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Fig. 6.5(a) compares the temporal evolution of the ablation and blow-off shock velocities over 

a time duration of 0.05 - 5 µs. It is clearly observed that the ablation SW is travelling with much 

higher velocity (12 km/sec) when compared to that of the blow-off SW (3.5 km/sec). 

However, the ablative SW is freely expanding into the ambient atmosphere and hence the 

shock velocity is decreasing over the considered time duration. While, the blow-off SW is 

building up, upto 300 ns after which is freely expanding into the ambient atmosphere. 

However, the blow-off shock velocity has not increased more than the ablative shock velocity. 

After 2 µs, the shock velocities in both the regimes have reached nearly equal. During the initial 

time scales the KE of the SW is very high leading to a fast expansion of the SW. However, 

during the expansion of the SW, the collision between the particles at the shock front and 

ambient gas interface results in the transfer of energy to the ambient gas. It was confirmed by 

Sai Shiva et.al. [43, 44] that the SW expansion is planar in nature during the initial timescales, 

while it transforms into spherical nature in the later time scales. The decrease in the KE and 

momentum of the SW is manifested in the form of the volume of the SW expansion. When 

the SW expansion attains the spherical nature, the shock velocities were same in all the 

directions. However, the shock velocities were still above 1.5 km/sec over the considered time 

duration of 3 µs. 

Fig. 6.5(b) compares the temporal evolution of shock pressures in the ablative and blow-off 

regimes. The maximum shock pressure in the ablative regime at 0.05 µs is 48 MPa, while that 

in the blow-off regime is 25 MPa. It is observed that the strength of the SW launched at the 

rear side of the metal foil is very less. If the considered target is a bulk target (few mm) then 

the strength decreases and in few cases cannot reach the rear side.  The shock pressures were 

decaying quickly during the first 500 ns as the SW is expanding freely into the ambient 

atmosphere.  

Fig. 6.5(c) shows the temporal evolution of peak electron temperature and electron number 

density of the plasma over a duration of 5 µs along the laser propagation axis. The peak 

temperature has decreased from 2×105 – 0.2×105 K. While the number density is in the range 

of 8.4 – 1×1020 /cm3 over the considered duration of time. During the initial time scales the 

decrease in the temperature is fast. However, at later time scales the decrease in the electron 

temperature is less because of the energy regain due to the recombination of ions [13]. During 

the adiabatic expansion the thermal energy of the plasma is converted into kinetic energy 
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resulting in a fast decay in the plasma temperature. The expanding plume equilibrates with the 

background pressure resulting in a decay of the number density [45].. 

6.2.2 Effect of background gas pressure on SW and plasma 

parameters 

The expansion and dynamics of the plasma plume is greatly affected by the background gas 

pressure. The behavior of plasma plume generated at low background pressure significantly 

differs from that generated at atmospheric pressure. The plasma plume expands freely in a low 

background pressures when compared to that at high background pressures [19, 21, 22]. An 

increase in background pressure leads to strong shock front formation, and slowing of the 

plasma plume compared to propagation in under low ambient pressure resulting in spatial 

confinement of the plasma plume. To get an insight into the effect of background gas pressure 

on plasma and SW evolution, the background pressure is varied between 0.1 – 1 atmospheric 

pressure (atm), to study the effect of the background pressure on the plasma and SW dynamics.  

 

Fig. 6. 6 A comparison showing the pseudo plot of pressure at 50 ns when the background 
pressure is (a) 0.1 (b) 0.2 (c) 0.5 and (d) 1 atm for the input laser energy of 50 mJ 
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Fig. 6.6 (a) - (d) shows the pseudo plot of the pressure generated from 20 µm thick Al foil, for 

the input laser energy of 50 mJ when the background pressure is varied between 0.1 – 1 atm. 

It can be observed that the expansion of the SW is fast in case of lower background pressure 

(0.1 atm) and has decreased as the pressure is increasing. It is also observed that the strength 

of the SF increasing with the increase in pressure. The pressure existing at the SFs are -18.7, 

25.3, 42.6, 67.5 MPa in case of 0.1, 0.2, 0.5 and 1 atm respectively. For lower background 

pressures, the plasma and SW expansion is more along the laser propagation axis when 

compared to that along the radial direction. However, in the case of 1 atm pressure, the 

expansion is hemispherical with expansion both along the laser propagation axis and along the 

radial directions. It is a known fact that the SW launched at the front surface of the target 

travels through the target and towards the rear side of the target. A clear initiation of the blow-

off SW at the interface of the rear side of Al foil is observed in Fig. 6.6 (d) (1 atm background 

pressure). However, in the case of lower background pressures, the SF is not still launched at 

the rear side of the target. Fig. 6.7 (a) - (d) shows the temporal evolution of the shock front 

(SF) and contact front (CF) evolution over a duration of 50 - 500 ns in the ablation regime.  

 

Fig. 6. 7 Temporal evolution of the shock front (SF) and contact front (CF) of SW and 
plasma generated at the background pressure of (a) 0.1 atm, (b) 0.2 atm, (c) 0.5 atm and 
(d) 1 atm respectively for the input laser energy of 50 mJ 
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From fig. 6.7 (a) – (d) it can be observed that the radius of the SF and plasma front were high 

for 0.1 atm and is decreasing with the increase in the background pressure. If a difference of 

the radii of SF and CF were determined, it can be observed that at the initial time (50 ns) the 

difference of the radii were observed to be 0.25, 0.25, 03 and 0.4  mm for 0.1, 0.2, 0.5 and 1 

atm respectively. However, at 500 ns a reverse in the condition is observed i.e., the variation 

is radii were 1.5, 1.3, 1.5, 0.5 mm respectively with the increasing background pressure. This 

confirms that as the time is progressing the spatial confinement of the plasma and SW is taking 

place as the background pressure is increasing. The reason for the spatial confinement of the 

plasma and SW generated at high background pressure is explained based on the peak pressure 

and shock parameters with respect to the ambient pressure over a duration of 3 µs in Fig. 6.8 

(a)-(b). 

 
Fig. 6. 8 A comparison of (a) peak shock pressure in the ablation and blow-off regimes 
and (b) peak electron temperature and electron number density existing at the plasma 
with respect to the ambient pressure in the range 0.1 - 1 atm 

Fig. 6.8 (a) shows that the ablative shock pressure is increasing with the increase in the ambient 

pressure. The ablative shock pressure has increased from 0.08 GPa to 0.28 GPa by almost 3 

times when the ambient pressure is varied from 0.1 – 1 atm. However, it is observed that the 

background pressure is not showing much effect on the blow-off shock pressure under the 

considered experimental conditions (lower pulse energy). The blow-off shock pressure has 

lesser strength than that of the ablative shock pressures under all the ambient pressures 

considered.   

Fig. 6.8 (b) shows that the electron temperature and number density were increasing with the 

increase in the pressure. It is known that in inverse bremsstrahlung (IB) absorption, the free 

electrons absorb the photons from the input laser pulse leading to the increase in the electron 
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temperature. This mechanism further enhance the ionization and excitation of the hot air 

generated and background gas ionization and plasma generation. The IB coefficient (αIB) via 

free electrons depends on the electron number density given as [39]: 

𝛼𝐼𝐵  ∝  𝑍𝑁𝑒
2𝑇𝑒

−3/2
                  (6.1) 

where Z is the average ionization, Ne is the electron number density and Te is the electron 

temperature of the plasma. The density of plasma generated under low pressure is less when 

compared to that generated under high pressure. This is observed because of the increased 

mean free path and free expansion of the plasma into the ambient gas resulting in decrease in 

the collisions between the electrons and ions. However, at high ambient pressures the 

collisional effects between the plume species and ambient gas species increases which is 

responsible for excitation/de-excitation of species that leads to the confinement of the plasma 

plume [22, 46]. Thus increase in the background pressure results in a spatial confinement of 

the plasma leading to the increase in the plasma temperature and number density. The plasma 

lifetime decreases with decrease in the ambient pressure due to the decrease in collisional 

excitation and ambient confinement which depends on the intensity of the incident laser 

energy. 

