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Abstract 

A multitude of applications of pulsed laser ablation (PLA) of the solid targets has 

lead to an extensive research in the field of laser produced plasmas. The most 

successful and important applications include pulsed laser deposition of high 

temperature superconducting films without significantly changing the 

stoichiometry of superconducting material, elemental analysis of solids, 

production of atomic beams for reaction dynamics studies, nano-particle and 

cluster generation, and extreme-ultraviolet (EUV) lithography ~ources. The 

Knowledge of the mechanisms that lead to the formation and evolution of the 

plasma plume is of due importance in this context. 

In this dissertation the evolution of laser generated plasma of bulk solids and 

multi-component LiF-C thin film have been dealt with in greater details. The role 

of atomic mass of plasma species in governing the plasma dynamics in vacuum as 

well as in ambient at pressure of 1 mbar of argon and the dynamics of carbon and 

lithium species in laser-blow-off plasma have been investigated. Besides this an 

attempt has been made to elucidate the role of ion dynamics in causing the 

splitting of plume into fast and slow components. The morphological difference 

between laser produced plasma and laser-blow-off plasma also form the subject of 

investigations for the present work. The present thesis also includes a discussion 

on the component specific analysis of the temporal profiles wherein a logistic 

approach has been propounded to numerically isolate the different velocity 

components of the species constitut_ing the plasma plume. 
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1.1 Overview of laser produced plasma 

Chapter 1 

Introduction 

The interaction of light with matter has been a subject of active research, both 

theoretically and experimentally for many years. With the advent of lasers, the 

pace of research in this field accelerated and it was soon realized that laser offered 

itself as a convenient tool to study the interaction of intense electromagnetic 

radiation with matter. Besides the fundamental aspects of laser-matter interaction, 

the multitude of applications of pulsed laser ablation (PLA) of the solid targets 

has attracted a great deal of attention. Major applications of PLA include inertial 

confined fusion [1], laser-based semiconductor fabrication [2], elemental analysis 

of solids [3], thin film deposition [4], nano-particle and cluster generation [5], 

extreme-ultraviolet (EUV) lithography [6], production of atomic beams for 

reaction dynamics studies [7] and laboratory simulation of astrophysical 

environment [8]. 

The understanding of the mechanisms that lead to the formation and 

evolution of the transient plasma plume is basic to the field of laser induced 

plasmas. Besides its growing application in applied fields, the study of the basic 

mechanism of ablation and plasma plume formation continues to be a challenging 

field. Laser pulses with pulse widths ranging from 10 to 100 ns and an energy 

fluence of 1-10 J /cm2 are often used to produce plasma. The generation of 

plasma strongly depends not only on the laser parameters like wavelength, pulse 

duration and fluence and but also on the thermo-physical properties of the target. 

Extensive work has been done on the effect of laser parameters on generation and 

evolution of plasma plume (9, 10]. The main conclusion of these studies was that 

at low laset fluence, the ablation of matter by a nanosecond laser involves heating 

of the target up to melti~g point and then to vaporization point. However, for 

femto- or pico- second laser, the time duration of pulse is too short that the 

conduction of heat into the target is almost negligible and direct vaporization 

takes place. At higher laser fluence, the vapour temperature is high enough to 



Chapter 1 Introduction 

cause excitation and ionization of the atomic species. The ionized vapor then 

efficiently absorbs the laser radiation leading to a breakdown process, which 

marks the onset of plasma formation. 

The absorption of light by matter depends on the processes at play. For 

transparent dielectrics devoid of any impurities and defects, the threshold intensity 

required to cause breakdown is very high. Here, the breakdown occurs when the 

electron generated by multiphoton ionization grow further by their impact on the 

neutrals or ions in the lattice and populate the conduction band [ 11]. In case of 

metals, the incident laser energy is first absorbed by the free conduction electrons 

which then transfer their energy to lattice vibrations via thermal equilibr~tion 

process [12]. Generally, the absorption of laser light by the ablated cloud of 

material and its subsequent conversion to plasma is attributed to atomic processes 

like inverse bremsstrahlung and photoionization [13]. Other important processes 

that regulate the plasma plume are electron and ion impact processes, three body 

recombination and photo-recombination [13, 14]. The plasma plume being 

transient in nature, the plasma parameters like temperature and density are 

constantly evolving. The atomic processes discussed thus far are intimately related 

to plasma kinematics and hence their relative importance changes with time. 

The expansion of plasma plume in vacuum and its interaction with the 

background gas is an equally complex hydrodynamic phenomenon. In vacuum, 

the plume is suggested to expand self-similarly with a constant plasma front 

velocity. Here it is assumed that initially the plume expands adiabatically and then 

isothermally during its later phase of evolution [15]. The evolution of plume in a 

background medium is quite complex and is usually explained jointly by drag and 

shock wave model. During initial stages of plume expansion, the plasma species 

are scattered by ambient gas atoms thereby emulating the drag or viscous effect. 

At latter stages when the pressure of background gas is equal to the plume 

pressure, the leading edge of plasma act like a piston and compresses the ambient • 

gas. This compression causes format~on of shock wave which evolves according 

to point blast wave model [16]. 

2 



Chapter 1 Introduction 

Numerous experimental and theoretical attempts have been made by many 

authors to model the physical processes involved in laser-solid interaction. In the 

models concerning the laser-solid interaction and plasma expansion, ablation of 

matter is usually simulated by thermal approach while processes like 

photoionization and inverse bremsstrahlung are invoked to estimate the absorption 

of laser light by plasma [17-19]. Besides this, collision processes like electron and 

ion impact processes and recombination processes have also been included to 

simulate the exact conditions of transient plasmas [20]. Such modeling enables 

one to study the temporal as well as spatial variation in plasma parameters like 

temperature, density, etc. Despite these efforts, the mechanisms involved in laser 

ablation and the expansion dynamics of the plume in vacuum as well as in 

background gas have yet to be understood in entirety to completely characterize 

the evolution of the plasma plume. The present thesis deals with dynamics of the 

plasma plume produced in two different configurations, viz. ablation from solids 

vis-a-vis from thin films. The interaction of laser is expected to exhibit remarkable 

differences in these two cases, due to the differences in length scale and time scale 

of laser interaction with matter. The thicknesses of the thin films are often less 

than the 'skin-depth', the penetration depth of the laser in corresponding bulk 

medium. Therefore, the ionization process in the film-ablated plume is expected to 

show more correlation with the laser parameters. We have effectively used this 

technique to explain the plume stratification due to which the evolving plume 

shows the presence of fast and slow moving components. The present thesis 

reports experimental results from the plume characterization studies which have 

provided detailed information with regard to plume stratification, onset of 
' 

instabilities and ambient gas interaction with the evolving plume. The different 

expansion models are verified for different phases of expansion of the plume. The 

role of atomic mass of the target species on plume evolution is also studied. 

1.2 Scope of the thesis 

Laser-produced plasma being a rapidly expanding structure, the plasma 

parameters like velocity and temperature are transient in nature and evolve 

3 



• Chapter 1 Introduction 

quickly with respect to time and space. These parameters strongly depend on the 

experimental parameters like incident laser intensity and pulse duration, laser 

wavelength and ambient pressure. A host of physical mechanisms viz. laser 

absorption, evaporation, transient gas dynamics, radiation transport, condensation, 

ionization, and recombination involved in laser ablation and plasma formation 

makes the study of evolution of plasma all the more complex. This thesis deals 

with the evolution of laser generated plasma from solids (metals) and multi­

component thin film. Most of the studies reported in literature have been carri~d 

out by using typical investigation techniques of atomic and molecular physics, 

such as optical emission spectroscopy [21, 22], laser induced fluorescence 

spectroscopy [23], time-of-flight (TOF) mass spectroscopy [24] and charge 

collection measurements [25]. Imaging of the plumes by ICCD camera [26, 27] 

also has been used to study the evolution of plasma plume. In _the present work, 

optical time-of-flight spectroscopy technique has been employed to study the 

expansion dynamics of the plume. Besides plume splitting, the role of atomic 

mass of plasma species in governing the plasma dynamics in vacuum as well as in 

ambient at pressure of argon and the dynamics of carbon and lithium species in 

laser-blow-off plasma have been investigated in detail. 

An attempt has been made to understand the phenomenon of plume 

splitting within the purview of the ion dynamics of the plume. Towards this, a 

comparative study of the temporal profiles of neutral and the ionic lithium species 

was carried out. The present thesis also deals with the influence of ambient 

medium on the dynamics of the plume. In this context, the regime of validity of 

the point blast wave and drag model were identified. Further, the temporal profiles 

of neutral species of various metals were studied to establish th~ dependence of 

the transition point on the atomic mass of the target. Transition point here refers to 

the spatial distance away from the target where the plasma plume changes from 

blast wave like expansion to drag like expansion. The effect of laser fluence on 

the evolution of plasma plume and the ionic composition of the plume has also 

been dealt with in the present work. 

4 



Chapter] Introduction 

Scant studies are available on evolution of the neutral species of the 

plasma plume. In this regard, a non-intrusive optical time of flight spectroscopy 

has been employed to study the temporal evolution of the neutral at various 

distances away from the target. In order to infer the translational temperature of 

the neutral species, the temporal profiles were first transformed to the velocity 

domain. The present work includes an extensive treatment on the methodological 

aspects of fitting a Multi-Shifted-Maxwell-Boltzmann model to the velocity 

distribution of the neutral species and subsequently retrieving the relevant thermal 

parameters. 

1.3 O_utline of the thesis -

This manuscript is organized into six chapters and the contents of each of 

these chapters have been briefly summarized below. 

• Chapter 2 presents a brief review of the formation mechanisms of 

the laser produced plasma. Besides discussing the fundamentals of 

light absorption by matter and consequent heating of matter, a 

special emphasis is laid on the absorption and emissive processes 

that control the ignition of plasma. 

• Chapter 3 discusses the evolution of plasma after the cessation of 

laser pulse. In this chapter various models concerning the 

expansion of plasma in vacuum as well as in-background gas have 

been dealt with. 

• Chapter 4 deals with the data analysis. This chapter begins the 

rationale behind using temporal profile as time-of-flight profile. 

Further, it includes a discussion on transforming a temporal profile 

into a velocity distribution of the species being probed. The chapter 

ends with a short discussion on a method to evaluate the kinetic 

energy of the plume species. 

5 



Chapter 1 Introduction 

• Chapter 5 describes the experimental setup designed to study the 

expansion of plasma plume. Here, the necessary details regarding 

the optics, experimental chamber, target motion in vacuum, 

detector, and data acquisition system shall be presented. 

• Chapter 6 concerns the observations made on the plasma plume of 

the solid targets. The evolution of plasma plume in vacuum and in 

the background gas forms the main the.me of this chapter. Besides 

this, a methodology has been developed to isolate the different 

velocity components of the plasma plume and spatial variation in 

the component parameters has been studied. 

• Chapter 7 encapsulates the important observations pertaining to the 

evolution of the plumes resulting from the bulk targets and thin 

films. It contains a discussion on the evolution dynamics of the Li 

and C species of the laser blow-off LiF plasma. A comparative 

study of Li I and Li II species has been made. In context of C II 

ion, an alternate mechanism explaining the plume splitting has 

been discussed. Besides plume splitting, the other relevant features 

like enhancement in intensity of plume emissions due to the plume­

background gas interaction have been dealt with in greater details. 

• Chapter 8 briefly summarizes the main outcomes of the thesis and 

also presents the future outlook for the thesis. 
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Chapter 2 

Plasma formation by laser-matter interaction 

2.1 Introduction 

The nature of the interaction of laser with matter is largely governed by the 

properties of the matter and incident laser parameters. When an intense laser pulse 

is focused on the target, the breakdown of target may take place which is 

generally characterized by an appearance of a luminous plasma plume. The 

threshold power density required to produce such a plume depends not only on the 

laser parameters like wavelength and pulse duration but also on the 

thermophysical properties of the target material. Knowledge of the mechanisms 

that lead to the formation and evolution of the plasma plume is of due importance 

in this context. Further, the understanding of the atomic processes is important 

from the view point that the plasma parameters like temperature, density and 

velocity, which have important bearing on various applications of laser produced 

plasma, critically depend on the amount of laser energy coupled to the target. The 

present chapter briefly overviews the phenomenon of absorption of light by matter 

and the various atomic processes that take place in the plasma plume. Section 2.2 

deals with absorption of light by solids viz. metals and dielectrics. Section 2.3 

describes the heating of target due to absorption of light. Here, on the basis of the 

diffusion length, the ablation of target has been categorized into surface ablation 

and volume ablation. Finally, section 2.4 describes the other relevant atomic 

processes and their significance as the plasma evolves. 

2.2 Absorption of light by matter 

The interaction of laser with a matter depends largely on the nature of the 

target material. Depending on the property of the solid target, the absorption of 

light can be attributed to either of the below mentioned mechanisms [ 1]. 

1. Intra-band · absorption and contribution of free charge carriers in metals 

and semiconductor. 
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2. Inter-band transitions and molecular excitations .. 

3. Absorption by collective excitations (excitons, phonons). 

4. Absorption due to impurities and defects. 

On the basis of the response of solids to the laser radiation, they can be 

categorically classified into transparent and absorptive solids [2]. In this context, 

the term transparent refers to those classes of solids for which the absorption 

length is very long even at low irradiance while absorptive solids are those for 

which the absorption length is small. 

For transparent dielectrics devoid of impurities and defects, the breakdown 

due to laser-matter interaction takes place at very high values of incident laser 

intensity [2]. The destruction of dielectric by laser obviates absorption of some of 

the incident energy. Such absorption is only explicable if one considers the 

generation of electron-hole pairs. Generation of electron hole pair in a dielectric is 

mainly governed by wavelength and intensity of the incident laser beam. The 

absorption is more prominent at lower values of wavelength where the photon 

energy exceeds the band gap value of the concerned dielectric. It is important to 

notice that the laser induced breakdown is very similar to that of gases. Here, the 

band gap of dielectric plays the same role as the ionization potential of the gas. As 

most dielectrics have a band gap of order of 5 eV, it is not possible to cause 

breakdown of dielectrics by visible or . infrared light. However, breakdown does 

occur at these wavelengths when the intensity of the incident laser is very high. 

Such a breakdown is explicable only when one considers nonlinear mechanisms 

like multiphoton ionization (MPI) and electronic avalanche (EA) [3]; MPI can be 

described by the reaction 

(2.1) 

If Eg represent the band gap energy between conduction and valence band, 

the minimum number of photons (m) required to cause ionization is given by 

m = integer part of { !: + 1} (2.2) 

11 
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In order to have an estimate of the wavelength regime in which the above 

process is relevant, consider a dielectric having a band gap of 5 e V being 

irradiated by infrared light (wavelength~ 10 µm ). The number of photons required 

to cause ionization turn out to be ~50. Simultaneous absorption of 50 photons is 

highly improbable. Thus MPI is relevant only at wavelengths shorter than lµm. 