6.2.3 Effect of background gas: Air Vs Helium 

A combined effect of the background gas and pressure on the plasma and shock parameters 

is discussed in the present section. The background pressure is varied between 0.1 – 1 atm in 

presence of air and helium (He) background gases. It is to be noted that the plasma expands 

rapidly with a constant velocity in presence of vacuum. However, the plasma while expanding 

in presence of a background gas experiences an opposing force due to the interaction of the 

plasma with the atoms and molecules of the background gas [47]. This results in the spatial 

confinement of the plasma depending on the nature of the background gas. Fig. 6.9 (a)-(f) 

shows the spatial variation of shock pressure at 100, 200 and 500 ns respectively with respect 

to ambient gas (air and He) at 1 atm of background pressure.   

Fig. 6.9 (a) & (d) shows the two dimensional spatial variation of pressure in presence of air and 

He backgrounds respectively. It can be observed that a maximum pressure of 1.86 × 107 Pa 

(18 Mpa) is existing at the SF in air background (Fig. 6.9 (a)) while the the pressure existing at 

SF in He background is ~ 1.1 × 107 Pa (Fig. 6.9 (d)). The maximum pressure is existing at the 

Al foil – air interface in the case of He background. The plasma and SW expansion were 
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hemispherical in case of air background i.e., expanding almost equally in the axial and radial 

directions. However, the plasma and SW expansion were more prominent along the laser 

propagation axis in case of He background. A launching of the blow-off SW at the rear side 

of the foil can be visualized in the air background. However, the blow-off SW is not much 

visible for He background. 

 

Fig. 6. 9 Spatial evolution of the pressure in presence of (a)-(c) air and (d)-(f) He 
background at 1 atm background pressure at 100, 200 and 500 ns respectively. 

The pressure variation in air and He background gases at 200 ns can be seen in Fig. 6.9 (b)& 

(e). The hemispherical expansion of the plasma and SW can be prominently observed in Fig. 
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6.9 (b) (in presence of air) and dominant expansion of the SF along axial direction can be 

observed in Fig. 6.9 (e) (in presence of He). The pressure at the SF is still high (1.44 × 107 Pa) 

in the ambient air when compared to that existing in the He background (~6.0 × 106 Pa). The 

free expansion of the blow-off SW in the air background can be visualized in Fig. 6.9(b), where, 

the blow-off SW is just launched in the He background (Fig. 6.9 (e)). The expansion of the 

ablative SW is more in the He background than that in case of air background as can be 

observed at 500 ns in Fig. 6.9 (c) & (f). However, as can be visualized the strength of the SF 

(in terms of pressure) is still high in the ablative and blow-off regimes in the air background 

when compared to that in case of He background (Fig. 6.9 (c) & (f)). Fig. 6.10 (a) - (c) shows 

the variation of the peak pressure at the SF and plasma parameters with respect to the 

background gas (air, He) and background pressure (0.1, 0.2, 0.5 and 1 atm).  

 
Fig. 6. 10 Variation of the (a) peak pressure at the shock front in the ablation and blow-off 
regimes (b) peak electron temperature and (c) electron number density of plasma in 
presence of air and helium with the background pressure varied between 0.1 - 1 atm. 
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It is observed that the shock pressure is high in case of air background when compared to that 

of the He background (Fig. 6.6 (a)). Moreover, the shock pressure in presence of both He and 

air background is observed to be increasing with the increase in ambient pressure. The 

maximum ablative pressure obtained in presence of air background is 0.28 GPa while that in 

presence of He is 0.13 GPa (at 1 atm of background pressure). While the strength of the blow-

off SW is very less in both the background gases. Fig. 6.6 (b) & (c) shows that the electron 

temperature (Te) and number density (Ne) were high in presence of air compared to that of 

He. As discussed above, the confinement of the plasma is due to the interaction of the plasma 

with the background gas atoms and molecules. The increase in the Te and Ne in He is less 

because of the high ionization potential of He (24 eV) when compared to that of air (14.5 eV 

first ionization potential of oxygen, assuming the contribution of nitrogen is negligible) [3, 43, 

48]. It is to be noted that the strength of the blow-off SW can be increased with the increased 

pressure and varied background gas, but the enhanced strength is not much pronounced since 

flyer ejection is not observed under given conditions.  

6.3 Axial confinement using glass substrate 

To confine the ablative plasma and SW generated from 20 µm thick Al foil, a glass substrate 

of thickness 1.8 mm is attached to the front surface of the foil. The laser beam is focused at 

Al – glass interface. The study is performed for an input laser energy of 50 with spot size of 

500 µm and pulse duration of 10 ns. 

 
Fig. 6. 11 Simulation domain showing the axial confinement of the ablative regime using 
a glass substrate. 
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Fig. 6.11 shows the simulation domain showing the geometry in which the ablative regime is 

confined using a glass substrate. When the laser beam is focused onto the Al foil, the material 

in the focal region absorbs the energy, starts to melt, vaporization followed by ionization 

during the time of energy deposition leading to formation of plasma and shock wave in the 

ablative regime. The maximum plasma temperature and shock pressure observed during the 

first 20 ns are 3.35× 105 K and 1.49 GPa respectively. Fig. 6.12 (a) - (c) shows the spatial 

evolution of the electron temperature at 10 and 20 and 50 ns respectively.  

 
Fig. 6. 12 Spatial variation of electron temperature at (a) 10, (b) 20 and (c) 50 ns respectively 
for the input laser energy of 50 mJ 

Fig. 6.12 (a) shows the spatial variation of electron temperature at 10 ns. During the time of 

interaction of the leading edge of laser pulse a maximum absorption of the energy is taking 
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place at the Al-glass interface resulting in the generation of aluminium plasma at the Al-glass 

interface. The maximum temperature generated at 10 ns at the Al-glass interface is 3.37×105 

K. To account for the deposition of energy in accordance with the spatial variation of the laser 

energy, a part of energy deposition is considered at the glass – air interface (10% of the total 

incident energy as considered from experimental data) [49]. This has resulted in the generation 

of the plasma at the front end of the glass substrate (glass-air interface). The peak temperature 

of the plasma generated at the ablation regime of the glass substrate is 3.1 ×105 K, while the 

peak temperature at the Al-glass interface has decreased to 1.5 ×105 K, because of the shielding 

of the ablative plasma.  

Fig. 6.12(c) shows the temperature variation at 50 ns showing the expansion of the ablative 

plasma into the background gas and Al plasma (generated at the Al-glass interface). The peak 

temperature at the Al-glass interface has decreased to 1.0×105 K while that at the ablative 

regime has decreased to 1.3 ×105 K.  A slight variation in the temperature in the glass substrate 

along the laser propagation axis is observed due to the absorption of the energy taken place 

during the laser energy deposition.  

As observed in the fig. 6.12 (a)-(c), the plasma temperature is increasing from the initial time 

of irradiation of laser pulse to 10 ns, after which the temperature is decreasing and expanding 

more along the laser propagation axis. When the pressure at the SF exceeds the shear strength 

of the material the un-vaporized part ahead of the affected region ruptures, leading to the 

ejection of blow-off plasma and/or flyers in the rear side of the Al foil. Fig 6.13 (a) & (b) 

shows the temporal variation evolution of mass density over a duration of 0.2 µs and blow-off 

SW radius over a duration of 3 µs. 

 
Fig. 6. 13 A line plot of mass density showing the launching of the blow-off SW at the rear 
side of Al foil and its evolution and temporal evolution of the blow-off shock radius 
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It can be observed that the density at the ablative region of the aluminium foil has increased 

over the considered duration of time (Fig. 6.13 (a)). The maximum density attained in the 

ablation regime over the 200 ns is observed to be 4.8 g/cm3.  

The maximum density attained at the blow-off SF is 1.0 g/cm3 at 0.05 µs. Fig. 6.13 (b) shows 

the temporal evolution of the blow-off SF over a duration of 3 µs. The obtained shock radius 

is compared with the experimentally obtained shock radius[49, 50] and was found to be in line 

with the experiments. A slight variation in the shock radius is observed in simulated shock 

radius with experimental as the energy losses due to Fresnel reflections at glass - air and Al-

glass interfaces were not considered.  