EA is an alternate mechanism which can lead to breakdown of dielectric. A few 

electrons are already present in the conduction band due to presence of impurity in 

the dielectric. These conduction band electrons acquire enough energy from the 

ambient field to promote the electrons in the valence band to conduction band by 

means of impact ionization. The nonlinear processes discussed thus far work in 

unison to cause breakdown of dielectric. MPI creates initial 'seed' electrons which 

then multiply rampantly by means of electronic avalanche. 

Specifically, in case of semiconductors, the absorption of photon of 

appropriate energy leads to creation of free carriers viz. electrons and holes with 

certain kinetic energy. Both these carriers now contribute to the absorption 

coefficient. Once these energetic carriers equilibrate and attain a common carrier 

temperature, they transfer their energy to the lattice via recombination and phonon 

generation, thereby causing lattice heating and melting. 

In metals, the photon-matter interaction begins with the absorption of the 

photons by the conduction band electrons. The deposited energy is quickly (within 

femtoseconds) equilibrated among the electrons. The energy of the electron is 

then transferred to the lattice vibrations. This process takes place rather slowly 

and is controlled by the strength of the electron-phonon coupling. It can take from 

fractions of a picosecond to several tens of picoseconds. Finally, a thermal 

equilibrium is established between the electrons and phonons, and the common 

thermal diffusion can be used to describe the heat flow into the bulk of the 

irradiated target. For metals, the absorption coefficient is close to zero for 

radiation with :frequencies smaller than the plasmon frequency and it increases 

with increase in the frequency of the radiation. The absorption coefficient is very 

high in the entire wavelength ranging from 1 0µm to 100nm. Thus the overall 

effect of the photon-matter interaction is to heat the solid. If the intensity of the 

12 
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laser pulse is sufficiently high, enough heat rr:iay be generated so as to cause 

evaporation. The removal of the material by an intense laser is often referred to as 

ablation. The ablation threshold not only depends on the wavelength and the 

intensity of the incident laser pulse, but also on the thermo-physical parameters 

like cohesive energy and thermal conductivity of the metal under study. The 

cohesive energy for sp-bonded metals like Pb and Cd is less than 3 e V per atom. 

For such metals the ablation threshold energy can be as low as 0.1 J/cm2 [4]. The 

transition metals like Ti, Fe and Co and noble metals like Ag or Au have 

intermediate binding energies ranging from 3-5 eV per atom and these metals 

have intermediate ablation threshold. Typically, the ablation threshold for Cu, 

when irradiated by 1064 nm/10 ns laser pulses, is found to be 2 J/cm2
. The 

refractory metals like Mo, Re and W have the binding energy in excess of 6 e V 

per atom. The ablation threshold of these metals can be as high as 10 J/cm2 
[ 4]. 

Thus except for the sp bonded metals, the ablation threshold for most metals are 

about an order of magnitude greater than that for the materials with a band gap. 

The threshold fluence to cause ablation is often achieved by focusing the laser 

beam to a small spot. 

The intensity of the incident laser light at a point within the surface of the 

target is often given by Beer-Lambert law (5]. 

I ( z) = ( 1 - R) J
O 

e(-a 2 ) (2.3) 

Here lo is the intensity of the incident light. R and a are the reflectivity and 

the absorption coefficient. z is the distance measured normal to the target. For 

most metals the attenuation length (Ila) is typically around 10 nm. It is important 

to note that the above relation is only correct approximately as the reflectivity and 

the absorption coefficient strongly depend on the roughness and the temperature 

of the surface respectively. Hence the end result of the interaction of laser beam 

with matter is its heating to very high temperatures. 
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2.3 Heating and melting of target surface 

As described in earlier section the absorption of the laser light by matter 

can briefly be summarized in three points: 

1. The· absorption of the lase.r photons via electronic excitations in metals or 

via inter-band transitions in semiconductors and insulators. 

2. Equilibration of energetic carriers and transfer of energy to lattice. 

3. Heating of target and dissipation of energy by means of conduction. 

The heating of the target due to pulsed laser matter interaction causes the 

surface temperature of the target to rise up to several thousands Kelvin. For most 

materials, the temperature of the surface reaches the melting and boiling point in a 

fraction of a nano-second. In the case where femto-second laser pulses are used 

the rise in temperature is even faster. 

The conduction of the heat produced at the target surface is described by 

the equation [5] 

p(T)cP (T)°T~:•t) -v'[ K(T)VT(z,t)] = 

(l-R)l
0 

(t)ae-(az) 

(2.4) 

where the term on the left hand side represents the energy deposited at the target 

surface. p(J'), K(J') and cp(J') are the mass density, thermal conductivity and 

specific heat of the target respectively. For conducting materials, there is a 

significant diffusion of the energy deposited by the laser light on the target 

surface. Thermal diffusivity and heat diffusion length are the two important 

parameters that characterize the loss of the deposited energy due conduction. 

These parameters are defined as follows 

K 
Thermal Diffusivity (D) : D = --

pc P 

Heat diffusion length ( Lth) : L,h = 2 ( D TL)½ 
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where 'L is the pulse width laser pulse. The typical values of the absorption length 

and thermal diffusion length, in case of silver target irradiated by a 6 ns laser 

pulse at wavelength, are 20 nm and 1 µm respectively. It is evident that for the 

highly conducting metal (silver) the thermal diffusion length is several orders of 

magnitudes larger than the absorption length. A detailed investigation was carried 

out by Matthias et al. [ 6] to study the correlation between thickness of the target 

film and the fluence thresholds for melting and evaporation. It was observed that 

the fluence linearly depended on the thickness of the film as long as the thickness 

of the target is larger than the optical absorption length and smaller than the heat 

diffusion length. In fact, the ablation of the target can be distinctly categorized 

into two regimes viz. surface heating regime and volume heating regime. The 

occurrence of ablation in either of these regimes is governed by laser parameters 

and thermophysical properties of the target [7]. Surface heating regime is defined 

as one in which the optical absorption depth is much smaller than the thermal 

diffusion distance i.e. o:.J2Dtp ~ 1 while in volume heating regime the optical 

absorption depth is much larger than the thermal diffusion distance. i.e. 

o:.J.2Dtp « 1. In surface heating the laser energy is absorbed in the surface layer 

and the thermal diffusivity controls the heating and ablation characteristics. Here, 

the vaporization interface formed during ablation propagates from the surface into 

the bulk of the target. However, for larger values of the fluences, sub-surface 

heating also takes place causing explosive removal of material from the target. 

Contrary to the case discussed above, when the optical absorption length of the 

laser light is very large compared to the thermal diffusion length, the ablation 

depth is determined by the optical absorption length. In this regime the laser light 

penetrates deep into the surface leading to volumetric removal of the particles [7]. 

For insulators, the depth up to which the laser energy is deposited is solely 

determined by the absorption length. Owing to negligible heat conduction, the 

surface temperature rises rapidly for insulators than for the metals. For the values 

of the laser light fluence ranging from 1-10 J/cm2
, the ablation yield varies from 

around I 015 to 1016 atoms/pulse. A detailed investigation of pulsed laser ablation 

by a nanosecond pulses with fluence at the value 9 J/cm2 revealed that 
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i~mediately after the laser pulse is extinguished, the temperatures within the 

plasma will be around 2x 104K. In the initial stage of formation, thickness of the 

plasma is around a fraction of a millimeter. Assuming the particle density at this 

stage to be 1015 particles per pulse and that the plasma follows ideal gas equation, 

the pressure of the plasma plume is estimated to be around 109 Pa [8]. The high 

pressure gradient between the plasma plume and the ambient gas drives its violent 

expansion in vacuum or in the background gas. 

2.4 Absorption and emission processes in plasma plume 

When laser beam is focused on the target, the energy density at the target 

surface can be as high as 1-10 J/cm2 depending on the laser parameters. Such a 

high energy density causes the temperature of the target surface to exceed the 

melting point of the target. However, this temperature cannot account for the 

degree of ionization observed in the plasma plume. For a gas at local 

thermodynamic equilibrium, the density of the singly ionized species in cm3 is 

given by Saha's equation [8]. 

(2.7) 

where T is gas temperature in K, nn is the gas density of neutrals (in cm3
), and U; 

is the first ionization potential of the gas atoms in electron volts. Willmott [8] 

modeled the degree of ionization of the plasma of a titanium target. He considered 

the Gaussian laser pulse with 20 ns pulse width, creating an energy density of 10 

J/cm2 at the surface of the target. Assuming the temperature of the plasma to be 

vaporization temperature (T=3562 K), the numeric of equation (2.5) indicate that 

the degree of ionization of the plasma is less than 10-3
. However, the degree of 

ionization, as observed experimentally, in the initial stage of plasma formation is 

found to be between 0.1 and 1. Such a high degree of ionization is only plausible 

at a temperature around 104K. Since the initial plasma temperature is much less 

than 104K, the observed degree of ionization cannot be explained by mere 

thermionic emission of positive ions and electron due to heated surface. The 

unexpected ionization of the plume has been attributed to the higher temperatures 
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induced by absorption of laser light by the ablated material. The absorption of 

laser by plasma depends on the electron-ion density, temperature and wavelength 

of the laser light. For absorption to take place, the plasma frequency should lower 

than the laser frequency. The plasma frequency is given by [7] 

(2.8) 

Here ne is the electron concentration of plasma. To illustrate the role of 

electron density in absorption of laser beam, consider the ablation of target by 

excimer laser. Using above relation the value of the critical density turns out to be 

1-3x1022/cm3
. This means that if the density of electrons in the plasma exceeds 

this value, there will be no further absorption. In present case, the density of 

plasma gradually decreases away from the target owing to the plasma expansion 

and hence the plasma density always remains lower than the critical plasma 

density. The lqsses due to reflection of the laser beam are insignificant and can be 

neglected. Besides this, the ablated cloud of target material is further heated by 

non-thermal processes like inverse bremsstrahlung (IB) and photoionization (Pl). 

These processes largely depend on the intensity and wavelength of the laser pulse 

used for ablation. If the intensity of the incident laser pulse is low (<1 J/cm2
), the 

temperature of the ablated material is too low for it to interact with the laser pulse. 

The laser beam passes unattenuated through the ablated vapor cloud. In this 

regime the main outcomes of laser-target interaction are heating, melting and 

vaporization of the target. When the intensity of the incident laser beam is high ( 1-

10 J/cm2), the temperature of the target surface rises to a point where there is 

appreciable atomic excitation and ionization. In this regime, there is substantial 

absorption of laser energy by the vapor species which causes vapor breakdown 

and plasma formation. The two dominant photon absorption processes involved in 

plasma formation are IB and Pl. In IB, free electrons gains energy by absorbing 

laser photons under the influence of two-body potentials of electron-neutral/ion 

scattering. The probability of the photon absorption due to electron-ion collisions 

is far exceeds that due to electron-neutral collision. However, the large density of 

neutral in the initial stage of plasma formation significantly increases IB 
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absorption of photons via electron-neutral scattering. The IB cross-sections due to 

electron-ion and electron-neutral are given by [9] 

(2.9) 

(2.10) 

where 2 is the laser wavelength in nm, Te· is the electron temperature in e V, h vis 

the energy of the laser photon in e V, Z is the ionic charge, N; and Nn are number 

densities of ions and neutrals respectively and (]'coll is the cross-section for 

electron-neutral collisions in cm2
. 

The efficacy of the IB process to absorb photon is often expressed in terms 

of IB absorption coefficient urn as given below. 

(2.11) 

where Ne is the electron density in cm-3 and (J'JB (cm2
) is the total cross-section of 

the process and it includes the contribution from ions and neutrals. 

It is evident from equation (2.6) and_ (2. 7) that IB process is less efficient 

in the UV region than in the visible and IR region. However, as IB process 

depends on the number densities of ions and neutrals, it is apparent that it also 

depends on the thermo-physical properties of the target material. In order to 

illustrate this consider the ablation of a solid target by CO2 laser. For laser pulse 

with wavelength at 1064 nm crrn is higher than 10-19 cm-2 for a very low plasma 

temperature and electron density [ 1 0]. At this wavelength, the laser intensity of 

107Wcm-2 corresponds to 5 x 1025 photons cm-2s·1
. The product of photon flux and 

cross-section of IB gives the probability of 50% for an IB photon absorption in 

1 0ns. The energetic electrons produced by the virtue of IB further collide with 

excited and ground state atoms causing their ionization and excitation. 

Besides IB, photoionization (Pl) play a vital role in increasing the degree 

of ionization of the vapor cloud. PI is particularly important in visible and UV 

18 



Chapter 2 Plasmaformation by laser-matter interaction 

laser ablation of metals. In fact, an approximate expression for photoionization 

cross-section is given by [9] 

( 
• )2.S 

& -& 
a-PI~2.9xlo-11 I 3 

(hv) 
(2.12) 

where &1 is the ionization potential of the atom and &* is the energy of the 

excited state in which the atom to be ionized resides. It is to be noted that all the 

energy terms appearing in above equation are in e V. An important caveat in using 

above equation is that hv > &1 - & ; . The efficacy of the photons to ionize the 

excited atoms is evident from above equation. The energy of the UV and visible 

photon is of same order as the ionization energy of the excited metal atoms 

making the energy terms in numerator and denominator of equation (2.9) almost 

equal. Hence the PI cross-section turns out to be of order of 10-17 cm2
. With very 

high laser intensities the probability of atom being ionized by UV photon almost 

becomes 1. 

The above two processes together increase the degree of ionization. In this 

context it is worth mentioning that electron impact (El) excitation and ionization 

time constants are of order of 0.1 ns. Hence, a laser pulse with a pulse width 

around 10 ns provides sufficient time for considerable enhancement in the 

population of excited and ionized species. The resultant increase in the number 

densities of electron and ionized species leads to an increased probability of 

photon absorption by IB due to electron-ion collision. 

Besides the absorption mechanisms described above, the other important 

chemical and radiative processes within the plasma can be broadly categorized as 

electron and ion impact _processes. The possible processes in typical laser 

produced plasma are listed next [11]. 

1. electron-impact excitation and deexcitation of neutral atom 
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2. ionization of ground state atom and three-body recombination into ground 

state 

3. ionization of excited state atom and three-body recombination into an 

excited state 

4. radiative quenching of excited atom and reabsorption of this resonant 

photon 

5. photorecombinitation and photoionization by reabsorption of this resonant 

photon 

6. collisional relaxation of electrons and heavy-body temperatures 

7. excitation, ionization, deexcitation, and recombination through atomic and 

ionic collisions 

A+A+M ~ A• +A 

A+A+M ~ A+ +A+e 

A+A• +M~A+ +A+e 

A++ A+ M ~ A•+ A+ 

A+ A+ M ~ A+ + A+ + e 

A++ A•+ M ~ A+ +A++ e 

Of all the processes listed above the important processes that counter 

balance the electron enhancing mechanisms in the plasma plume are three-body 

recombination (TBR) and photo-recombination (PHR) [10]. The absorption of 

photons by IB is primarily governed by the recombination time constants of these 
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processes. If the recombination time constants are equal to or larger than the 

duration of the laser pulse, then the electrons effectively absorb energy by 1B. in 

order to understand the relevance of these recombination processes at various 

stages of plasma evolution, consider the expression for their relaxation times [10]. 

-r ~ 1 1 x 1026 z-3 T 912 N-2 
TBR ' e e (2.13) 

-r ~ 3 1 x 1012 z-2 T 314 N-1 
PHR ' e e (2.14) 

The electron densities and electron temperature in a typical plasma is 

around 1018-1020 cm-3and several eV respectively. Under these conditions the 

recombination time constant of TBR is much smaller than that of photo ionization 

and hence TBR is a dominant recombination process. As plasma evolves, its 

density as well as temperature decreases. Thus at latter times when plasma has 

expanded in space, the PHR becomes an important over TBR. 

The above discussed ionization and recombination processes work in 

unison and decide the effective degree· of ionization of the laser produced plasmas. 

Further, these processes are governed by the plasma parameters viz. electron 

density and the temperature and the incident flux at the target surface. The 

processes discussed thus far not only decide the degree of ionization of the plume 

but also serve as marker for important plume phenomena like plume splitting. The 

effect of laser intensity on population density of the ions in the plume and the 

relation between fast velocity component and the atomic processes has been 

explored chapter 7. 
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3.1 Introduction 

Chapter 3 

Gas dynamics of laser produced plasmas 

This chapter deals with the gas dynamics of the plasma formed at the end of laser 

pulse. It provides a brief review of various models which explain the evolution of 

plasma plume in vacuum as well as in ambient argon environment · at various 

pressures. The evolution of the plume is largely governed by the nature as well as 

the pressure of the ambient gas. While in vacuum the expansion of plume is 

explained by free-expansion model, a combination of drag and point blast wave 

model is needed to understand the expansion of plasma in ambient medium. The 

expansion of plasma in vacuum has been treated in considerable detail in section 

3 .1. In section 3 .2 the expansion of plume in ambient gas environment is 

discussed. Here, the theory of point blast wave model and drag model has been 

discussed in greater detail. 

3.2 Expansion of plasma plume in vacuum 

The course of plasma evolution, after the laser pulse extinguishes, is 

largely decided. by the intensity of the incident laser beam. If the intensity of the 

laser pulse is low, less ablation takes place and as a result a collisionless low 

density vapor cloud is formed in front of the target. In such a case the angular 

distribution of the expanding vapor atoms is described by thermal cos(0) law and 

the velocity distribution of plasma constituents follows a Maxwellian function 

limited to half-space. 

However, if the laser intensity is high, the amount of the matter ablated 

increases and a high density vapor cloud is formed at the target surface. The 

increased density of cloud leads to larger number collision which causes the 

formation of Knudsen layer where half range Maxwellian velocity distribution 

function of the vapor atoms is transformed into a full range Maxwellian with a 

center-of-mass velocity in the direction perpendicular to the target surface. 
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Interestingly, it has been found that only 3-5 collisions per particle, a oonditio~ 

common in most pulsed laser deposition processes involving moderate fluences, 

are enough for such an equilibration to .happen [l]. An overview of the processes 

involved in equilibration of the vapor cloud at the surface is presented in the 

below figure. 

Evaporation Equilibration Expansion 

Figure 3-1 Various stages of plasma plume evolution. The arrows represent the expansion of the 
plasma species. Initially, the whole of the energy of the gas cloud generated at solid surface is in 
form of thermal energy. During equilibration phase the collisions among the plasma species 
convert the thermal energy of plasma into its kinetic energy. Finally, the system relaxes to MB 
behavior in its COM system and subsequently the gas cloud expands. 

For larger laser fluences more than one monolayer of the target is ablated. 

As the quantity of the ablated particles is larger, the flow evolves into an 

'unsteady adiabatic expansion' (UAE). This regime of expansion is marked by 

prominent peaking of the ablated particle in forward direction. In this regime, the 

distribution of the ablated particles can scale anywhere between cos8 0 to cos30 0 

[l ]. 

The problem of the plasma plume expansion closely resembles the sudden 

unsteady adiabatic expansion of a spherical gas cloud into vacuum. In vacuum, 

where the mean free path of the plasma particle is much longer than the 

dimensions of the vacuum system, the adiabatic expansion of plasma takes place 

and the temperature and the dimensions of the plume are related by the 

thermodynamic relation [2]. 

T [ X ( t) Y ( t) Z ( t) J-1 = const (3.1) 
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where y is the ratio of the specific heat capacities at constant pressure and 

volume and X(t),Y(t),and Z(t) are the dimensions of the expanding plasma at 

time t. As evident from relation (3.1), the temperature of the plasma drops off 

rapidly as the plasma expands. The thermal energy of the plasma is rapidly 

converted into the kinetic energy as result of which the plasma front acquires 

extremely high velocities. At asymptotic limit the sudden expansion becomes 

inertial and the velocity of the mass of gas approaches a limiting value umax • 

Consider a plasma plume occupying initially a spherical volume of radius Ro . We 

assume that initially the gas has the uniform density p0 and its flow velocity is 

zero. Thus the total gas mass is given by 

4 
M= -,r~po 

3 
(3.2) 

Assuming the initial pressure of the cloud to be uniform with a value p0 , 

the total energy of the gas at the time when the plasma plume has just been 

formed (time t = 0) is 

[ 
r ] 4 3 • Eo = -- -,r~ Po 

1-y 3 
(3.3) 

It is to be noted that the time when plasma just formed the total energy of 

the plume exists as the thermal energy. At time t = 0 the plasma cloud starts 

expanding in the vacuum. In this process of expansion, work is done by the 

expanding gas. During the expansion process the gas is accelerated, and its initial 

internal energy E0 is gradually transformed into kinetic energy of radial motion. 

The motion is isentropic since we have ignored heat conduction and viscous stress 

of the gaseous plume. Finally, when sufficient time has elapsed, the whole of the 

thermal energy is converted to the kinetic energy and the energy of the plume is 

then expressed as 

(3.4) 
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Now since the energy needs to be conserved we must have 

Using Eqs. (3.2),(3.3),(3.4) and (3.5), one obtains the relationship 

u=f2L{A 
max ~r-i~A 

(3.5) 

(3.6) 

As the plasma plume is assumed to be an ideal gas at temperature T0 , the 

equation-of-state equation is given by 

PoRTo 
Po 

w 
(3.7) 

Here w is the molecular weight of the plasma species and R is gas 

constant. Substituting Eq. (3.7) in Eq. (3.6), the maximum velocity of the plasma 

front turns out to be 

Um,x =Py R {T," 
y-1 \j-; (3.8) 

Thus, the expansion of the plasma plume is characterized by a constant 

expansion velocity which not only depends on the energy of the plasma plume but 

also on the mass of the plasma species. The position of the plasma front at any 

time t is then written as 

R(t) = umax x t + Ro (3.9) 

where R (t) is the position of the plasma front at time t and Ro is a constant. 

3.3 Expansion of plasma in ambient gas 

The evolution of plasma plume in a buffer gas above a certain pressure is a 

far more complicated gas dynamic process as compared to the expansion of plume 

in vacuum. It involves physical processes such as deceleration, attenuation, 

thermalization of the ablated species, diffusion, recombination, formation of 

26 



Chapter 3 Gas dynamics of laser produced plasmas 

shock waves, and clustering [3-6]. Besides these processes, the buffer gas notably 

influences the plume chemical kinematics [7]. In this context it is important to 

notice that the mean free path of the plasma species strongly depends on the 

buffer gas pressure. For instance, the mean free path of the magnesium atom with 

kinetic energy of tens of e V in an argon background ranges from few tens of cm at 

10-3 mbar to a tenth of mm at lmbar of argon [8]. Depending on the ambient 

pressure condition, the expansion of the plasma plume in vacuum is often 

described by a point blast wave model and the drag model. A brief overview of 

these models and their validity is discussed next. 

3.3.1 Point-blast-wave model 

The expansion of plasma plume in the ambient pressures greater than 1 

mbar leads to formation of shock wave. The generation of shock wave depends 

not only on the ambient pressures but also on other factors like molecular weight 

of the plume and background species, initial plume velocity, and density [9]. 

Whe_n a high-pressure plume expands, it compresses the surrounding gas, thereby 

acting like a piston. The braking effect of the background gas on plume expansion 

becomes prominent when the plasma plume pressure becomes comparable to the 

pressure of the gas surrounding the plume periphery. Such a braking effect of the 

ambient gas causes the nonlinear dependence of the plume front position on time 

[1 O]. It is important to note that the energy required for the generation of the 

shock wave is provided through collisions of the energetic ablated particles with 

the ambient gas atoms. This process leads to plume thennalization, thereby 

making the energy distribution of plasma particle isotropic. Thermalization of 

plume further leads to a hemispherical shape of the shock wave which propagates 

through the buffer gas. 

The problem of plasma expansion in buffer gas closely resembles the 

classical problem qf strong explosion in a homogenous atmosp~ere. !he 

propagation of strong shock also known as ~last wave produced due to strong 

explosion was first studied by Taylor and Sedov. The Sedov-Taylor model holds 

good only when the following two conditions are satisfied [11 ]. 
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• The incident energy is dissipated in a volume that is very small as 

compared to the dimensions of the plume. i.e. explosion must 

involve a point source release. 

• The energy liberated in the explosion must be very large so that the 

ambient pressure is negligible in comparison to the pressure of the 

plasma plume. In other words the explosion energy must far 

exceed the internal energy of the gas which has been set in motion. 

In view of the above conditions, we consider a perfect gas with constant 

specific heats and density p in which a large amount of energy E has been 

released in a small volume during a short time interval. In order to meet the 

requirement restricting the mass of the ambient gas set in motion by shock wave 

to be greater than mass of the plasma plume, we consider the explosion at a stage 

when the shock wave has moved a distance which is large in comparison to the 

dimensions of the region where explosion has occurred. It is must be remembered 

that the shock wave should not have moved too far away from the point of 

explosion otherwise the pressure in the plume will be less than the ambient 

pressure thereby violating the second condition. With these prime conditions the 

expression for the position of a strong shock (plume front) in a one-dimensional 

flow shall be derived [12]. 

Consider an expression for the conservation of the energy of the plasma 

plume. 

N = 0, l, 2 (3.10) 

where E is the initial energy release, p , u , and e are the mass density, flow 

speed, and specific internal energy, respectively behind the shock front. CN and 

N are the geometrical factors whose values are enlisted below 
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Geometry of Propagating 
wave 

N CN 

Plane 0 Cross-sectional Area of plane wave (A) 

Cylindrical 1 2n x length of cylindrical wave (2nL) 

Spherical 2 4n 

Table 3-1 The geometry factors C N and N for wave with different geometries. 

The Figure 3-2a depicts a discontinuity (shock wave) traversing the 

medium towards right with the velocity v0 in the frame of reference of the 

undisturbed medium. Here, p0 , T0 , and Pc, are the density, temperature and 

pressure of the unperturbed medium while p1 , I;_, and ~ are the density, 

temperature and pressure behind the shock wave. When viewed from the frame of 

reference of the shock wave, the unperturbed medium advances the shock wave at 

velocity v1 , while the shocked medium recedes away from the shock wave at the 

velocity v0 ( cf Figure 3-2b ) . 

..... 

! .L Y,l .. v, 'I 

( ,I;--

Shoi:::!wd 

) Unperturbed ., 

mi;;octo.1m medium Shocked Unperturbed 
-.d rn /"" tnGdium 

~ 
?... 

/ T. r .. 
p F"i,. P, Po 

r ) 
./ 

(a) 
{b) 

Figure 3-2 (a) Shock front as viewed from the frame of reference of unperturbed medium. (b) 
shocked medium and unperturbed medium as viewed from the frame of reference of the shock front 

It is important to note that in the reference frame of the unperturbed 

medium, v0 is the speed of the propagating shock and v0 -v1 is the speed with 

which the shocked fluid is seen to move forward. In the reference frame of the 

shock wave, the laws of conservation of mass, momentum, and energy, when 
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applied to the medium on the either side of the side of the shock front, results in 

the following equations. 

Po Vo= PiV1 

Pa +Pov; = Pi + Pi v: (3.11) 

Y Po 12 Y Pi 12 
----+-vo =---+-v1 
Y -1 Po 2 Y -1 Pi 2 

The above conservation relationships are known as shock jump condition 

or Rankine-Hugoniot relation [13]. The energy of the plume (E) is assumed to be 

large. Hence, the temperature and pressure of the plume are very high. In such a 

condition the ambient pressure is very small in comparison to plume pressure and 

hence it can be neglected. Simplifying the above relations and using Pa = 0 , the 

expressions for p1 , v1 and Pi are as follows 

y+l 
Pi =--

1 
Po, 

r-
2 . 

v1 =--R, 
y+l 

2 ·2 Pi=-- PoR, 
y+l 

(3.12) 

Since R (t) represents the position of the shock wave, the shock velocity 

v0 is also written as R. . Further, as the plasma· plume is assumed to behave like 

an ideal gas with gas constant r, the equation-of-state is given by 

P=(r-I)pe (3.13) 

When a shock wave traverses the medium, it compresses the ambient gas 

at its periphery into a thin shell. Such a compression is prominent for gases 

with r = l. The integral (3.10) now needs to be evaluated over a thin shell of 

shocked medium in conjunction with Rankine-Hugoniot relations (3.12) and the 

equation-of-state (3.13). The thickness of the shell can be estimated using tlie 

conservation of mass. 
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Mass of shell = Mass swept up by shock, 

. (3.14) 
R R 

⇒ C N J p1 rN dr = C N J Po rN dr 
R-M 0 

Here R is the position of the shock front and L1R is the thickness of the 

shock front. Evaluating the above integral and using relation (3.12) to 

eliminate Pi, the relation (3.14) finally simplifies to 

81"= y-l R 
(N +l){y+l) 

(3.15) 

As the thickness, M of the mass shell is small; the values of v1 and_ Pi 

can be conveniently assumed to be constant across the mass shell and equal to that 

at the shock front. The integral (3 .10) can now be simply written as the product of 

the energy per unit volume and the volume of the mass shell. 

(3.16) 

Now, using the Rankine-Hugoniot relations i.e. Eq. (3.12), to eliminate p1 , 

v1 and Pi and Eq. (3.15) to eliminate M, Eq. (3.16) now becomes 

E0 = CN 4 R N +l R.2 

Po N +l (y+l)
2 

(3.17) 

Solving the above nonlinear ordinary differential equation for the position 

of the shock front as a function of time, one gets 

2 1 1 

R(t) = _.__.....;....;,______ -- _o t <N+3) [(
N + 3)(r + 1)]<N+3> [ N + 1 JN+>> [E JN+>> _

2 

4 CN Po 
(3.18) 

As discussed earlier the plasma expansion is isotropic in nature. Hence the 

shock front is approximately hemispherical and N assumes value 2. The relation 

(3.18) then reduces to 
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(3.19) 

Here c; is a dimensionless constant. 