 
Fig. 6. 14 (a) Shadowgram image of the blow-off SW and (b) mass density obtained from 
simulations at 1.45 µs generated using 50 mJ energy laser source 

Fig. 6.14 (a) & (b) shows a comparison of the spatial evolution of the blow-off shock expansion 

at 1.45 µs. It can be observed from both the shadowgram and from mass density that the SF 

in the ablative and blow-off regimes is hemispherical in nature. However, particle ejection is 

still taking place in addition to the expanding SW. The particle ejection can be seen in Fig. 6.14 

(b), at the centre of the SW, along the laser propagation axis.  

6.4 Radial confinement of blow-off shock wave 

This section discusses the spatial confinement of blow-off SW generated from the Al foil that 

is confined by a glass substrate as discussed in the above section. To enhance the strength of 

the blow-off and to study the shock propagation in a macro channel (a shock tube), the blow-

off SW is confined radially using a cavity. The radial confinement of the blow-off SW is 
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discussed in the present section. The blow-off SW so generated is further spatially confined 

using a glass cavity of length 12 mm and separation distance D between the glass walls 4 mm.  

 

Fig. 6. 15 Simulation domain showing the spatial confinement of the blow-off SW using a 
glass cavity 

Fig. 6.15 shows the simulation domain in which the blow-off SW is confined using a glass 

cavity with separation distance D. The physical process involved and the generation of the 

blow-off SW, expansion is discussed in the above section. In the present section, the material 

blow-off SW generated using a 50 mJ laser source generated at 1 atm background pressure is 

confined radially using a cavity (assuming two rigid walls) with separation distance 2 mm is 

discussed. Fig. 6.16 (a)-(d) shows the evolution of mass density in the blow-off regime 

generated by axial confinement of ablative plasma using a glass substrate (discussed in above 

section) using 50 mJ laser source at 1 atm background gas pressure.  

Fig. 6.16 (a) shows the mass density evolution at 0.5 µs. It can be observed that the plasma 

and the SW generated were expanding freely in the blow-off regime (For visualization of the 

details of the plasma and the SW expansion the maximum density is considered to be 0.1 

gm/cm3 as the density at the SW is less when compared to glass and aluminum densities 2.2 

and 2.7 gm/cm3). It can be observed from Fig. 6.16 (b) & (c) that the SW is still freely 

expanding irrespective of the presence of the cavity along the radial direction. At 1.5 µs (Fig. 

6.16 (c)) the SW starts to interact with the cavity wall.  

Fig. 6.16 (d) shows the mass density evolution at 2 µs, where the SW is still interacting with 

the cavity walls. The reflection of the SW from the cavity walls is taking place after 2 µs. Fig. 

6.17 (a)-(d) shows the mass density evolution between 2.5- 4 µs. 
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Fig. 6. 16 Spatial evolution of mass density in the blow-off regime confined radially by a 
cavity at (a) 0.5, (b) 1.0, (c) 1.5 and (d) 2.0 µs respectively generated using a 50 mJ laser 
source. 

Fig.6.17 (a) shows the mass density evolution at 2.5 µs. The reflection of the blow-off SW at 

the cavity can be observed in Fig. 6.17(a). However, the density at the SF while interacting is 

very less, while the SW along laser propagation axis is expanding unaffectedly. 

The reflection of the SW along radial direction towards the center of the cavity can be observed 

in Fig. 6.17 (b) – (d) i.e, over a duration of 4 µs. 
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Fig. 6. 17 Spatial variation of mass density in the blow-off regime confined radially by a 
cavity at (a) 2.5, (b) 3.0, (c) 3.5 and (d) 4.0 µs respectively generated using a 50 mJ laser 
source. 

However, it is to be noted in Fig. 6.17 (d) that no effective variation in the mass density is 

observed due to its reflection at the cavity or at the center of the cavity. To understand the 

effect of the radial confinement using the cavity the temporal evolution of the shock pressure 

in the blow-off regime is compared in radial confinement and without radial confinement. Fig. 

6.18 shows the evolution of the blow-off shock pressure with and without radial confinement.   
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Fig. 6. 18 Temporal evolution of the blow-off shock pressure over a duration of 4 µs 
compared in presence and in absence of the cavity in the blow-off regime. 

It can be observed in Fig. 6.18 that the blow-off shock pressure has increased till 0.1 µs and is 

decreasing after 0.1 µs. The peak pressure is observed to be 2 × 107 Pa.  However, it is to be 

observed that the shock pressure is the same with and without cavity in the radial direction. A 

slight raise in the shock pressure after 2.5 µs is observed which has decreased again after 3 µs. 

Hence, it is understood that the considered dimensions of the cavity are too large to observe 

an effective reflection of the SW from the glass walls and to interact with the plasma. It is also 

to be noted that increasing the efficient coupling of the input energy with the plasma generated 

at the Al-glass interface increases the strength of the blow-off SW.  

This results in the effective reflection of the SW, which further interacts with the plasma 

leading to an enhanced and multiple reflections leading to a micro blast. 

6.5 Conclusions 

A detailed study on the spatial confinement of ablative and blow-off SW generated from Al 

foil of thickness 20 µm is studied under different conditions is performed. Initially the ablative 

and blow-off plasma/shock parameters from the thin foil were studied by varying the 

background pressure (0.1 – 1 atm) and ambient gas (air, He). It is observed that the pressure 

and temperature were high at the high background pressure. Similarly, the parameters were 

high in presence of air when compared to that in presence of He. This can be attributed to the 

high ionization potential of helium gas when compared to that of air. It is understood that 

though background conditions were spatially confining the ablative plasma and SW, an 

effective increase in the blow-off SW is not observed. Hence, to increase the blow-off SW 
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strength and to generate the material SW in the rear side of the foil, the metal foil is attached 

to a glass substrate in the front end of the foil to confine the ablative plasma. This is observed 

to be an efficient method for confining the ablative plasma. A SW of density 1.0 g/cm3 is 

generated during the initial time scales which is further expanding in the blow-off regime. The 

SW pressure in the ablation regime has increased by one order due to the confinement. An 

initial study to further confine the blow-off SW using a glass cavity is performed. However, 

the dimensions used to confine the SW were found to be not suitable to observe a pronounced 

enhancement in the shock parameters. 
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Chapter -7 

Laser Interaction of nanoparticle doped HEMs 

Nanoparticles have unique thermochemical, physical and optical properties. Doping of 

metal nanoparticles to a condensed matrix significantly changes the properties of the 

obtained composite materials.  The aim of the present chapter is to study the optical 

absorptivity of the composite materials containing various sizes (20-400 nm) of spherical 

aluminum (Al), silver (Ag), and gold (Au) nanoparticles included in high energy materials 

(HEMs) such as Penta Erythrtol Tetra Nitrate (PETN), Octahydro-1,3,5,7- tetranitro-

1,3,5,7- tetrazocine (HMX), Azides. The presence of photosensitive metal nanoparticles in 

the High Energy Material (HEM) highly effects the optical absorption of the composite 

material leading to increase in the sensitivity of the HEM. A detailed study on the effect 

of the wavelength of the incident laser beam (400-1200 nm), metal nanoparticle that is 

being doped (Al, Ag and Au), size of the nanoparticle doped (20-400 nm) on the optical 

absorption (Qabs) of the composite material were presented. The temperature evolution of 

the Ag – PETN composite is studied with respect to the size of the doped Ag nanoparticle 

doped.  A steep raise in the temperature at the nanoparticle-HEM interface is observed 

during the incident laser pulse duration (14 ns).  Owing to the increased optical absorption 

by the metal nanoparticles. It is observed that Ag nanoparticles with radius 35 nm is more 

suitable for doping in PETN leading to pronounced increase in the temperature at the 

nanoparticle-HEM interface. 
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7.1 Introduction 

Metal nanoparticles are well-known to enhance the optical absorption due to surface plasmon 

resonance at the interfaces. The optical properties of nanoparticles depends on the particle 

size, shape, chemical composition, and the local environment. The metal nanoparticles has 

many further applications in solar cell [1], imaging [2], sensing [3], nano electronics, and storage 

systems, they are the promising candidates for single-electron switches, transistors [4] and 

constructing nano structures [5] etc. The composites, based on metal nanoparticles are of the 

great interest for the optical physics and optoelectronics, nonlinear optical phenomenon [6], 

application to the thermal cancer therapy [7, 8] due to the enhanced absorption and scattering 

of light by nanoparticles.  

Doping of metal nanoparticles of suitable radius in high energy materials (HEM) has been one 

of the strategies to increase the coupling of optical radiation into the composites that in turn 

increases the hotspots and reduce the critical energy density. The composite material with 

increased optical absorption in turn will result in an effective raise in the temperature, speed 

of reaction and the release of pressure upon irradiation with a laser beam. The main 

consequence of the light absorption by the inclusions is their rapid heating that takes them 

directly to gaseous phase from a solid phase resulting in rise of the temperature of surrounding 

HEM leading to a self-sustained exothermal reaction site. According to Aduev et. al. [9] the 

average distance between HEM and metal inclusions in a matrix at which the minimum 

initiation energy density is reached is ≈2 μm. This distance is an order of magnitude larger than 

the inclusion size (≈300 nm), and, hence, their mutual influence can be neglected.  

According to the effective medium theory, the linear response of a bulk material consisting of 

metal nano clusters embedded in it, to the external field (the dielectric functions or 

polarizabilities of the metal nanoparticle clusters and matrix material) can be replaced by a 

single effective dielectric function. It is simple averaging powers of dielectric functions of two 

individual components [4]. The quasi-static approximation act as the basis for the effective 

medium concept. According to Uwe Kreibig [4], a nano cluster behaves similar to 

homogeneous material, and its electro dynamic response can be explained by a uniform 

dielectric function using effective field theory if the size factor of the cluster (d/λ) ≤10-2 [10], 

where d is the size (diameter) of the nanoparticle and λ being the wavelength incident on the 

composite material. However, the optical response of the cluster matter changes drastically if 

(d/λ) >10-2. Hence, the optical effect of light scattering becomes more effective for (d/λ) not 
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covered by effective medium theory. In this case the quasi-static approximation does not hold 

any longer. The nanoparticle size we are considering are in the range of 20-400 nm and the 

wavelength incident is 400-1200 nm, the size factors in the extreme cases are (300/400) 0.75 

and (20/1200) 0.016, hence the scattering is supposed to be more dominant. In the present 

case, the nanoparticle size is comparable to the wavelength of the incident radiation, the light 

propagation senses the heterogeneity of the composite material, where by the scattering 

dominates [11, 12]. 

The collective excitations in metal-dielectric interface is surface plasmons. When the frequency 

of the incident light is equal to the surface plasmon frequency of the metal particles, the surface 

plasmon resonance occurs which depends on size and shape of metal nanoparticles. Surface 

plasmon resonance is one of the unique optical properties of metal nanoparticles [13]. Coinage 

metals such as copper (Cu), silver (Ag) and gold (Au), support strongly localized surface 

plasmon resonances in the visible and NIR region while aluminium exhibit the plasmonic 

resonance in the deep ultraviolet (UV) region [14]. The aim of the present work is to investigate 

the relationship between the sizes of nanoparticle with surface plasmon frequency in simple 

spherical shaped nanoparticles. The interaction of light with spherical shape metallic 

nanoparticles can be examined with the Mie theory [15, 16].  

7.2 Hot Spot Model 

When the laser radiation is incident on the composite material of nanoparticle doped HEM, 

the metal nanoparticles which are more photosensitive, absorb the radiation. Fig. 7.1 shows 

the flow chart of process taking place from the time of initiation of the composite material 

with a laser beam to the energy release from the composite material due to the raise in 

temperature at the interface between the nanoparticle and HEM.  

 

Fig. 7.  1 Flow chart showing the process taking place during the irradiation of laser beam 
on the nanomaterial-HEM composite 
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According to the mechanism proposed, the additive metal nanoparticle selectively absorbs 

laser radiation, heats up, and eventually evaporates, thereby creating a hotspot, which, in turn, 

initiates the ignition of the surrounding HEM material resulting in an exothermic reaction [8, 

9]. Due to the inclusion of the metal nanoparticles in the HEM, there will be an effective 

decrement in the critical energy density of the HEM [8, 17]. The minimum energy required to 

initiate a HEM is defined as the critical energy density. The maximum temperature gained by 

the material during the laser pulse depends on two factors: the optical absorption (Qabs) and 

the energy density of the incident radiation [18] (T  Qabs H). Hence, we present the optical 

absorption (Qabs) by nano composites of 20-400 nm sizes over wavelength range of 400-1200 

nm.  

7.3 Optical Absorption and Scattering 

7.3.1 Effect of metal nanoparticles on optical absorption 

The optical absorption of the composite material depends on the size of the nanoparticle 

doped in the HEM and the wavelength of the incident radiation. The radiation incident on the 

nanoparticle undergo multiple reflections at the surface boundaries of the nanoparticle 

assuming a spherical symmetry [7, 18]. The absorptivity of the inclusions were determined 

according to Mie theory of scattering. The Mie theory of scattering describes the scattering of 

a plane monochromatic wave by a homogeneous sphere surrounded by a homogeneous 

medium [19]. According to Mie theory when radiation is incident on the spherical particle of 

radius comparable to the wavelength of the incident radiation, a part of radiation is absorbed 

by the particle and the other part is scattered. Hence, scattering and absorption is leading to a 

reduction in the incident radiation after traversing a particle. The net amount of radiation loss 

from the incident radiation is called as extinction [20]. The absorption coefficient Qabs can be 

calculated as a difference between coefficient of extinction (Q) and the scattering coefficient 

(Qsca) Qabs = Q - Qsca [7, 21].  

The scattering and extinction coefficients are calculated as the sum of an infinite series of 

the coefficients of expansion of the electric and magnetic fields of a scattered light wave in the 

special Riccati–Bessel functions[17]: 

𝑄𝑠𝑐𝑎 = 
2

𝜌
 ∑(2𝑙 + 1)(|𝑐𝑙|

2 + |𝑏𝑙|
2

∞

𝑙=1

), 
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                                𝑄 = 
2

𝜌2  𝐼𝑚 ∑ (2𝑙 + 1)(𝑐𝑙 − 𝑏𝑙
∞
𝑙=1 )     (7.1) 

Where 𝜌 = 2𝜋𝑅𝑚0/𝜆 , m0 is the refractive index of HEM (1.594 for HMX, 1.54 for 

PETN), R being the radius of the inclusion, λ is the wavelength of light incident, cl and bl are 

the coefficients which can be determined using the boundary conditions for nano inclusion’s 

surface. 

    𝑐𝑙 = 𝑖
ψ𝑙(𝜌) 𝜓𝑙

′(𝑛𝜌)−𝑛𝜓𝑙(𝜌)𝜓𝑙(𝑛𝜌)

𝜍𝑙(𝜌)𝜓𝑙
′(𝑛𝜌)−𝑛𝜍𝑙

′(𝜌)𝜓𝑙(𝑛𝜌)
               (7.2)    

 

    𝑏𝑙 = −𝑖
𝜓𝑙

′(𝜌)𝜓𝑙(𝑛𝜌)−𝑛𝜓𝑙(𝜌)𝜓𝑙
′(𝑛𝜌)

𝜍𝑙
′(𝜌)𝜓𝑙(𝑛𝜌)−𝑛𝜍𝑙(𝜌)𝜓𝑙

′(𝑛𝜌)
                   (7.3)         

Where ψl, ϛl are the Bessel’s functions, n=mi/m0 is the complex refractive index of the 

nanoparticle relative to the matrix [22]. ψl, ϛl   and their derivatives can be determined using the 

following recurrence relations: 

 𝜓𝑙+1(𝑧) =  
2𝑙+1

𝑧
𝜓𝑙(𝑧) − 𝜓𝑙−1(𝑧), 𝜓𝑙

′(𝑧) = 𝜓𝑙−1(𝑧) −
𝑙

𝑧
𝜓𝑙(𝑧)                       (7.4) 