3.3.2 Drag model 

As discussed earlier, one of the prime assumptions for the formation of the 

blast wave is that the mass of the ablated fragments be small as compared to the 

mass of the gas compressed by the shock wave. This ensures a free propagation of 

the shock wave diverging from the point explosion. If the mass of the shocked gas 

is negligible in comparison to the mass of the ablated matter, the matter is least 

affected by the background gas and it expands linearly with time. The expansion 

in such a case is similar to the expansion of the plume in vacuum. For the 

formation of shock wave it is essential that the thickness of the compressed gas 

layer be significantly larger than the mean free path of the molecules in the 

undisturbed gas [ 14, 15]. Thus, it is expected that as the background density of the 

gas decreases, the shock wave will be formed at larger distances away from the 

target with a considerable reduction in its strength. At pressures lower than I mbar 

the elastic scattering of the plume species by the background gas atoms causes the 

slowing of the plasma plume front. This type of slowing is accounted for by the 

drag model proposed by Geohegan to predict the expansion of the plume front in 

its early stage of evolution [16]. According to this model the plasma plume is 

regarded as an ensemble which experiences a viscous force proportional to its 

velocity through the background gas. The equation of motion is then written as 

d 2R dR 
a=-/Jv ⇒ -=-/J-

dt 2 dt 
(3.20) 

where a and v are acceleration and velocity of the plume, /J is the slowing 

coefficient and R is the position of the plume front. The solution of the above 

differential equation turns out to be 

(3.21) 
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Here Rf is the distance at which the plume stops. It is important to notice 

that this model is valid only during the initial stage of expansion when the mass of 

the plume far exceeds the mass of the compressed background gas at the periphery 

of the plume. 

In this thesis, the models discussed thus far have been extensively used to 

predict the motion of the shock front produced due to the plasma plume. The 

dependence of the shock front velocity on the atomic mass of the target and the 

validity regime of these models also forms one of the topics of present research. 
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4.1 Introduction 

Chapter 4 

Analysis of the optical time-of-flight profiles 

The present chapter discusses the analysis of the temporal profiles. The 

determination of velocity from the temporal profiles is of main concern here. In 

this context, the validity of interpretation of temporal profile as time-of-flight 

spectrum and transformation of temporal profiles to velocity domain has been 

dealt with in greater detail. Besides this, from the view point of isolating different 

velocity components from the temporal profile, the analytic form of the shifted­

Maxwell-Boltzmann distribution in time domain has been derived for both 

particle flux and particle density detector. 

This chapter consists of five sections. Section 2 of this chapter explains the 

rationale behind accepting temporal profiles as the velocity distribution of the 

plasma species in the time domain. The section 3 discusses two different ways of 

attaining velocity distributions of the plasma species from the temporal profiles. 

The numerical transformation of temporal profiles as discussed in this chapter will 

be frequently used in chapter 6. The expression for shifted-Maxwell-Boltzmann 

distribution in time domain for both flux sensitive and density detectors have been 

discussed in section 4. The chapter finally ends with a section describing the 

method to determine the kinetic energy of the different velocity components of 

plasma plume. 

4.2 Velocity determination using ·temporal profiles 

The time resolved measurements of the plasma em1ss1on are often 

employed to study the TOF and the local population of a particular plasma 

species. The essence of this technique, widely known as optical -time-of-flight 

spectroscopy, lies in the collisional re-excitation of the species in the plume. The 

collisional processes which populate the short-lived emissive state include three­

body recombination of ions with electrons, electron-impact excitation of ground 
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and low-lying states of neutrals and ions, and collisional or radiative deactivation 

of Rydberg states [1]. These mechanisms have already been discussed in the 

chapter 1. The proposition, attributing the plasma emission to collisional re­

excitation of atoms, stands well justified in the view that the time for which the 

plasma emissions are observed (typically more than lµs) far exceed the lifetimes 

of the various species investigated (typically around tens of nanoseconds). This 

means that if the number density of the plasma species is higher, the probability of 

collision is higher and consequently the emission intensity observed is also higher .. 

In other words, the peak intensity corresponds to the highest number density of 

particles in the plume. With this interpretation of the temporal profiles, they can 

be envisaged as the particle density distribution in time for a fixed location in 

plasma plume. 

The time-of-flight spectroscopy is frequently used to study the gas 

dynamics of the shock front formed during the explosive expansion of the plume 

in the background gas. In such studies the intensity maximum of temporal profile 

corresponds to arrival of the shock front. In order to gain insight into correctness 

of this procedure, let us write an approximate expression for the intensity of the 

plasma emission. Consider the plasma species in an excited state corresponding to 

energy Eu . Assuming the temperature of the plasma to be T ( d) and that the 

number of atoms in excited state is given by Boltzmann distribution, the intensity 

of the plume at distance d from the target is then given by [2, 3] 

-E 

I ( d)cx p ( d)ek8T(~) (4.1) 

Since the plasma density increases as one move from the plasma centre 

towards the shock front (while the temperature shows a decreasing trend), 

equation ( 4.1) predicts a difference in the location of the intensity maximum of 

the temporal profile and the shock front. To estimate this difference, consider an 

ideal blast wave model. The density and temperature varies with the distance 

according to the relations [ 4] 
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T(d) = (d)(;~1) 
T(R) R 

(4.2) 

(4.3) 

Here R represents the location of the plasma front. The relations (4.3) and 

( 4.2) in conjunction with relation ( 4.1) yields 

[ 
3 l 3 -Eu z·r-l 

- kT 
l(z) = K p(R)z'-1 

~ --
8

: (4.4) 

Here z = d/ R. The value of z at which the intensity maximum occurs is 

then given by 

(4.5) 

The relative difference in the locations of the intensity maximum and the 

shock front is thus given as 

.,.--1 

R-dJDJJX = 1-(kBT)-
3 

R Eu 
(4.6) 

In order to illustrate the order of difference between the shock front and 

the intensity maximum of plasma emission, consider aluminum plasma. For 

neutral excited species corresponding to 396.15 nm transition, Eu~ 3.14 eV. At 

modest plasma temperature of 1 e V the relative difference in the location of the 

shock front and the intensity maximum as predicted by relation ( 4.6) turns out to 

be around 0.08. In other words, if one considers a plasma plume expanded to 

about 3 mm, the difference between the intensity maxima and the actual shock 

front is only about 0.2 mm. 

The above calculations have shown that the difference between the spatial 

location of the shock front and the intensity maximum of the plume emission is 
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considerably low and that the intensity maximum can be reliably used to locate 

the shock front. In other words the temporal location of intensity maximum of the 

plume emission can be used to study the plume evolution in presence of ambient 

pressures. 

4.3 Transformation of temporal profiles to velocity domain 

As discussed in earlier section the fluorescence time of various excited 

species are very small and do not affect the TOF profiles in any way. This 

observation hints collisions of the high-energy atoms, ions, and electrons within 

plasma, as the most possible source of emission besides MPI, PHR, and IB. Hence 

the TOF profiles indeed reflect the temporal variation in the particle density of the 

observational volume of the plasma plume. However, a word of caution needs to 

be considered in construing temporal profiles. The luminescence intensity does 

not necessarily correspond to the overall plume density. In fact, the visible 

emission from excited states in the plume comprises just one observable 

component of the plume transport. Hence the wavelength selected temporal 

profiles reflect the dynamics of a particular species and not of the whole plume. · 

In order to elucidate the procedure of plasma front velocity determination 

using the temporal profile, consider the Al plasma plume profile recorded at a 

distance 10mm away from the target ( cf. Figure 4-1 ). 
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--Temporal profile! 

Area under the plot=0.12464 
z=10mm \nax =0.5427µs 
Mean velocity=19. 7262km/s 
Mean Kinetic Energy=246.3713eV 
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Figure 4-1 A typical temporal profile recorded at distance 10mm away from the target. The 
shaded area is proportional to the number of the particles that have crossed the field of view 

during time t to t + dt. tmax. is the time when maximum particles have crossed the field of view. 

The area contained within two lines at t1 and t2 in the figure is 

proportional to the number of particles that have taken time t to t + dt to cross the 

predetermined distance of 10mm. In other words the shaded area represents the 

number of particles having velocities ranging from v to v + dv. Here 

v =..:. and dv = z (_!_ - ]_). It is apparent from this interpretation of temporal 
f (1 f2 

profiles that the maximum number of particle crosses the field of view at the time, 

tmax, corresponding to the peak of the profile. Hence the most probable velocity of 

the probed species is given by 

(4.7) 

The above discussion clearly indicates that temporal profiles are the 

velocity distribution of the plasma species in time domain. Any temporal profile 
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can be transformed to velocity domain either by applying it a suitable jacobian 

transformation or by constructing the velocity distribution numerically. 

Now consider the case where Jacobian transformation is employed to 

construct velocity distribution for the plasma species. The relevant jacobian 

transformation can be derived by considering the conservation of particle. If n ( t) 

and / ( v) represent the particle density and velocity distribution respectively, 

then it follows from the conservation of particle density that 

Jn(t)dtj = l/(v)dvl (4.8) 

The variables v and t are related as follows 

z z 
V =-::::} dv = --dt 

f . t 2 
(4.9) 

Using relations ( 4.8) and ( 4.9), the velocity distribution is then expressed as 

t2 
f(v)=-n(t) 

z 
(4.10) 

Here z is the distance between the target surface and the field of view measured 

in direction normal to the target. 

In the latter method (numerical transformation) the time interval over 

which the temporal profile is recorded is first divided into equal parts. The 

temporal profile is then integrated over each part. The value of this integral 

represents the number of particle having velocities appropriate to the time interval 

considered. The conservation of the particle number was taken care of by 

normalising the integrated area over a particular time interval by corresponding 

velocity spread. One advantage of numerically transformation of the temporal 

profile is that the noise gets averaged out and is reduced considerably. For the 

given velocity transformation to be valid, the mean velocity evaluated _from the 

resulting velocity distribution and the area under the velocity distribution must be 

equal to those obtained from the original temporal profile. The correctness of the 

procedure employed to implement the transformation is evident from Figure 4-2. 
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Figure 4-2 Transformation of temporal profile to velocity domain by jacobian tansformation and 
numerically. Notice that there is considerable reduction . in noise if transformation is made 
numerically. 

4.4 Modelling temporal profiles 

An extensive study of pulsed laser ablation has shown that the velocity 

distribution function of the ablated particles is governed by the laser fluence. For 

the case of low laser fluence the particle number density of the plasma plume is 

very low. Hence, the inter-particle collisions are negligible and the velocities 

normal to the surface assume only positive values. The velocity distribution of 

particles in such a case thus takes the form of a "half-range" Maxwellian. 

However, when the laser fluence is high the particle density of the plume is high 

and the collisions among the particles cause the velocity distribution function to 

change from half-range Maxwellian to a full-range Maxwellian [5, 6]. In other 

words, the velocity distribution function for the normal component of the velocity 

changes from 
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m(v 2+v 2+v 2) 
" y z 

f (v) oc v
3e 2kbT (4.11) 

v z >0 

to 

m[v;+v;+(v,:-v0 )
2 j 

/(v) oc v
3e 2kbT (4.12) 

-oo<vz <oo 

Here vz is the component of velocity of particle in direction normal to the 

target surface, A is the normalisation constant, m is the mass of particle, v0 is the 

centre of mass velocity of the plume, kb is the Boltzmann constant and T is the 

translational temperature in z-direction. Equation (4.12) represents an ensemble of 

randomly moving particles moving with velocity a common velocity v0 • 

Expression (4.12) needs to be transferred to time domain to fit experimental 

temporal profiles. The analytic expression for the transformed function depends 

on the type of detector used [7]. In order to keep the derivation simple a model 

proposed by Utterback [8] has been adopted. A brief overview of this model of 

plasma expansion follows next. This model assumes that the laser energy 

deposited on the target causes vaporization from small region of the target. The 

resulting bubble of ablated material then expands against the substrate and imparts 

momentum to it. As a result the plasma bubble as a whole acquires a centre-of­

mass (COM) velocity v ern in laboratory frame. Owing to the symmetry of plasma 

expansion, vern is normal to the target surface. When the COM of the ablated 

bubble has moved a sufficient distance the density of particles in the bubble is still 

high enough so that most of the particles equilibrate at temperature T relative to 

the COM. The angular distribution of the particle as observed by the laboratory 

observer happens to be skewed owing to the COM velocity superimposed on the 

purely thermal velocity distribution. With these assumptions, the number density 

of the particle in the expanding plasma will 'be calculated. Let the prime denote 

the physical quantities in the COM frame. In COM frame the velocity distribution 

(4.12) is thus written as 
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-m'v2 

f ('v) = A'v3e 2kT (4.13) 

Using the above velocity distribution, the number of particles having 

velocities between 'v and 'v + d 'v is given by 

dN=jf(v)dvj (4.14) 

If n ( 'r, t) be the density of plasma at time t and at a distance 'r in COM 

frame, the number of particles is then expressed as 

yields 

(4.15) 

Equations (4.14) and (4.15), along with the transformation relation 'v = 'r 
t 

(4.16) 

The optical time-of-flight spectroscopy essentia~ly involves the 

measurement of optical intensity along the axis normal to the target surface. 

Hence the expression (4.16) needs to be expressed in one-dimensional form. With 

this consideration, the equation ( 4.16) when transformed to the laboratory reduces 

to 

( )
2 -m z 

n(z,t) =A: e2kbT ,-vo 

t 
(4.17) 

As discussed earlier, the optical time-of-flight spectroscopy depends on 

the density of the plasma species. Hence the signal recorded can be expressed as 

l(z,t) ~ n(z,t) 

=?l(z,t)=A ~ e2~;(-;-,,]' 
t 
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Where J ( z, t) corresponds to the optical intensity recorded at time t and 

at a distance z away from the target. For the flux sensitive detectors like faraday 

cup, the signal recorded is proportional to the incident flux [9]. The signal is thus 

represented as 

L(z,t) rv n(z,t)vz 

==}- L(z t) = A~e2~;(f-var v =A~ e2~;(f-vaf !_ 
' f 4 z f 4 t 

(4.19) 

=A~ e2~;[f-vor 
ts 

Here L ( z, t) is the signal recorded by the flux sensitive detector. The 

optical time of flight profile essentially reflects the variation in the plume density. 

Hence equation ( 4.18) will be used to fit these temporal profiles. Figure 4-3 

depicts a temporal profile recorded at a distance 5 mm away from the target. It is 

evident from the figure that the temporal profile constitutes more than one 

population of species each with a distinct velocity distribution. 

4.5 Kinetic energy of plasma species 

The kinetic energy of the plasma species was estimated using the temporal 

profile. The temporal profile recorded at various pressures and for different 

distances persistently showed the presence of two peaks viz. fast and slow peak. 

The time evolution of the slow moving plasma core was isolated by fitting shifted 

Maxwell-Boltzmann functions (SMB) to the observed temporal profile. The fast 

peak was well fitted by a single SMB while the slow consisted of about three 

SMB. Figure 4-3 shows a typical temporal profile fitted by four SMB's. As 

illustrated in the figure, the first SMB mimics the evolution of the rapidly 

evolving plasma envelope while the other three SMB' s together describe the 

evolution of the plasma core. 
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0.6 0.8 
Time(µs) 

Target : Lead 
Distance : 5 mm 
Pressure : 1 o-5 mbar 
Wavelength: 414 nm 

1 1.2 1.4 

Figure 4-3 A temporal profile co"esponding to Lead plasma is fitted by multi-SMB model. The 
presence of more than one distribution function may indicate that the plasma is not equilibrated at 
a distance 5mm away from the target surface. 

The temporal evolution as described by the sum of these three ·sMB was 

then used to calculate the kinetic energy of the plasma species constituting the 

core of the plume. The mean kinetic energy of the species is given by [ 1 O] 

00 00 J m[u(t)]2 l(t)dt 
2 
J r 2I(t)dt 

(E. )=.!. o = mL _o __ _ 
kin 2 oo 2 oo J l(t)dt J I(t)dt 

(4.20) 

0 0 
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where m is the mass of the plasma species investigated, u is the velocity of the 

species, L corresponds to the distance between target and field of view and l(t) is 

sum of SMB functions corresponding to the slow component. 

From the discu~sion in above sections it is clear that the temporal profiles 

can be interpreted as velocity distribution of a particular plasma species in time 

domain. Such an interpretation not only helps revealing important parameters like 

velocity, kinetic energy and thermal temperature but also provides a mean to study 

important plasma phenomena like plume splitting when the plasma· evolves in an 

am~ient at certain background. Thus the study of temporal profiles makes it 

. po.ssible to investigate the temporal and spatial changes in the evolution dynamics 

( · of the plasma plume. The concepts and the terminologies introduced in this 

chapter will be frequently used in the forthcoming chapters. 
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5.1 Introduction 

Chapter 5 

Instrumentation 

The details of experimental set-up used for time-resolved spectroscopy of the 

plumes in the pulsed laser ablation (PLA} are described in this chapter. Using 

time-resolved measurements, plume profiles were recorded at a pre-determined 

distance from the target. This was achieved by the standard method, where the 

line emissions originating from the spatially-resolved regions of the plume were 

recorded as a function of time. Provisions were made to vary this distance, viz. the 

distance between the target (from where plume originates) and the space-resolved 

region in the plasma (along its direction of expansion) from where emission 

signals were recorded. Both in laser ablation of solids as well in thin film ablation, 

similar method were employed. The different components of the experiment and 

details of data acquisition are described below. For the sake of bringing out the 

major differences in these two experiments viz. bulk ablation and thin film 

ablation, they are described in separate sub-sections. 

5.2 Instrumentation 

5.2.1 For laser ablation from solids 

Laser ablation of metals Al, Cu, Pb and Sb were carried out in a specially 

designed LPP spectrometer which was made from a 25.6 cm ID, 36 cm long 

stainless steel shell, provided with two ISO250K flanges as the end flanges. At 11 

cm away from far-side end-flange, three radial vacuum ports (two ISOl00K and 

one ISO 160K) were provided for mounting vacuum pumps and other auxiliary 

units. Further 16.5 cm away from this plane, six radial ISO63K ports were 

provided for observation of th~ plume using various diagnostic tools. The target 

was arranged in the neighbourhood of this plane, so that the emission was 

observed in an orth~gonal direction to the evolving plasma. The near-side end­

flange was provided with an axial ISO63K, which served as the window for the 
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laser beam. Another inclined 1SO63K (30° with respect to the axis) was provided 

on this end-flange which either could be used as an inclined laser beam window or 

simply as a view-port. The chamber was pumped down to a base pressure of 

5x 10-6 mbar using a turbo pump (Pfeiffer TMH261). The sketch of the apparatus 

is shown in Figure 5-1. 

- m - ,~, 

Figure 5-1 The design of the LPP spectrometer showing details of 6 in-plane ports for the 
diagnostics of LPP plume and the end-flange with laser window. 

Figure 5-2 shows the details of components inside the LPP spectrometer. 

UV laser pulses from a XeCl excimer laser (Lambda Physik LPX 105E) were led 

to the target placed inside the LPP spectrometer. The excimer laser beam profile 

was rectangular, with /xb ~7x26 mm. A 2" diameter MgF2 spherical lens having 

30 cm focal length was used to focus the laser radiation to ~50x250 µm focal 

spot. The energy of the laser beam could be varied from 30 to 150 mJ per pulse 

and correspondingly, the laser fluence at the target could be varied from 2.4 to 12 

J/cm2
. These laser fluences were found to be sufficient to cause ablation and 

plasma ignition for all metal targets used in the study. 

Freshly prepared metal targets having 50x50 mm dimension were 

mounted on a XYZ translation stage, mounted inside the LPP chamber (see Figure 

5-2). The travel of each stage was 50 mm. The travel of Z-stage was set along the 

incident laser direction. The X and Y travel were programmed such that each laser 

spot fell on a fresh (previously not exposed to laser) target surface. This was 
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achieved by incrementing X by 0.5 mm after every laser shot, and reversing the 

X-direction after a suitable Y-increment at both end-points of X. Such a surface 

scan is known as 'raster scan'. 

Figure 5-2 The inside view of LPP spectrometer showing telescopes, XYZ translation stage and 
the target mount. 

One of the ISOK63 port holds a specially designed optics for spatially 

resolving the plasma plume. This assembly consisted of two piano-convex fused 

silica lenses and it imaged the plume on to an iris held at the 1SO63K flange. The 

magnification of this optics was slightly less than unity. Ray-tracing software 

(Beam-3, Stellar Software) was used to design the telescopes used in the 

experiment. A 250 µm aperture at the centre of the iris transmitted the light 

gathered from an equivalent region in the evolving plasma. The role of iris in 

improving the spatial resolution is demonstrated in the ray tracing diagram 

(Figure 5-3). By this arrangement, an over all spatial resolution of~ 300 µm was 

achieved in this experiment and light transmitted through the aperture was 

gathered by a glass fiber bundle and was fed to a 0.5 meter monochromator with 

an f/no. matching optics at its entrance side. 

The block diagram of the experimental set up is presented in Figure 5-4. 

Various components and .their functions are described below. 
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Figure 5-3 The ray diagram of the telescope designed for spatial resolution of plasma. The spatial 
resolution was determined by the magnification factor of the optics and size of the aperture used. 
The spatial resolution in the experiment was ~300 µm. 

~Target 

Evacuated 
Chamber 

llonodvomalor 

PC 

... , PMT 

Figure 5-4 The schematic of experimental setup used to study plume evolution due to laser 
ablation in solids. 

A 0.5 m monochromator (A-Minuteman) was used to choose vanous 

emission lines in the plasma. The resolution of the monochromator was ~ 0.2 nm 

for 40 µm slit width. However, in this experiment, since monochromator was used 

as a filter for widely spaced emission lines, resolution was not 'important. For 

gaining light gathering, slits were kept widely open (1 mm). [Normally, 

monochromators are avoided in high-precision time resolved measurements due to 

time spreads caused by path differences inside the monochromator. However, in 
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the present experiment, those time spreads(~ 10-9 
- 10-10 sec) were negligible as 

compared to the time scales in the experiment ( ~ 1 o-8 
- 10-6 sec).] 

An EMI 9882 photomultiplier was used as the light detector. The rise-time 

of this detector was 1.8 ns and was suitable for the time-resolved studies. The 

detector was mostly recording photon piled-up signals (where, individual photon 

signals can not be resolved) and was configured in low-output impedance current 

mode. A few capacitors were provided at the last stages of the bleeding circuit as 

boosters for piled-up pulses. 

A small portion of light signal reflected from windows, were detected by a 

fast photo diode. This signal served as the time-marker in the experiment. Both 

time marker and plume signal detected by the photomultiplier were 

simultaneously recorded on a 200 MHz digital storage oscilloscope (DSO) 

(Tektronix TDS 200). For better reliability of the result, 16 or 32 shots were 

averaged and stored in the DSO. The data were transferred to personal computers 

for offline processing. 

5.2.2 For laser ablation from thin films . 

Laser ablation in thin films was carried out m Institute for Plasma 

Research (IPR, Gandhinagar) on a general purpose 'test-stand' vacuum chamber. 

This was a 1' diameter, 2 meter long vacuum vessel with many ports. The vacuum 

chamber was pumped down to 2x 10-6 mbar pressure using an oil diffusion pump. 

On this apparatus, it was not convenient to mount the light collecting optics inside 

the vacuum chamber. It was possible to change the target position ( only along the 

radial direction) by manipulating the target holder from outside. Due to these 

limitations, it was not possible to average signals over many laser shots, and 

therefore all observations were made in 'single-shot' mode. 

The sketch of the experimental scheme used is shown in Figure 5-5. 

Commercially procured LiF-C multilayer films were used as the target. The target 

was composed of uniform layers of 0.5 µm thick carbon film and 0.05 µm of LiF 

film on a 1.2 mm thick quartz substrate. The LiF film was sandwiched between 

53 



Chapter 5 Instrumentation 

the substrate and the carbon film. As LiF is transparent to the incident laser light, 

practically no material would ablate when it is irradiated with a laser. The carbon 

layer was used to couple the laser energy to the LiF film. The carbon layer almost 

completely absorbs the incident laser energy of the laser light ( emerging from the 

substrate side) and energetically couples with the LiF film as well, resulting in 

complete ablation of both thin films. However, in this process, practically no 

ablation results from the substrate. In this experiment, laser fluence could be 

varied between 2 to 40 J/cm2 (techniques used are described later). It was ensured 

that the substra~e material was not ablated even at the highest laser fluence. 

< > 

~ 
c::::;::::, 

c:::::::::=, 

Test stand 

< > 

Figure 5-5 The laser blow-off (LBO) spectrometer assembled on a general purpose Test Stand 
vacuum chamber. 

A 0.2 m monochromator (AA~ 1.25 nm) with a fast photomultiplier (Burle 

31034) as the detector was mounted on a platform, which was mounted on a 

single-stage translation stage. In front of the entrance slit of the mon!)chromator, a 

2-element optics designed using Beam-3 ray-tracing optics was mounted on the 

same platform. This optics images the plume formed by the laser ablation on the 

entrance slit of the monochromator. The slit width determined the spatial 

resolution, and in this set of experiments, it was ---0.5 mm. 

A Nd:YAG laser, operated in fundamental wavelength ablated the thin 

film, and the plume evolved along the axis of the apparatus, in the direction of 

incident laser light. Details of the laser are described later. 
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Using a pair of He-Ne lasers, set along orthogonal directions, the axis and 

the plane of observation were determined. The alignment laser beam, grazing the 

target plate was made to fall at the center of the entrance slit of the 

monochromator ( after passing through the 2-lens optics). Thi~ alignment laser was 

mounted on a single-stage stage with a calibrated scale and with micrometer 

control. In order to vary the distance from the target and plane of observation, 

first the alignment laser is translated by the required distance. Then the platform 

holding the telescope and the monochromator was also moved in the same 

direction, bringing the alignment laser beam right at the middle of the entrance slit 

of the monochromator. By this method, target-to-observation plane distances were 

set to 2, 4, 6, 8, 10 and 12 mm in this experiment. 

While recording the plume profiles, the alignment laser was switched off. 

~ I 
I 

Mlmw~ ----s-----+----..;i-,Beam 

! Spllttar 

Beam Shutter 

Photo Diode 

1- - - - - - , 
Telescope ~ PMT 

♦ 1-w- -- ' 
Vacuum I ♦ I 
Chamber ...._ __ • - - - !.°"="=-'=-

C)--i 
Energy meter 

Osdlloscope 

Figure 5-6 The schematic of laser blow-off (LBO) experiment, showing various modules used for 
recording the plume pro.file. 

Figure· 5-6 shows the scheme of the LBO experiment. A flash lamp 

pumped Nd:YAG laser (Quantel, France), operated at its fundamental wavelength 

was used to ablate the thin film. The maximum energy of this laser was 1.6 J. A 

5% beamsplitter reflected most of the light onto another folding mirror, which 

directed the laser onto the target along the axis of the chamber. The transmitted 

light at the beam splitter was monitored using an energy meter. By means of the 

axial alignment laser and cross wire at two axial ports, first the axis of the 
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apparatus was determined. Then the Nd:YAG was aligned to this axis using the 

in-built guiding He-Ne laser beam of the YAG laser (not shown in the figure). 

Similarly, before setting up the monochromator, the transverse He-Ne laser also 

aligned using cross wire at the port. 

Once the Y AG laser is switched on, the flash lamp is continuously on at 

30 Hz frequency. It was observed that, the flash lamp pulses contained sufficient 

energy to ablate the LiF-C film from the substrate. Therefore, some scheme had to 

be made to block-off the flash lamp pulses, but to open the shutter at a command 

signal and to allow the following Q-switched laser pulse to interact with the thin 

film. For this purpose, a normally-off swinging mechanical shutter was placed 

along the Nd:YAG laser beam path, which was operated by issuing a logic pulse 

to its control unit by means of a pulse generator. The thin metallic shutter was 

secured onto the axel of a swinging motor, which will impulsively turned its axis 

by 90° and immediately fall back to closed position with an effective opening 

time of 83 ms. 

83ms 
, .. -··;···· ·-------..... 

-c- Unknow ,.,,,i.' ': j delay ► - - - _ ... Shutter , \ Fl / 

& ~ _c3P 3 roS: .... - - - - - - - - - - ~ ···-•••• _____________ .•• -··/ 

i . n ~n n ~.___fL i ~ sh Lamp (- running) 

IE Adjustab~n 

'Go' Command 
issued from 

Function 
Generator 

I delay ....J Delayed Q-switch Trigger 

Time 
Synchronous Laser Is fired 
Main Trigger t=O for the 

generated experiment 

Figure 5-7 The sequencing of timings and scheme of time synchronization used in the LBO 
experiment. 

The period of flash lamp is 30.3 ms (reciprocal of frequency) and therefore 

the shutter opening will allow more than two flash lamp pulses to be transmitted 

to the apparatus side (see Figure 5-7). One has to ensure that the laser is Q­

switched on the first admitted flash lamp pulse itself. Further, since there is no 
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time correlation between the 'master trigger' and the 'first-admitted-flash lamp 

pulse', it is necessary to make a synchronization scheme between these two timed 

events. This is achieved by ANDing the two pulses using a fast-AND circuit. The 

AND circuit generated a fast logic pulse synchronous with the flash lamp, thereby 

Q-switching of the laser in single-shot mode. 

The 'Go' command to the Q-switch is issued using another pulse, which is 

delayed with respect to the main trigger. This was generated by a delay generator. 