If l=1;2 the special functions are: 

        𝜓0(𝑧) = sin 𝑧, 𝜓1 (𝑧) =
sin 𝑧

𝑧
− cos 𝑧, 

              𝜓0 = 𝑖𝑒−𝑖𝑧, 𝜍𝑙(𝑧) = −𝑒−𝑖𝑧(1 − 𝑖
𝑧⁄ )             (7.5) 

Solving the equations (7.1) – (7.5) the optical absorption and scattering coefficients can be 

determined for the considered composite material. A matlab code is written to solve the above 

equations and to obtain the extinction co-efficient. The refractive index of the metal 

nanoparticles varies with the wavelength of the incident laser beam. The refractive index for 

metals is complex in nature represented by n-ik. Where n being the real part is the refractive 

index and k being the extinction co-efficient [22].  The values of the complex refractive indices 

for the three metal nanoparticles i.e., Al, Ag and Au nanoparticles with respect to wavelength 

were given in table 7.1 

7. 1 Variation of refractive index of metal nanoparticles (Al, Ag and Au) with respect to 
wavelength 

λ (nm) Al (mi)[17] Ag (mi)[22] Au (mi)[22] 

400 0.32-3.72i 0.173-1.95i 1.658-1.956i 

532 0.5-4.59i 0.129-3.25i 0.402-2.54i 
600 0.77-5.46i 0.121-3.66i 0.306-2.88i 
800 1.78-6.87i 0.145-5.50i 0.188-5.39i 

1064 0.98-8.03i 0.226-6.99i 0.272-7.07i 

1200 0.78-9.16i 0.329-8.49i 0.312-7.93i 
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The variation of optical absorption and scattering with respect to the size of the nanoparticle 

varied from 20 – 300 nm and wavelength of the incident laser beam varied from 400 -1200 nm 

were presented in Fig. 7.2 (a-f).  

 
Fig. 7.  2 Variation of optical absorption and scattering when (a-b) Al, (c-d) Ag and (e-f) 
Au nanoparticles were doped to HMX respectively. 

Fig. 7.2 (a&b) shows the variation of optical absorption and scattering when aluminum 

nanoparticles of different sizes were doped to HMX. The maximum optical absorption is 

observed for λ = 400 nm, d = 55 nm (d/ λ ~ 0.13) and maximum scattering is observed for λ 

= 400 nm, d = 60 nm (d/ λ = 0.15). It is to be observed that different wavelengths have 

different suitable sizes of the nanoparticle to show a pronounced absorption or scattering. The 

peaks and dips observed in the Fig. 7.2 (a-f) are because of the changes in the complex 

refractive indices of the metal nanoparticles.  

The absorption tends to zero as the radius tends to zero which is in accordance with the 

Rayleigh-Jeans law. According to Mie theory, the wavelength influences the Qabs because of 

the arguments of special functions ρ = 2πRm0/λ and miρ/m0. If mi i.e., the refractive index of 

metal nanoparticles do not depend on the wavelength, the Qabs(ρ) for all the wavelengths 
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would coincide. With the increasing wavelength the absorption coefficient is observed to be 

decreasing. However for λ=800 nm, a slight increment in the absorption co-efficient is 

observed because of the local maxima occurring in real and imaginary parts of the refractive 

index of aluminum nanoparticles. However, it is to be noted that the scattering co-efficient is 

more than the absorption co-efficient at considered wavelengths and sizes of the metal 

nanoparticles. This indicates that the scattering is more dominant than the absorption. 

Fig. 7.2 (c & d) shows the variation of optical absorption and scattering of Ag nanoparticle 

doped HMX with the varying particle size and incident wavelength. The maximum absorption 

is observed for d = 25 nm and λ = 400 nm with Qabs = 1.8 and maximum scattering is observed 

for d = 75 nm and λ = 532 nm with Qsca = 7.6. While Fig. 7.2 (e & f) shows the optical 

absorption and scattering when gold nanoparticles were doped to HMX. It is observed that 

the optical absorption in gold nanoparticle – HMX composite is more than Al and Ag 

nanoparticles added to HMX.  The maximum is observed at d = 45 nm and λ = 532 nm with 

Qabs = 5.2.  This is observed because of the surface plasmon resonance (SPR) of gold 

nanoparticles is takes place at 532 nm. While the SPR of Ag nanoparticles takes place at 420 

nm. From all the above observations and from Fig. 7.2 (a-f) it is to be understood that the 

absorption and scattering were dominant for particle size of nanoparticles (d) less than 200 nm 

(d < 200 nm). Hence it is understood that when a laser beam of a particular wavelength is 

incident on a metal nanoparticle doped HEM composite, there exists a suitable size of the 

nanoparticle which shows maximum optical absorption. 

 Fig.7.3 (a) & (b) shows the variation of the optical absorption of aluminum nanoparticle doped 

PETN with respect to the nanoparticle size (d). It is to be noted that the refractive index of 

PETN is 1.54 while that of HMX is 1.594. Comparing Fig. 7.2 with Fig. 7.3 one can understand 

the effect of the refractive index of the HEM on the optical absorption by the composite 

material. From Fig. 7.3 (a) it can be seen that the maximum optical absorption of the al-PETN 

composite is 1.2 for the excitation wavelength of 400 nm. While for Al-HMX composite Qabs 

is 1.4 i.e., a slight increase in the optical absorption is observed with the increase in the 

refractive index of the HEM to which nanoparticle is doped. However, no much variation in 

the scattering co-efficient is observed. The maximum optical absorption for the al-PETN 

composite is observed at the excitation wavelength of 400 nm for the nanoparticle size d = 55 

nm. The study was performed over 400-1200 nm excitation wavelengths. With the increase in 

the excitation wavelength, the optical absorption is observed to be decreasing.  
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Fig. 7.  3 Variation of optical absorption and scattering when (a-b) Al, (c-d) Ag and (e-f) 
Au nanoparticles were doped to PETN respectively. 

Fig. 7.3(c) & (d) shows the variation of the optical absorption in Ag-PETN composite with 

respect to the size of the doped nanoparticle. The maximum optical absorption is observed to 

be 9 for the excitation wavelength of 420 nm. It is to be noted that for the excitation 

wavelength of 420 nm, the absorption is more dominant than scattering (Fig. 7.3(d)). However, 

for all the other excitation wavelengths (532-1200 nm), scattering is more prominent than 

absorption. It is to be observed that a maximum absorption is taking place for the excitation 

wavelength less than 532 nm after which the absorption is much less than 0.5.  

Fig. 7.3 (e) & (f) were showing the optical absorption and scattering co-efficient for Au-PETN 

composite. The absorption co-efficient is observed to be increasing from 400 to 532 nm of 

excitation wavelength and decreasing after 532 nm. This can be attributed to the SPR of Au 

nanoparticles taking place at 532 nm. A similar phenomenon is also observed in the scattering 

co-efficient. The scattering co-efficient is increasing from 400 – 700 nm of incident 

wavelength, reached a maximum of 8 at 700 nm and is decreasing after 700 nm. Fig. 7.4 (a) – 
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(d) shows the suitable combination of size of the metal nanoparticles (Al. Ag and Au) that can 

be added to PETN, HMX, Lead azide and silver azide when excited by laser beam of 

wavelength in the range of 400 -1200 nm. 