The energy stored in the Y AG crystal was maximum after 280 µs from the pulsing 

of flash lamp. So, for obtaining maximum Y AG laser energy, the Q-switch was 

turned on after a delay of 280 µs. Laser pulses with lesser, but stable energies 

were generated by further delaying trigger to the Q-switch. It was possible to 

operate the laser at as low energies as ~ 100 mJ in a stable and reproducible 

manner. The energy in each pulse was determined by the energy monitor, 

normalized with respect to a known energy. 

The scheme employed for data collection and storage is very much similar 

to the scheme previously explained. The reference time signal was generated from 

a photodiode viewing part of the reflected laser light. Both photodiode and 

Photomultiplier outputs were recorded on a 1 GHz DSO (Tektronix TDS540). The 

records were transferred to personal computers for offline processing. 
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. Chapter 6 

Initial observations on the dynamics of plasma plume and 

isolation of plasma components 

6.1 Introduction 

The feverish research activity in the field of laser produced plasma has lead to a 

considerable increase in our knowledge regarding the dynamics of plasma plume 

in vacuum as well as in ambient at higher pressures [ 1, 2]. Various models have 

been propounded to explain the motion of the plasma plume and the transient 

nature of the plasma parameters (3-6]. Numerous experiments have been 

performed to investigate the evolution of the plasma plume, the maJor 

observations (within the purview of the plume dynamics) being the plume 

splitting phenomena [7-9], dependence of plume dynamics on the mass of the 
-

target (1 O], and varied angular distribution of the charged and neutral species of 

the plasma plume [11, 12]. The present chapter concerns the investigation of the 

factors affecting the plume dynamics and the methodology to numerically isolate 

the various components ( ensemble of plasma species having a unique velocity 

distribution) from the temporal profiles. In this context, the technique of optical 

time of flight spectroscopy was employed and the temporal profiles of the neutral 

species Al I, Cu I and Pb I at 396nm, 522nm and 414nm were recorded at various 

distances away from target in vacuum and at various ambient pressures. 

This chapter is organized into three main sections. Section 6.2 discusses 

the impact of the atomic mass of the target on the expansion velocity of plasma 

front in vacuum. Here, it has also been demonstrated that the square root 

dependence of the expansion velocities on the atomic mass of the target could be 

improved if one considers the translational temperature of the plasma species. 

Besides this, the expansion of plasma plume in medium at higher pressures has 

also been studied to establish the relation between atomic mass of the target and 

the time at which the expansion dynamics of the plume makes a transition from 

blast wave regime to drag regime. Section 6.3 deals with the component specific 
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analysis of the temporal profiles. This section explicitly explains the logistic 

underlying the procedure of isolating the components from the temporal profiles. 

The temporal profiles corresponding to vacuum have been analyzed using the 

proposed methodology and the spatial variation of retrieved plasma has been 

discu~sed. Finally, the important findings of the experiment have been 

summarized in section 6.4. 

6.2 Influence of atomic mass on gas dynamics of plume expansion 

6.2.1 Free expansion of plume 

Temporal profiles of the transitions at specific wavelength corresponding 

to neutral species were recorded at various distances normal to the target. The 

details of tp.e lines investigated are enlisted below. 

Species Wavelength (A) Transition 

Al I 3961.520 3s23p-3s24s 

Cul 5218.20 ---
Pb I 4057.807 ---

Table 6-1 Atomic lines investigated to study the dynamics of plasma plume. 

In vacuum the plasma moves without any friction and the expansion of the 

plume is modeled by free expansion model [13,' 14]. According to this model, the 

position plume front is directly proportional to time elapsed i.e. 

(6.1) 

where R is the position of the plume front at time t and VJ is the velocity of the 

plasma plume . Hence the linearity of the position-time plot of the plasma front is 

an indication of free expansion of plasmas. Figure 6-1 depicts the spatial 

·dependence of the plume front on time in vacuum (10-5 mbar) for Aluminum, 

Copper and Lead plasmas. 

From the figure it is observed that for the distances less than 6 mm the 

plume front position of all the elements shows deviation from linear dependence 

on time. The observed non-linearity is due the fact that during the initial stages of 
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plasma evolution, the thermal energy of the plasma constituents is very high. As 

plasma expands the thermal energy of the plasma species get converted to its 

kinetic energy thereby imparting very high velocities to the plasma front. 
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Figure 6-1 Linear expansion of the plume front of various targets with respect to time in vacuum. 
The velocity of aluminum species is about four times higher than that of Lead. 

Once all the thermal energy is used up in plasma expansion, the plasma 

front no more accelerates and moves with a constant velocity thereafter. The 

constancy of the expansion velocities is evident from the linearity of the distance­

versus-time plots for distances beyond 6 mm. It is interesting to observe that for 

all the three targets studied, the free expansion commences after about 0.4 µsec of 

plasma expansion. Similar studies were performed at 10-2 mbar argon pressure in 

the expansion region of the plume. The velocities of various species averaged over 

the distances beyond 6 mm in vacuum and 10-2 mbar pressure are presented in 

Table 6-2 

The distance versus time plot for plasmas of various elements at 10-2 mbar 

argon pressure is shown in Figure 6-2. As evident from the figure, the free plasma 

expansion now begins at around 0.3 µsec after plasma expansion. Thus the onset 

time for free expansion has receded from about 0.4 µsec to 0.3 µsec as pressure;, 

increased from 10-5 mbar to 10-2 mbar. 

60 



Chapter 6 Initial observations on the dynamics of plasma plume and isolation of 
plasma components 

Element Velocity at 10-5 mbar Velocity at 10-2 mbar 
(Averaged over of argon (Averaged over 

Distance) (Km/sec) distance) (Km/sec) 

Aluminum 24±3 21±3 

Copper 14.6±0.7 13.0±0.4 

Lead 11.0±0.5 9±1 

Table 6-2 Expansion velocities of the plasma front expanding in vacuum and in ambient pressure 
of I 0·2 mbar. The velocities reported are average of the velocities calculated from the temporal 
profiles recorded at various distances. 

The observed recession in the free expansion of plasma is related to the 

ambient argon pressure. At ambient pressure of 10-2 mbar of argon, there are 

enough argon atoms for the transfer of thermal energy of plasma species to kinetic 

energy via collisions. As a result, the kinetic energy and hence the velocity of the 

plasma species decreases rapidly, thereby decreasing the onset time of free 

expansion of plasma front. The reduction in velocity due to ambient pressure is 

evident from Table 6-2 
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Figure 6-2 Linear expansion of the plume front of various targets with respect to time in ambient 
at pressure J 0·2 mbar of argon. Despite there the linearity relation being obeyed, there is a 
noticeable reduction in expansion velocities due to ambient gas. 
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The free expansion of the plume is also characterized by the inverse. square 

root dependence of the plasma front velocity on the atomic mass of the ablated 

species [15]. As discussed earlier, after the termination of the laser pulse the 

plasma expands adiabatically and the thermal energy of plasma is rapidly released 

into its expansion · velocity. The maximum attainable velocity of expansion is 

given by 

v=[-2 l fyjrr" 
,-1 \}M 

(6.2) 

where R is gas constant and M is the mass of the gas atom. The inverse square 

root dependence of velocity of the species on its atomic mass has been thoroughly 

investigated for multi-component YBaCuO target [15, 16]. The species of the 

multi-component plasma were found to deviate considerably from the inverse 

square root relation and this discrepancy was attributed to the interaction among 

the different' species of the plasma [15] Besides this, it has been observed that the 

velocity of neutral species show a much weaker inverse square root dependence 

on of its atomic mass as compared to the ionic species [16]. In order to study the 

free expansion from the perspective of its dependence on mass, equation (6.2) was 

reformulated as 

(6.3) 

Thus the free expansion is now described by the linear equation(6.3). 

Figure 6-3 shows the velocity of plasma species as a function of ~ass. It is to be 

noted that the velocities considered here are averaged over distance ranging from 

7 mm to 15 mm. 

As evident from Figure 6-3, slope of the straight line is -0.37 which 

differs considerably from the value -0.5 as predicted by relation (6.2). The 

apparent inconsistency occurs because of the negligence of the dependence of 

expansion velocities of plasmas on the temperature of its species. The decrease in 
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temperature is attributed to the adiabatic expansion of the plasma after the 

termination of the laser pulse. The fall in temperature due the plasma expansion is 

governed by the adiabatic thermodynamic equation 

T[X(t)Y(t)Z(t)rH = canst (6.4) 

where X, Y and Z are the dimensions of the plasmas, T is the temperature 

and y is the ratio of the specific heats at constant pressure and volume. It is 

important to note here that though the temperature drops of as plasma expands, 

the rate of decrease of temperature is small at lower temperatures due to the 

energy regained in the recombination of ions. 
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Figure 6-3 Velocity of the plasma front expanding in vacuum as a function of ratio of the 
translational temperature to the atomic mass of plasma species. 

In the present case, temperatures of the neutral species of plasma of different 

elements were estimated from the FWHM of their velocity distributions. The 

velocity distributions were derived from the temporal profiles by applying suitable 

Jacobian transformation. It was observed that for all the targets investigated, the 

FWHM of the temporal profiles and hence the temperatures of the corresponding 

species were almost constant for the distance ranging from 7 mm to 20 mm. If one 

considers the temperature parameter, the relation (6.3) modifies to 

63 



Chapter 6 Initial observations on the dynamics of plasma plume and isolation of 
plasma components 

v 0e [I; cs> log(v) =~log[: )+c (6.5) 

The role of temperature is evident from Figure 6-4. It shows the 

dependence of velocity of the plasma species on the ratio of its temperature and 

mass. According to equation (6.3), the slope of the fitted line in above figure is 

expected to be 0.5 as against the observed value 0.44. However, the value 0.44 is 

a considerable improvement over the previous case where the temperature was not 

considered as a factor determining the velocity of the plume front. The importance 

of temperature in determining the velocity of the species is further indicated by 

the improvement in the fitting brought about by including the temperature in the 

expression determining the velocity of the plasma plume front. Further the value 

of ratio c/cv as determined from the intercept of the fitted line is 1.9 and is 

considerably closer to the known value 1.66. 
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Figure 6-4 VelocUy of the plasma front expanding in vacuum as a function of ratio of the 
translational temperature to the atomic mass of plasma species. 
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6.2.2 Influence of atomic mass of plasma species on expansion of plume 

in ambient gas 

The expansion of the plasma plume into the buffer gas is widely 

understood by blast wave model [17, 18]. According to this model, the position of 

the shock front from the point of explosion R at time t is given by 

(6.6) 

where E is the energy the laser pulse deposits in pg plasma plume. E P is the 

background gas density and ( is a numerical constant. In writing equation (6.6), 

the hemispherical expansion of plume is assumed. Background gas has profound 

~ffect on the formation and evolution of shock waves. In fact, for the blast waves 

to occur, the ambient pressure has to be negligible in comparison to the pressure 

inside the plasma plume. In other words, the explosion energy must far exceed the 

internal energy of the ambient gas which has been set to motion by the plume[l 7, 

19]. Thus the blast wave model is expected to explain the expansion of the plume 

only during its early period of evolution which corresponds to a small region in 

the vicinity of the target. At later times the density of the plume has decreased 

considerably in comparison to that of the ambient gas and the blast wave model 

ceases to describe the motion of plume. In this regime where the density of the 

plume is comparable to the density of the ambient gas, the plasma plume 

experiences a viscous drag proportional to the velocity of the plume due to the 

denser ambient and the expansion is best modeled by drag force model [ 17, 20, 

21]. According to this model, position of the plume front at time t is given by 

(6.7) 

where R is the position of the plume front at time t. Ro is the stopping distance. /3 
is the drag coefficient. 

As the plume expands, it transfers its kinetic energy to the ambient gas and 

the maximum fraction of the energy transferred to the ambient is given by 
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(6.8) 

where E is the kinetic energy of the plume species. AE is the energy transferred to 

the ambient gas. Mp is the atomic mass of the plume species and Ma is the atomic 

mass of the ambient gas atom [19, 22]. It is evident from the above expression 

that for a collision event inv.olving the particles with small difference in their 

masses, the transfer of the energy is more efficient. Table 6-3 shows the fraction 

of the kinetic energy transferred when Aluminum, Copper and Lead atoms collide 

with the ambient argon atoms. 

Element Mass(amu) Fraction of energy 
transferred 

Aluminum (Mp) 26.98 0.60 

Copper (Mp) 63.54 0.37 

Lead (Mp) 207.2 0.16 

Argon (Ma) 39.94 

Table 6-3 Fraction of the kinetic energy of the plume species transferred to the ambient gas atoms. 

From Table 6-3, it is obvious that the species of the aluminum plasma 

transfers its kinetic energy most efficiently to the ambient argon gas atom. As a 

result it is very likely that the thermal energy of the plasma is rapidly transferred 

to the ambient argon atoms, which imply that the transition of the expansion 

regime of aluminum plasma from the point blast regime to drag regime takes 

place at shorter distances as compared to the plasmas of copper and lead. Figure 

6-5, Figure 6-6 and Figure 6-7 depict the influence of the atomic mass on the 

transition of the expansion regime from point blast wave to the drag regime for 

plasmas of three different elements. It is evident from the figure (cf Figure 6-5 to 

Figure 6-7) that with the increase in atomic mass the transition takes place at 

larger distances away from the target. For aluminum the transition takes place at 

around 5 mm away from the target while for lead this distance turns out to be 20 

mm. 
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Figure 6-5 Nonlinear expansion of aluminum plasma front in ambient at pressure of I mbar of 
Argon. A combination of PBW model and drag model is required to explain the expansion of 
plasma front. The transition from PBW to drag model takes place at around 5mm. 
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Figure 6-6 Nonlinear expansion of copper plasma front in ambient at pressure of 1 mbar of 
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Figure 6-7 Nonlinear expansion of lead plasma front in ambient at pressure of 1 mbar of Argon. 
The transition from PBW to drag model takes place at around 20mm. 

6.3 Component specific studies of plume species 

The present section aims at analyzing the TOP profiles from the 

component view point. The term component here refers to an ensemble of species 

described by a distinct velocity distribution and it is assumed that the plasma 

species is stratified into different components. Such an analysis is justified on the 

premise that the plasma plume consists of the species having distinct velocity 

distributions whose genesis could be traced to plume splitting phenomenon. Prior 

to isolation of the components, the temporal profiles are first transformed to the 

velocity domain. The transformation of the temporal profiles to the velocity 

domain offers a twofold advantage. Firstly, the undue interference of the fast 

component which contributes negligible to the temporal profile can be avoided 

and secondly the averaging of the profile involved during transformation mitigates 

the ill-effects of the noise present in the temporal profile. In present context, only 

the evolution of the plasma components in vacuum has been addressed. Such 

studies were not undertaken in presence of ambient gases for the following 

reasons. At higher pressure the temporal profiles broadens considerably and the 

temporal signal relapses to zero base level very slowly. However, for the correct 
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retrieval of component it is imperative that the temporal profiles be recorded till 

the zero line is reached. Thus the component specific studies of the temporal 

profiles corresponding to ambient pressure would involve considerable error and 

henc~ is not viable in case of temporal profiles corresponding to the background 

gas. A detailed discussion on the isolation of the components of plasma species 

and the spatial variation of the important plasma parameters like translational 

temperature and velocity of the components of the plasma species follows next. 

6.3.1 Methodological aspects of isolating plasma components 

As described earlier, the term component refers to an ensemble of the 

plasma species that are described by a distinct velocity distribution. The 

components of the plasma plume are isolated numerically by fitting a physically 

valid model to the transformed temporal profiles. The logistics of employing 

shifted Maxwell-Boltzmann distribution (SMB) to model the plasma species has 

already been discussed in chapter 4. During evaporation due to laser heating all 

the desorbed particles moves aw~y from the surface and will have a positive 

velocity along the normal to the target surface. Hence, after cessation of the laser 

pulse the gas cloud generated at the target surface acts as a thermodynamically 

closed system whose center-of-mass moves in the direction normal to the surface. 

During initial stages, when the density of the ablated cloud is high, the frequent 

occurrence of collisions among the ablated particles causes the system to relax to 

its thermodynamical equilibrium [23]. In other words, the particles now exhibit 

Maxwell-Boltzmann behavior in the moving frame. Further, the velocity 

distribution of the plasma species is known to be consisting of more than single 

Maxwellian [24]. Hence the model to be fitted to the transformed temporal profile 

is given by 

(6.9) 

where ak,bk and ck are the model parameters of the Ith component. The physical 

interpretation of these parameters is as follows: ak is normalization constant, ck 
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is the flow velocity, and bk is related to translation temperature Tk and the mass 

mk of the species under consideration according to the relation 

where kb is the Boltzmann constant. It is worth noting that the temperature Tk 

signifies the spread in the velocity of the "Jlh component of the species under 

investigation. Owing to the non-orthogonality of the SMB functions, it is possible 

that the two models with different number . of component may fit the velocity 

distribution of the plasma species equally well. Such an ambiguity increases with . . 

the increasing number of components in the model. Thus, to summarize, 

numerical isolation of components faces two main drawbacks viz. no a priori 

knowledge regarding the number of components and lack of uniquen·ess in 

components. We propose here a scheme to deal with this problem. The curve 

peeling philosophy is central to this scheme [25]. First of all single SMB is fitted 

to the initial portion of the velocity distribution whose lower and upper limits are 

zero and most probable velocity respectively. The fitted SMB represents the 

slowest component of the plasma species. The contribution of this slowest 

component is then subtracted from the velocity profile so that the remnant 

essentially constitutes the components with higher mean velocities. The higher 

components are subsequently isolated by recursively following the above steps. 

The proposed methodology of isolating plasma components is summarized and 

illustrated in the following points. 

I. Transform the given temporal profile to velocity distribution ( cf. Figure 

6-8) 

2. Fit single SMB to the initial part of the velocity distribution. The initial 

part of the velocity distribution is essentially bound by the end points, zero 

and the most probable velocities ( cf. Figure 6-9) 
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3. Subtract the fitted SMB from the original velocity distribution. As a resu lt 

the modified velocity distribution is devoid of one of the components. ( cf. 

Figure 6-10) 

4. Calculate the area of the remnant distribution. If it is significant then 

repeat the steps from 2 to 4 to isolate subsequent components with 

successively higher mean velocities. ( cf. Figure 6-11) 
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It is important to mention here that the successful isolation of components 

depends on the signal-to-noise (SNR) as well as the resolution with which the data 
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has been recorded. If either of them is poor the isolation of components is not 

possible. 

6.3.2 Spatial variation of plasma component parameters 

As discussed in section 6.2, the plasma formed at the surface of the target 

expands rapidly whereby the thermal energy of the plume is converted to the 

kinetic energy of the plasma particles. Hence the plasma parameters vary 

significantly with both distance and time. Owing to their charge, the charged 

species are known to have higher velocity as compared to their neutral 

counterparts. However, neutral species can also have higher kinetic energy if they 

are formed as a result of recombination. In fact, the multi-Maxwellian nature of 

the temporal profile could be attributed to the recombination of rapidly moving 

ion with the electron. 

Of late the multi-Maxwellian nature of the temporal profile has been 

attributed to the nature of the processes involved in ablation of target [26]. 

Explosive boiling and subsequent absorption of laser light via IB have been 

associated with the presence of two populations of species with distinct velocity 

distribution. When a short laser pulse of appropriate intensity is incident on the 

target, it gets heated rapidly causing the temperature of the target to rise to an 

extent that the target material reaches the critical point. As a result, the breakdown 

of material occurs and the mixture of vapor and particulate matter are ejected into 

the ambient in the direction normal to the surface of the target. The rapid 

temperature changes cause significant broadening of the velocity distribution of 

the plasma species. Besides, these species further gain considerable amount of 

translation energy by IB. Thus, the ensemble of species with such an origin 

essentially represents the fast component of the velocity distribution. The genesis 

of the slow component can be understood by considering the fraction of the 

ejected cloud of material whose constituents constantly undergo collisions among 

themselves. The collisions, mainly inelastic, of the atomic species with the larger 

particulate matter ejected concurrently with the atoms reduce its velocity, thereby 

giving rise to the slow component. 
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To further investigate the properties of the plasma components, the 

plasmas of Aluminum, Copper, and Lead expanding in vacuum were studied. 

Figure 6-12 shows the velocity distribution of the neutral Aluminum species at a 

distance 10 mm away from the target. 
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Figure 6-12 Three component multi-Maxwellian model.fitted to the data. 

The velocity distribution was obtained after numerical transformation of 

the temporal profile the velocity domain. The solid line tracing the transformed 

data points represents the multi-Maxwellian model fitted to the data. As evident 

from the figure, the fitting is excellent. The parameters of the multi-Maxwellian 

model and corresponding 90% confidence interval (CI) have been presented in the 

Table 6-4. 

Compo- a 90%C.I. b 90%C.I. 
90%C.I. 

nent xl0-7 xl0-7 x10-2 x10-2 C 

Slow 445 437 453 1.42 1.33 1.51 7.10 6.81 7.39 

Medium 11.5 10.9 12.2 2.53 2.05 3.00 23.5 23.2 23.9 

Fast 1.28 1.01 1.56 2.56 1.21 3.91 34.6 33.3 35.9 

Table 6-4 The values of parameters of the components comprising the multi-Maxwellian model 
and their 90% confidence interval. • 

Generally, for all the velocity distributions analyzed, the fitting was good 

and the value of error (fitting error) in parameters was considerably low. The 
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values of the model parameters for the temporal profiles of different metals at 

varied distances have been summarized in Table 6-5, Table 6-6 and Table 6-7. 

Distance 
Fast Component Medium Component Slow Component 

Sr. No. 
(mm) 

b a C a b C a b C 

1 6 9.SE-05 2.9E-02 6.4E+00 4.SE-06 3.6E-02 1.7E+01 2.SE-07 1.6E-02 2.6E+01 

2 7 6.SE-05 2.SE-02 8.1E+00 2.6E-06 3.SE-02 1.9E+01 1.7E-07 2.6E-02 2.9E+01 

3 8 8.6E-05 1.SE-02 5.1E+00 2.6E-06 2.1E-02 1.9E+01 1.9E-07 1.7E-02 3.1 E+01 

4 9 4.9E-05 1.SE-02 7.0E+00 1.4E-06 2.2E-02 2.2E+01 9.9E-08 2.0E-02 3.4E+01 

5 10 4.SE-05 1.4E-02 7.1E+00 1.1 E-06 2.4E-02 2.3E+01 1.2E-07 2.3E-02 3.4E+01 

6 11 3.9E-05 1.1E-02 6.8E+00 7.3E-07 1.9E-02 2.5E+01 4.SE-08 2.3E-02 3.8E+01 

7 12 3.1E-05 1.1 E-02 7.8E+00 7.2E·-07 2.1E-02 2.6E+01 5.9E-08 2.2E-02 3.8E+01 

8 13 3.0E-05 1.1E-02 8.0E+00 7.2E-07 2.3E-02 2.7E+01 6.2E-08 2.3E-02 3.8E+01 

9 14 2.SE-05 8.9E-03 7.6E+00 4.9E-07 2.3E-02 2.8E+01 4.SE-08 2.4E-02 3.9E+01 

10 15 2.6E-05 1.0E-02 7.8E+00 8.0E-07 2.2E-02 2.6E+01 6.SE-08 2.9E-02 3.8E+01 

11 16 2.3E-05 9.3E-03 7.8E+00 6.9E-07 1.9E-02 2.7E+01 4.9E-08 1.9E-02 3.9E+01 

12 17 2.6E-05 8.2E-03 6.SE+00 6.0E-07 2.SE-02 2.7E+01 7.1E-08 2.7E-02 3.7E+01 

13 18 3.7E-05 5.1E-03 7.2E-01 3.SE-07 1.SE-02 2.8E+01 2.SE-08 1.6E-02 4.4E+01 

Table 6-5 The values of parameters of the components comprising the multi-Maxwellian model 
that was.fitted to the velocity distribution of the neutral species of Aluminum plasma 
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Distance 
Fast Component Medium Component Slow Component 

(mm} 
a b C a b C a b C 

6 1.3E-03 1.0E-01 2.0E+00 9.1 E-05 1.1E-01 7.8E+00 1.4E-05 8.6E-02 1.3E+01 

7 1.7E-03 5.7E-02 7.9E-01 6.2E-05 9.3E-02 8.8E+00 1.0E-05 1.1 E-01 1.4E+01 

8 2.0E-03 4.7E-02 1.3E-01 6.7E-05 1.7E-01 8.7E+00 2.0E-05 5.1E-01 1.2E+01 

9 8.4E-04 5.2E-02 2.2E+00 3.7E-05 5.5E-02 1.0E+01 2.0E-06 5.8E-02 1.9E+01 

10 7.3E-04 4.0E-02 1.7E+00 3.0E-05 1.1 E-01 1.1E+01 6.4E-06 1.7E-01 1.6E+01 

11 5.7E-04 6.4E-02 3.0E+00 4.6E-05 6.7E-02 1.0E+01 3.9E-06 4.8E-02 1.7E+01 

12 4.1E-04 5.0E-02 3.5E+00 3.3E-05 6.5E-02 1.1 E+01 2.2E-06 6.3E-02 1.8E+01 

13 3.3E-04 5.8E-02 4.3E+00 3.2E-05 5.7E-02 1.1E+01 2.3E-06 6.3E-02 1.9E+01 

14 3.1E-04 1.1E-01 5.0E+00 5.7E-05 8.6E-02 1.0E+01 7.4E-06 6.6E-02 1.6E+01 

15 2.7E-04 5.6E-02 4.4E+00 3.3E-05 6.7E-02 1.2E+01 3.1E-06 6.9E-02 1.8E+01 

16 2.2E-04 7.7E-02 5.6E+00 3.3E-05 7.0E-02 1.2E+01 3.3E-06 6.6E-02 1.8E+01 

17 2.0E-04 5.0E-02 5.6E+00 2.3E-05 8.5E-02 1.3E+01 3.1E-06 8.6E-02 1.8E+01 

18 2.9E-04 2.1 E-02 3.6E+00 9.5E-06 7.3E-02 1.5E+01 1.8E-06 9.4E-02 2.1E+01 

19 2.4E-03 3.1 E-02 7.9E+00 1.1 E-04 7.8E-02 1.8E+01 1.5E-05 1.4E-01 2.4E+01 

20 4.2E-04 4.4E-02 3.2E+00 4.3E-05 9.3E-02 1.2E+01 7.6E-06 1.2E-01 1.7E+01 

Table 6-6 The values of parameters of the components comprising the multi-Maxwellian model 
that was.fitted to the velocity distribution of the neutral species of Copper plasma 
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Distance 
Fast Component Medium Component Slow Component 

(mm} 
a b C a b C a b C 

9 3.7E-03 1.3E-01 9.5E-01 2.3E-04 6.0E-02 5.8E+00 8.6E-06 6.7E-02 1.3E+01 

10 2.4E-03 1.2E-01 1.2E+00 2.0E-04 6.2E-02 6.3E+00 9.4E-06 5.7E-02 1.3E+01 

11 1.9E-03 8.0E-02 1.1 E+00 1.2E-04 7.5E-02 7.7E+00 7.6E-06 7.0E-02 1.4E+01 

12 1.5E-03 6.1E-02 1.3E+00 9.1E-05 8.3E-02 8.4E+00 6.4E-06 7.8E-02 1.5E+01 

13 1.4E-03 4.4E-02 6.7E-01 5.9E-05 6.3E-02 8.9E+00 2.8E-06 7.0E-02 1.6E+01 

14 1.2E-03 4.4E-02 1.1 E+00 5.5E-05 7.4E-02 9.1E+00 2.9E-06 7.8E-02 1.6E+01 

15 8.7E-04 3.2E-02 1.2E+00 1.6E-05 7.7E-02 1.2E+01 1.9E-06 6.3E-02 1.7E+01 

16 9.3E-04 2.9E-02 8.8E-01 8.0E-06 5.6E-02 1.2E+01 6.4E-07 5.2E-02 1.8E+01 

17 9.3E-04 2.5E-02 3.4E-01 7.1E-06 7.8E-02 1.2E+01 1.1E-06 8.3E-02 1.8E+01 

18 6.7E-04 3.1 E-02 1.9E+00 8.1 E-06 1.0E-01 1.3E+01 1.3E-06 9.0E-02 1.8E+01 

19 7.0E-04 2.4E-02 9.1E-01 3.5E-06 8.2E-02 1.5E+01 4.3E-07 6.5E-02 2.1 E+01 

20 7.3E-04 2.8E-02 1.2E+00 5.8E-06 6.9E-02 1.4E+01 5.3E-07 7.3E-02 2.1 E+01 

21 4.7E-04 5.3E-02 3.9E+00 2.2E-05 1.0E-01 1.1 E+01 2.7E-06 1.0E-01 1.7E+01 

22 5.8E-04 3.4E-02 2.3E+00 9.9E-06 9.5E-02 1.2E+01 1.7E-06 1.2E-01 1.8E+01 

23 6.8E-04 2.5E-02 9.1E-01 4.2E-06 1.7E-01 1.4E+01 1.3E-06 1.2E-01 1.8E+01 

24 6.7E-04 2.1 E-02 1.3E-01 1.8E-06 1.1 E-01 1.5E+01 6.0E-07 3.9E-01 2.0E+01 

25 3.8E-04 2.5E-02 2.3E+00 5.0E-06 7.2E-02 1.3E+01 1.3E-06 2.3E-01 1.8E+01 

26 3.7E-04 2.5E-02 2.4E+00 3.6E-06 3.5E-02 1.4E+01 1.9E-07 1.1E-01 2.5E+01 

28 4.7E-04 2.7E-02 2.2E+00 4.5E-06 1.4E-01 1.4E+01 1.5E-06 1.3E-01 1.8E+01 

29 6.4E-04 2.5E-02 9.2E-01 2.9E-06 5.4E-02 1.4E+01 2.8E-07 3.6E-02 2.2E+01 

30 4.0E-04 5.3E-02 4.5E+00 1.3E-05 2.8E-01 1.2E+01 4.4E-06 2.4E-01 1.5E+01 

Table 6-7 The values of parameters of the components comprising the multi-Maxwellian model 
that was fitted to the velocity distribution of the neutral species of Lead plasma 
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Using these model parameters the translational temperature and the centre­

of-mass velocities were calculated to study the spatial evolution of these plasma 

. parameters for different components. The spatial variation in the translational 

temperature and the centre of mass velocity of different components is presented 

in Figure 6-13. 
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Figure 6-13 Spatial variation in the centre-of-mass velocity and the translational temperature of 
various species expanding in vacuum. 