 
Fig. 7.  4 Identifying the suitable metal nanoparticle Al, Ag and Au size to be added to 
PETN when initiated with laser beam of different wavelengths 

The suitable nanoparticle size is determined by determining the maximum optical absorption 

taking place in a given combination of the metal nanoparticle-HEM composite and the 

incident wavelength. Fig. 7.4 (a) determines the suitable nanoparticle size that can be doped to 

PETN. When Al nanoparticles were doped to PETN, the suitable particle size is increasing 

almost linearly with the increasing incident wavelength. The ratio d/λ is determined to be in 

the range of 0.075 – 0.09 to observe a maximum observation when Al nanoparticles were 

doped to PETN. When Ag nanoparticles were doped to PETN, the suitable nanoparticle size 

is also increasing with the incident wavelength. However, the suitable size for the wavelengths 

for 600 and 700 nm is the almost the same. After 700 nm, the suitable particle radius is 

increasing linearly with incident wavelength. The ratio d/λ for Ag-PETN suitable combination 

is observed to be in the range of 0.035 – 0.09. While that in case of Au-PETN is observed to 

be in the same range of 0.05-0.09. A slight decrease in the suitable nanoparticle radius is 

observed between 500 – 800 nm. The three composites were showing a similar trend and were 

finding almost the same suitable particle size. However, it is to be noted that only particle size 

less than 120 nm is showing a prominent absorption in the metal nanoparticle - PETN 

composite.  
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Fig. 7.4(b) shows the size of the metal nano particles suitable for doping to HMX. It can be 

observed that the addition of the three metal nanoparticles (Al, Ag and Au) to HMX is showing 

almost the similar trend as observed in Fig. 7.4(a). This may be observed because of the 

refractive indices of PETN and HMX were nearly equal (1.54 and 1.594 respectively). The 

ratio d/λ for Al, Ag and Au were in the range of 0.075 – 0.09, 0.035 – 0.09 and 0.05 – 0.09 

respectively.  

Fig. 7.4(c) determines the suitable metal nanoparticle size that can be doped to lead azide, the 

refractive index of lead azide is 1.85. The maximum nanoparticle size that can be doped to 

lead azide is less than 100 nm. It is to be noted that the increase in the refractive index of the 

HEM has resulted in the decrease in the maximum nanoparticle size that can be added. The 

ratio d/λ for Al, Ag and Au nanoparticles were in the range of 0.05 – 0.08, 0.03 - 0.08 and 0.04 

- 0.08 respectively.  

The maximum nanoparticle size that can be doped has decreased to less than 90 nm when 

doping to silver azide (refractive index = 2.0, Fig. 7.4(d)). The ratio d/λ were in the range of 

0.04 – 0.07, 0.05 - 0.07 and 0.02 - 0.07 respectively for Al, Ag and Au nanoparticles respectively. 

As a conclusion from Fig. 7.4 one can confirm that the nanoparticles with radius less than 120 

nm is showing a prominent optical absorption. The increase in the refractive index of HEM is 

leading to a decrease in the nanoparticle radius that can be used. Suitable radius of Al 

nanoparticles is linearly increasing with the excitation wavelength irrespective of the HEM 

used. After 800 nm of the incident wavelength all the three metal nanoparticles were having 

almost the same suitable size that can be added to HEM. The effect of addition of the gold 

nanoparticles to different HEMs at the excitation wavelength of 532 nm is discussed in the 

following section. 

7.3.2 Effect of Hem on optical absorption 

The effect of the background material i.e., HEM to which the metal nanoparticles were added 

on the optical absorption is studied below. Table 7.2 shows the values of refractive indices for 

different HEMs i.e., PETN, HMX, lead azide and silver azide in the input laser wavelength 

range of 400 – 1200 nm. 
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Table 7. 2  Refractive indices of different high energy materials in the wavelength range of 
400 - 1200 nm 

HEM Refractive Index in Wavelength Range 400 – 1200 nm [15] 

PETN 1.54 
HMX 1.594 

Lead Azide 1.85 
Silver Azide 2.0 

 

The effect of doping Ag nanoparticles of different sizes to different HEMs on optical 

absorption of composite materials for input wavelength of 420 nm is shown in Fig. 7.5. It is 

observed from Fig.7.5 that with the increase in the refractive index of the HEM, the optical 

absorption is decreasing for all the sizes of the nanoparticles doped to HEMs. However, with 

the increase in the refractive index of the HEM a shift in the absorption towards the lower 

end of the particle sizes is observed. The maximum absorption is observed to be at 35, 35 25 

and 25 nm for PETN, HMX, lead azide and silver azide respectively.  

 
Fig. 7.  5 Variation of optical absorption when Ag nanoparticles of different sizes were 
doped to different HEMs (PETN, HMX, Lead azide and Silver azide) excited at 420 nm 

Among the HEMs considered in the above discussion PETN is showing more optical 

absorption when doped with Ag nanoparticles. In the present case PETN is ignited by adding 

the Ag nanoparticle of suitable size. The increase in the optical absorption leads to a maximum 

raise in temperature at the nanoparticle - HEM interface. Ag nanoparticles show high 

plasmonic absorption than gold nanoparticles [23]. Doping of Au nanoparticles to PETN and 

when excited with its SPR frequency (λ = 532 nm), the maximum absorption observed is 5 

(Please see Fig. 7.3 (e)). However, when silver nanoparticles of suitable size were doped to 

PETN and excited with its SPR frequency (λ = 420 nm), the maximum absorption observed 
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is 9. Fig. 7.6 (a-c) shows the maximum optical absorption of the three metal nanoparticles were 

doped to PETN, HMX, lead azide and silver azide. 

Fig. 7.6 (a) shows the variation of the maximum absorption when Al nanoparticles were doped 

to different HEMs. It is observed that the maximum optical absorption (Qabs-max) is taking 

place at the excitation wavelength of 400 nm. Qabs-max is decreasing with the increase in the 

incident wavelength. However, in converse to the observation from Fig. 7.5 it is observed that 

Qabs-max is increasing with the increase in the refractive index of the HEM at all the excitation 

wavelengths. i.e., PETN is showing less absorption when compared to silver azide. 

 
Fig. 7.  6 (a) Maximum optical absorption and (b) scattering observed in Ag nanoparticle 
doped PETN at different excitation wavelengths 
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Fig. 7.6 (b) shows the variation of Qabs-max with respect to the incident wavelength when Ag 

nanoparticles doped to different HEMs. Qabs-max of all HEMs is observed at 500 nm. It is 

observed that at λ=400 nm, the Qabs-max is high for PETN and less for silver azide (Qabs-

max(PETN) > Qabs-max(HMX) > Qabs-max(Lead azide) > Qabs-max(Silver azide)). However, at and 

after 500 nm, the condition has reversed i.e., Qabs-max is more for silver azide and less for PETN 

(increasing with the increase in refractive index of HEM). Qabs-max has almost decreased to less 

than 0.5 after λ=700 nm. 

A similar trend as observed in Fig. 7.6(b) is observed in Au nanoparticle doped HEMs (Fig. 

7.6 (c)). Qabs-max is high for PETN and less for silver azide till 500 nm. After 500 nm i.e., at 

λ=600 nm, Qabs-max(silver azide) is more when compared to that of Qabs-max(PETN). Qabs-max  of 

all HEMs is observed at 600 nm. While, after λ=700 nm Qabs-max has decreased to less than 0.5. 

As a conclusion from the Fig. 7.6 (a) – (c) one can use Al nanoparticle as dopant for excitation 

wavelength for λ=400 nm and in the range of 700 -900 nm, Ag nanoparticle in the range of 

λ=420 – 532 nm and Au nanoparticle in the range of 532- 700 nm. 

It is to be noted that SPR of Al is less than 400 nm, that of Ag is at 420 nm and that of Au is 

at 532 nm. Hence, SPR resonating wavelength is acting as a threshold between the optical 

absorptions to be maximum or minimum with respect to doped HEM. It is discussed in the 

previous section 7.1 that increase in the optical absorption leads to an efficient raise in the 

temperature at the metal –HEM interface. 

 As observed from Fig. 7.6 (b) & (c), Qabs-max for Ag-PETN and Au-PETN were almost the 

same at incident wavelength of 532 nm.  Hence, a study of the effect of doping Ag 

nanoparticles to PETN on temperature generated at the Ag – PETN interface is performed at 

the excitation wavelength of 532 nm 

7.4 Thermal Conduction 

The heating of metal nanoparticles leads to a hotspot which is the center of a self-

accelerating exothermic reaction. The system of equations, describing conductive heat-transfer 

processes in the nanoparticles and the exothermal decomposition of the composite media with 

spherical symmetry are given below [7, 8, 15, 18]: 
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    The boundary conditions at the interface x=R are: 
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n is the relative concentration of the HEM (PETN in the present case), which decreases 

during the reaction from 1 to 0, α and αm are the coefficients of thermal conductivity of the 

matrix and inclusion materials, R is the inclusion radius, kB is the Boltzmann constant, E being 

the activation energy, Q is the heat efficiency of the decomposition, k0 is the pre-exponential 

factor, c is the volumetric heat capacity of the matrix. where cm is the volumetric heat capacity 

of the nanoparticle, J(t) is the absorbed density of the laser pulse radiation power. c = 2.22 

J/(cm3 K), cm = 2.7 J/(cm3 K), = 165 kJ/(mole-K), k0= 1.2×1016 s-1, α=1.1×10-3 cm2 s-1 , αm= 

0.97 cm2 s-1 , Q = 9.64 kJ/cm3 [8].  

The temporal dependence of the laser's radiating power is assumed to have normal 

distribution with the maximum impulse at t=0 as initial condition is given by the following 

equation 

     2

0

2 expexp)( tkHkRQtJ iiabs    7.9 

where ki = 9.9107  s-1 determines the impulse duration (corresponds to the laser pulse 

duration of 14 ns); H0 is the impulse energy density; Qabs is the optical absorption calculated at 

a particle radius of R using equations (7.1) - (7.5). The heat conduction equations (7.6)-(7.9) 

were solved using a finite central difference formula of fourth order accuracy. Fig. 7.7 shows 

the variation of the temperature at the Ag – PETN interface, showing that the maximum 

temperature is following the trend of the optical absorption with respect to the radius of the 

doped nanoparticle.  

The maximum temperature i.e., the temperature near to the boiling point of Ag is obtained 

at a particle radius of 35 nm at the excitation wavelength of 532 nm. Hence, Ag nanoparticle 

of radius 35 nm is found to be more suitable for doping to PETN for an excitation wavelength 

of 532 nm. Fig. 7.8 (a) shows the spatio-temporal evolution of the temperature over the Ag-

PETN composite with Ag nanoparticle radius 35 nm.  
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Fig. 7.  7 Temperature variation at the Ag nanoparticle and PETN interface with respect 
to size of the nanoparticle 

The temperature profile of the Ag nanoparticles of radius 35 nm doped to PETN is shown 

in the Fig. 7. 8. Initial temperature on either side of the interface (surface of the nanoparticle) 

is assumed to be the room temperature, i.e., 300 K. The laser beam of energy density H0 is 

incident at the interface. 

 

Fig. 7.  8 Temperature profile 35 nm radius Ag nanoparticle doped PETN at an excitation 
wavelength of 532 nm 

Since, the thermal conductivity of the metal nanoparticles is more when compared to that of 

the HEM, the nanoparticle reaches a thermal equilibrium more quickly when compared to the 

HEM. The maximum temperature attained for 35 nm particles is 2200 K [24, 25]. For the 

composite with 35 nm particles the propagation of temperature is much higher than that with 

the composite of other higher radii nano particles as can be confirmed from Fig. 7.7. The 

temporal evolution of the surface temperature of the nanoparticle over a duration of 20 ns is 

presented in Fig. 7.9.  
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Fig. 7.  9 The temporal profile of the surface temperature of the nanoparticle of radius 35 
nm over a duration of 20 ns. T=0 represents the centre of the laser pulse 

The first 14 ns represents the duration of the laser pulse interaction with the composite 

material. The surface temperature has increased till a duration of first 9 ns (i.e., up to 3 ns after 

the peak of the pulse) after which started equilibrating with the surrounding HEM.  

It is to be noted that at the maximum temperature attained at the Ag-PETN interface is 2200 

K, the metal nanoparticles at this temperature rapidly blows off and give sufficient energy for 

the HEM to initiate. Because of the effective raise of the temperature of the surrounding 

material, the critical energy density of the HEM can be lowered.  

7.5 Conclusions 

The optical absorption of high energy materials such as PETN, HMX were increased by adding 

the photosensitive metal nanoparticles such as Al, Ag and Au nanoparticles. The optical 

absorptivity and scattering of the composite material were determined using Mie theory of 

scattering assuming the doped nanoparticles to be spherical in nature. For a given combination 

of metal nanoparticle HEM composite, a suitable size of the nanoparticle to be doped, 

wavelength of laser suitable for excitation of the composite were determined. However, in all 

the combinations of metal nanoparticle HEM composites, a maximum absorption is observed 

for particle radius less than 120 nm. The absorption is observed to be more for metals (Ag and 

Au) with the more refractive index at certain excitation wavelengths. Ag and gold nanoparticles 

were showing a pronounced absorption for the excitation wavelengths of 420 and 532 nm 

respectively irrespective of the HEM to which they are doped. This is because of the excitation 

frequency matching with their corresponding surface plasmom resonance frequency. It is also 

determined that Al nanoparticle as dopant is more suitable for the excitation wavelength for 
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λ=400 nm and in the range of 700 -900 nm, Ag nanoparticle in the range of λ=420 – 532 nm 

and Au nanoparticle in the range of 532- 700 nm. The heat conduction mechanism taking 

place through the composite material due to the increased optical absorption is studied. The 

temporal evolution of temperature at the interface of the nanoparticle HEM is determined 

when Ag nanoparticles of radius 35 nm were doped to PETN. The maximum temperature 

attained at the interface is 2200 K which is near to the boiling point of the Ag. Hence, when 

the laser beam is incident on the composite material, the metal nanoparticles absorb the 

incident energy, leading to a rise in the temperature and formation of a hotspot at the interface 

of nanoparticle - HEM. The generated thermal energy is utilised in the ignition of HEM. The 

maximum temperature obtained at the interface is determined for varying size of Ag 

nanoparticles when doped to PETN. The maximum temperature is obtained for nanoparticle 

radius R= 35 nm.  
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Chapter-8  

Conclusions and Future Scope   
 

The effect of spatial confinement of laser generated plasma and shock wave using different 

methods were simulated in the thesis. It is observed that the acoustic impedance of the 

confining medium is highly effecting the enhancement in the plasma and shock parameters. 

The simulations were performed using FLASH 2D radiation hydrodynamic code. The FLASH 

code is an open source available from university of Chicago. The code is modified according 

to the experimental conditions that were used in the laboratory. The major modifications 

include the change in the ionization model and absorption with the Atzeni model of ionization 

and Zel’dovich model of absorption.  

The modified code is standardised by validating the plasma and shock wave dynamics with the 

experimental results.  The laser induced breakdown of air, generation and evolution dynamics 

of plasma and shock wave were validated with experiments. The effect of the energy, pulse 

duration in short the effect of intensity on the plasma and shock parameters were studied.  The 

asymmetry in the plasma evolution with the increase in the intensity is observed which is more 

prominent during the initial time scales. The rolling of plasma is observed due to the 

hydrodynamic instabilities existing between the plasma and the ambient atmosphere. The 

evolution dynamics of the plasma parameters such as electron number density and temperature 

were verified with the values existing in the literature. The laser generated plasma is then 

confined using different media with nearly equal, and high acoustic impedance. 

Initially the laser induced air plasma is confined using another laser induced air plasma along 

the laser propagation axis. The air plasma generated using a laser beam of energy 50 mJ (S1), 

pulse duration 10 ns with the excitation wavelength of 532 nm is confined using another source 

(S2) generated using input energy of 50 mJ/100 mJ. The effect of the separation distance (d) 

between the two sources and the acoustic impedance (ρu) of the confining source (S2) on the 

evolution dynamics of the freely expanding source S1 is studied in detail. The separation 

distance between the two sources is varied as d=0, 1, 2 and 4 mm. During the interaction of 

the two sources, the pressure and mass density were observed to be raised because of the 

interaction of the SFs. The interpenetration of the two SFs at the interaction zone is clearly 
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visualized and confirmed from the line profiles of mass density and pressure along the laser 

propagation axis. However, the extent of interaction or interpenetration of the PC of the two 

sources is explained using the collisionality parameter (ζ). The collisionality parameter is 

calculated for both the energy ratios and for all the considered separation distances. It is 

observed that when the higher energy plasma (more impedance) is interacting with the source 

S1, separation distance d< 4 mm, the interpenetration of the two PCs is observed, however, 

for d=4 mm, the interaction of the plasma outer regions (POR) is observed. However, when 

the two equal sources were interacting, for all d > 0 mm, the stagnation of the plasmas at the 

interaction zone is observed. Initiation of the interpenetration of the two sources is observed 

after 25 µs. While for d=0 mm for both equal and unequal source interaction, the two plasmas 

were interpenetrating with each other and forming as a single source. The SF from the two 

sources after interpenetration interact with the PC of the other source resulting in the 

modification of the plasma dynamics and plasma parameters. Hence, the effect of the 

interaction of the SW with the PC is studied over a duration of 30 µs. Having understood the 

effect of confinement of laser generated air plasma with a source of nearly equal acoustic 

impedance, the study is extended to the radial confinement of the air plasma using a solid 

target (very high impedance mismatch between the plasma/SW and the cavity material). 

The lateral confinement of the laser induced air plasma using a rectangular cavity of different 

materials and different dimensions is presented in chapter-5. For a fixed length of  cavity L=8 

mm, varied  separation distance between the cavity walls  D = 2, 4 and 8 mm  and varied cavity 

materials glass, aluminium and copper the plasma and SW dynamics were studied. A complete 

picture of the evolution of the freely expanding SW, its interaction and reflection from the 

cavity walls, interaction of the reflected SW with the plasma is clearly visualized and the 

corresponding effect on plasma parameters is studied over a duration of 30 µs. It is observed 

that the reflected SW while interacting with the plasma core, a plasma reheating is taking place 

resulting in the generation of a secondary radially expanding SW. Due to the compression of 

the PC along the radial direction, the plasma is squeezed along the laser propagation axis and 

a rise in plasma temperature and number density were observed. The formation of vortices at 

the tube ends due to the pressure gradient existing between the pressure inside the tube and 

that existing outside the tube (ambient atmosphere) is observed. It is observed that decrease 

in the separation distance between the cavity walls is leading to a quick reflection of the radial 

SW from the cavity walls leading to an increase in the enhancement in the plasma temperature 

with the decrease in the separation distance. However, it is understood that d=2mm is not 
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suitable for any of the material chosen (glass, aluminium and copper) for the cavity, since the 

plasma is exiting from the cavity at early times i.e., time less than 10 µs. L=12 mm and D=8 

mm were found to be more suitable for a pronounced enhancement in the plasma parameters 

and glass is found to be more suitable for the cavity material, such that no fractional ionization 

of the cavity takes place, during the interaction with the plasma/ SW.  

From the above study it is observed that the confinement of the plasma and SW using a 

medium with much higher impedance when compared to the impedance of the medium in 

which plasma is generated is showing a pronounced enhancement.  

For a more detailed understanding ablation of Al foil under different conditions were takenup 

in the chapter-6. This chapter is divided into three stages:  

Stage – 1: The effect of varied background conditions such as background pressure (varied 

between 0.1 – 1 atm) and background gas (air, helium) on the expansion dynamics of the 

ablative plasma and shock wave for the input laser energy of 5 mJ were studied in detail. It is 

observed that the increase in the background pressure from 0.1 to 1 atm is resulting in the 

increase in the strength of the SW. The expansion of the plasma and SW in the low ambient 

pressure is more when compared to that of high ambient pressure. This is because of the 

inefficient coupling of the laser with the plasma under high ambient pressures. Thus leading 

to the spatial confinement of the plasma and SW. This has resulted in launching of a strong 

SW in the blow-off regime. Similarly, the strength of the SW is high in presence of air 

background when compared to that in presence of He. However, in both the cases of change 

in ambient pressure and ambient gas, no flyer ejection (material blow-off) is observed.  

Stage - 2 The laser ablative plasma from the thin foil generated under background pressure of 

1 atm in presence of air medium is confined using a glass slab of 1.8 mm thickness i.e., the 

aluminium metal foil is attached to a glass slab. The laser beam is focused directly at the 

aluminium-glass slab interface. The study is performed for the input laser energy of 50 mJ. 

When the laser beam is focussed at the metal-glass interface, the plasma and SW were 

generated from the metal foil were confined by the glass substrate. Hence, due to momentum 

conservation at the front end of the metal foil due to the SW, a SW is launched into the metal 

foil. However, since the metal foil is very thin, it is blown-off leading to the generation of a 

blow-off shock wave in the rear side of the metal foil. The density at the SF in the blow-off 
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regime has the density nearly equal to 1.0 g/cm3 which is decreasing after few tens of 

nanoseconds.  

Stage-3 The blow-off SW/plasma generated by confining using a glass slab that is generated 

in stage-2 is confined using a glass cavity of length L=8 mm and separation distance between 

the cavity walls D = 2 mm. It is observed that the considered dimensions of the cavity are too 

large to observe an effective reflection of the SW from the glass walls and to interact with the 

plasma. While in the case of foil confined with a glass slab enhanced coupling of the stronger 

blow-off SW is observed as the confining tube geometry resulted in a strong reflected SW. The 

reflected SW further interacts with the plasma leading to an enhanced and multiple reflections 

leading to a micro blast. It is understood that the effective coupling of the laser energy with 

the plasma generated increases the strength of the blow-off SW and ejection of the flyer.  

An initial study to enhance the laser energy coupling with plasma is performed by adding the 

metal nanoparticles to the target and study thermal properties of the obtained compound. The 

variation of the optical absorption and the subsequent increment in the thermal properties is 

studied in a metal nanoparticle doped high energy material (HEM). The variation of the optical 

absorption when metal nanoparticles (aluminium, silver, gold) of different sizes (20-400 nm) 

were doped to HEMs (Penta Erythrtol Tetra Nitrate known as PETN, Octahydro-1,3,5,7- 

tetranitro-1,3,5,7- tetrazocine  known as HMX) were studied in detail over the excitation 

wavelength of 400 – 1200 nm. Optical absorption of the composite material is determined 

using the concept of Mie theory. The presence of the metal nanoparticle is leading to the 

formation of a localized hotspot. The thermal energy generated from the hotspot is utilized in 

the ignition of the composite material.  The increase in the temperature at the nanoparticle-

HEM interface increases with the increase in the optical absorption. 

The increase in the refractive index is leading to a pronounced enhancement in the optical 

absorption. Among the considered metal nanoparticles (NPs), Au NPs are having more 

refractive index for the excitation wavelength of 532 nm. Au doped PETN is showing more 

absorption at the excitation wavelength of 532 nm, while Ag NPs are showing prominent 

absorption when doped with HMX for the excitation wavelength of 420 nm. Where 532 nm 

and 420 nm are the wavelengths at which Au and Ag NPs show exhibit surface plasmon 

resonance (SPR) respectively. With the obtained optical absorption the spatio-temporal 

evolution of the temperature at the metal NP-HEM interface is determined by solving the one-

dimensional heat conduction equation. The heat conduction equation is solved using finite 
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central difference method of fourth order accuracy. For a composite material of silver NP 

doped PETN, the NP radius of 35 nm is found to be more suitable and to obtain a maximum 

temperature of 2200 K at the NP-HEM interface. The critical energy density of the composite 

material i.e., energy required to initiate the ignition of the composite material is to be 

determined.  

With all the above study the thesis summarizes the effect of spatial confinement on laser 

generated plasma. A step wise assembly of the confinement followed in the chapters can be 

used in designing a macro shock tube. A shock tube is device consisting two sections: a driver 

section, and a driven section separated by a diaphragm. The driver section is the high pressure 

region while the driven section is a low pressure region. Due to the pressure gradient existing 

at the diaphragm, the diaphragm burst generating a micro explosion. A study of micro blast 

generation in the shock tube when a composite of metal nanoparticles doped high energy 

material used in driver section of the shock tube is our interest. In this regard, a detailed study 

on the confined blow-off using the glass substrate is to be extended with varied experimental 

conditions and the dimensions of the confining cavity in the blow-off regime to observe a 

pronounced enhancement in the blow-off SW strength. Designing such device finds 

application in bio-medical research like inserting of medicine, blockage removal in arteries, 

surgical applications, characterization of novel composite materials for ignition/combustion 

to name a few.  
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