Further, to quantify the randomness of the particle motion of the plasma 

species, the Mach number M was calculated [27]. The Mach number is related to 

centre-of-mass velocity u and the translational temperature T by 

(6.10) 
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where ,y is the usual specific heat ratio. Here, considering the degrees of freedom 

associated with ionization and excitation, the value of 'Y was taken to be 1.3. The 

values of Mach number at different distances for different metals are listed in 

Table 6-8. 

Mach Number (Aluminum) Mach Number (Copper) Mach Number (Lead) 

Z(mm) Slow Medium Fast Slow Medium Fast Slow Medium Fast 

6 1.4E+00 3.9E+00 4.lE+00 1.lE-01 2.5E+00 4.4E+00 --- --- ---

7 1.6E+00 4.4E+00 5.8E+00 8.3E-02 3.2E+00 5.5E+00 --- --- ---
8 8.5E-01 3.3E+00 5.0E+00 --- --- --- --- --- ---
9 1.lE+00 4.lE+00 6.0E+00 1.2E-01 3.9E+00 5.5E+00 4.2E-01 1.8E+00 4.3E+00 

10 1.lE+00 4.5E+00 6.5E+00 --- --- --- 5.3E-01 2.0E+00 4.0E+00 

11 9.0E-01 4.4E+00 7.2E+00 6.2E-02 3.6E+00 5.IE+00 4.0E-01 2.6E+00 4.7E+00 

12 1.0E+00 4.7E+00 7.0E+00 2.7E-02 3.0E+00 6.0E+00 3.9E-01 3.0E+00 5.0E+00 

13 1.lE+00 5.lE+00 7.IE+00 1.6E-01 3.7E+00 6.IE+00 1.8E-01 2.8E+00 5.3E+00 

14 9.0E-01 5.3E+00 7.6E+00 7.5E-02 3.5E+00 6.0E+00 2.9E-01 3.lE+00 5.4E+00 

15 9.7E-01 4.8E+00 7.9E+00 2.9E-01 3.4E+00 6.3E+00 2.6E-0l 4.0E+00 5.4E+00 

16 9.3E-01 4.6E+00 6.7E+00 3.6E-01 3.7E+00 6.5E+00 1.9E-01 3.5E+00 5.2E+00 

17 7.3E-01 5.4E+00 7.7E+00 4.lE-01 4.5E+00 9.IE+00 6.7E-02 4.2E+00 6.4E+00 

18 6.3E-02 4.3E+00 6.9E+00 3.0E-01 4.7E+00 1.0E+0l 4.2E-01 5.lE+00 6.6E+00 

19 --- --- --- --- --- --- 1.8E-01 5.4E+00 6.6E+00 

20 --- --- --- 6.0E-01 3.5E+00 7.5E+00 2.5E-01 4.5E+00 6.9E+00 

21 --- --- --- --- --- --- 1.lE+00 4.6E+00 6.8E+00 

22 --- --- --- --- --- --- 5.3E-01 4.7E+00 7.6E+00 

23 --- --- --- --- --- --- 1.8E-01 7.2E+00 8.IE+00 

24 --- --- --- --- --- --- 2.3E-02 6.4E+00 1.5E+0l 

25 --- --- --- --- --- --- 4.5E-01 4.5E+00 1.lE+0l 

26 --- --- --- --- --- --- 4.8E-01 3.3E+00 1.0E+0l 

28 --- --- --- --- --- --- 4.5E-01 6.4E+00 8.0E+00 

29 --- --- --- --- --- --- 1.8E-01 4.IE+00 5.2E+00 

30 --- --- --- --- --- --- 1.3E+00 8.0E+00 9.3E+00 

Table 6-8 Mach number for various components of various plasma species at different distances 
away from the target 
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6.4 Conclusion 

The role of atomic mass of the species of the laser produced plasma in 

determining expansion dynamics of plasma in vacuum as well as in ambient argon 

environment has been investigated. Analysis of the free expansion velocities of 

aluminum, copper and lead plasmas revealed that the plasma front accelerated up 

to a distance about 6 mm followed by the free expansion. The time at which the 

free expansion began was observed to be significantly influenced by the ambient 

pressure. Further, the velocities of the plasma front were found to depend weakly 

on inverse square root of the atomic mass. This dependence was strengthened by 

the inclusion of the temperature as determined from the FWHM of the temporal 

profiles recorded at varied distances. 

The expansion of the pl_asma plume at ambient pressure of I mbar of argon 

was explained by a combination of point blast wave model and drag model. The 

transition of the plasma expansion from point blast wave regime to drag regime 

was found to strongly depend on the atomic mass of the species of the expanding 

plasma and the observed dependence was attributed to the fraction of energy 

transferred to the ambient argon environment during collision. For aluminum, the 

transition took place at around 5 mm while for lead the transition was observed 20 

mm away from the target. Further, in case of copper and lead plasmas, it was 

observed that below 5 mm the plasma expanded linearly in time. Thus the 

evolution of plasma plume could be conveniently categorized into three phases. In 

first phase the plasma expands linearly with time (free expansion) while in second 

and third phase, the expansion takes place according to point blast wave model 

and drag model respectively. 

The neutral species was found to comprise three main components viz. 

slow, medium and fast. It is found that the components could be more 

conveniently isolated in the velocity domain rather than in time domain. Using the 

methodology proposed in this chapter it was possible to analyze the temporal 

profiles recorded at larger distance despite the signal being low. The model 

parameters of the components were used to study the spatial variation in 

temperature and flow velocity of the plasma plum~. 
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Chapter 7 

Dynamics of C and Li species in plasma produced by laser 

induced blow off of LiF-C films 

7.1 Introduction 

This chapter concerns the evolution of the Li and C species of the LiF-C plasma. 

Towards this, the time and space resolved measurements were carried out under 

different experimental conditions. Distance between the target and field of view, 

the background pressure and laser fluence were the experimental parameters 

varied to study the spatial and temporal evolution of the plasma plume. In present 

case, the scheme employed (viz. laser-blow-oft) to generate plasma is quite 

different from the conventional method of producing plasma by laser ablation of 

solid targets. In laser-blow-off (LBO), or the laser induced forward transfer 

technique [1], the laser beam interacts with a thin film supported on a thick 

transparent substrate and the ablated material propagates along the direction of the 

incident laser beam. The mechanism for the formation of LBO is impulsive 

heating of the film, until the vapor pressure at the film support interface becomes 

large enough to expel the film from the support [1, 2]. While the amount of 

material ablated in conventional • LPP plume is governed by thermo-physical 

properties of the target and opacity of the vapor cloud ablated by the leading edge 

of the incident laser pulse [3], 100% material from an area equal to the laser spot­

size is ejected at every laser shot from a thin film is guaranteed in laser-blow-off 

technique. This essentially means that the mass ejected per shot is rather 

independent of the laser fluence beyond the ablation threshold, whereby the 

density of the plume could be determined rather accurately. Thus, the onset of 

instabilities in expanding plasma plume in ambient gas could be better studied in 

LBO experiments. In present context, a discussion pertinent to differences in• 

plasmas produced by LPP and LBO would further elucidate the dependence of 

plume dynamics on the formative mechanisms involved in production of plasma. 
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The major difference between LPP and LBO plumes originates from the 

processes taking place when a laser interacts with the target. When a laser with a 

few ns pulse width is incident on a solid target, the following stages of plume 

formation will occur. The leading edge of the laser pulse ejects an envelope of fast 

moving atoms. Electron collisions are prevalent in this dense plume, where the 

initial number densities can be as high as 1022 cm -3
. This causes ionization and 

excitation of atoms in the front-layer (also known as a fast component). The atoms 

on the front layer expand unhindered by the trailing slow atoms from the core 

(known as a slow component). The LPP plasma is found to have a considerable 

fraction of multiply-charged ions, which depends on the laser fluence. The 

fraction of multiply-charged ions is found to be negligible in the LBO plasma. 

The expansion dynamics in LBO will depend on the thickness of the thin film. If 

the thickness is less than the skin depth, defined as the penetration depth of the 

laser in a solid target, then it would result in an explosive expansion of plume with 

less number of thermalizing collisions. In such cases, there is practically little 

attenuation of the fast component, and in these situations the LBO plume 

resembles an LPP plume. 

At this point, the importance of investigating the dynamics of plasma 

produced by LBO scheme and the choice of LiF-C thin film as a target needs a 

special mention. The LBO scheme is better suited for its use in the generation of 

fast neutral atom beams [4] as a diagnostic tool for the tokamak plasmas. It has 

been observed that the neutral density in LBO plumes is about an order of 

magnitude larger than the neutral density in LPP plumes. Moreover, since 

complete ablation of the irradiated film takes place in every laser shot, the amount 

of material injected into the tokamak could be easily estimated. This makes 

interpretation of the results easier. The LBO method has been used to characterize 

plasma properties such as ion temperature [5], plasma rotation [6], impurity 

transport [7] and plasma density and electron temperature measurements [8] at the 

scrape-off-layer (SOL) and at the edge of the plasma. As a result, laser ablation 

from multi-component targets has been subjected to great attention in recent 

times. The expansion dynamics, the plasma property of the plume and emission 

features from atomic components are of particular interest in such studies [9]. A 
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multilayer LiF-C target is of particular importance because of the low mass and 

high penetration speeds. Lithium is favored due to the simplicity of its emission 

spectra. The interaction of laser-induced carbon plasma with ambient gas has also 

generated a lot of interest because of its application in the thin film preparation of 

advanced material like fullerenes, single-walled carbon nanotubes and diamond­

like carbon (DLC) films [10-12]. 

In present chapter, the findings of the experiment conducted on LiF-C thin 

film have been organized into four main sections. Section 1 describes the cursory 

observations regarding the effect of physical parameters like spatial location of 

point of observation and ambient pressure on the shape of the temporal profiles of 

various species. Section 2 addresses the issue of plume stratification into fast and 

medium component as inferred from the study of various plasma species. Section 

3 describes the evolution of the plasma plume in terms of various models. Section 

4 describes the role of the laser fluence in governing the dynamics of plasma 

plume. 

7.2 Initial observations on the temporal profiles 

Temporal profiles were recorded at distances varying from 1 mm to 12 

mm. In order to investigate the effect of ambient environment on the plume 

expansion, the experiment was performed in argon ambient with base pressure 

varying from 10-6 Torr to. 3 Torr. The effect of laser fluence on the plume 

dynamics also forms a part of present studies and the laser fluence varied from 15 

to 40 Jcm-2
. An overview of the species investigated and experimental parameters 

varied during the experiment appears in Table 7-1 

Variable Range of values 

Distance between target and field of view (mm) 2 , 4 , 6 , 8 , 10 , 12 

Wavelength (nm) 426.7, 478.8, 548.4, 610.3, 670.8 

Pressure (mbar) le-6 , le-2, 1 , 3 

Energy density (J/cm2) 15 to 40 

Table 7-1 The range ofvalues assumed by various experimental parameters 
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7.2.1 Temporal profiles in vacuum: 

Figure 7-1 depicts temporal profiles recorded at three different distances. 

The closest distance chosen was 2 mm to avoid the contribution of the continuum 

emission corresponding to the dense phase of plasma plume. The higher FWHM 

of the temporal profiles at smaller distances could be attributed to the higher 

temperature of the plasma plume during its initial stages of evolution when the 

electron densities are high. 
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Figure 7-1 Temporal profile for CII emission line for different distance at two J(J6 mbar and 3 
mbar argon pressures. 

The electron density in the plume decreases as a function of time due to 

volumetric expansion of the plume. Various experimental and theoretical efforts 

have predicted r 2 and r 3 temporal dependence of the electron temperature and 

electron density respectively. The fall in electron density and electron temperature 

reduces the probability of the electron impact ionization/excitation, th~reby 

drastically reducing the collisional processes in the plume. This reduction in 

collisional processes is evident from the reduction in intensity of temporal profiles 

with distance (cf Figure 7-la). Similar observations were made on lithium neutral 
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(Li I) and ionic (Li II) species. Figure 7-2a & Figure 7-2b show the temporal 

profiles for Li I and Li II at three different distances. 

It has been observed that in LPP experiments, the temporal profile appears 

as a single-peak structure in initial stages of the plasma evolution [13-19]. In 

contrast to this, double-peaked structures were observed in the temporal profiles 

for both neutral and ionic species of lithium even in vacuum (Figure 7-2a & 

Figure 7-2b). The observed features in the temporal profiles are intimately related 

to spatial and temporal change in neutral density for both LPP and LBO plumes. It 

is well established that the LBO plume contains large number of neutral species in 

comparison with the LPP plume. Hence, under the influence of excess self­

generated neutral density, the double-peak structure appears at an early stage of 

the LBO plasma formation. 
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The origin of ions in the plume can be traced back to two fundamental 

processes viz. photo-ionization and ionization due to collisions. The ions formed · 

by the photo-ionization have larger translational energy and constitute the ablation 

front of the plume. This ablation front appears as the fast component of the 

profile. To start with, the ionic lines are all fast, as evident single peak structure at 

far distances (z > 6 mm) from the target (figure 7.2a). However, at z = 2 mm (open 

circles in figure 7.2a), an unresolved shoulder in the ionic temporal profile suggest 

~he presence of excessive neutrals in the plasma. At z = 2 mm, even at 3 mbar, not 

much ambient penetration into the plume was visible ( open circles in figure 7 .2b ), 

whereas clear plume splitting was seen for z = 6 and _12 mm. An entirely different 

trend was observed in the case of neutral temporal profiles (figure 7.2c and 7.2d). 

In vacuum, the profiles were always double peaked, and when the ambient gas 

was introduced, they were changed into single peaked profiles with reduced 

FWHM. Large tunablility in the time corresponding to the peak maximum was 

also observed. All these suggest that the modulation of LBO plume in appropriate 

ambient condition offers a possibility in energy tuning and temporal profile 

shaping of the plume. These findings are further discussed in the later part of this 

chapter. 

Besides the appearance of fast component, the important feature that these 

temporal profiles hint at is the formation mechanism of fast component in the 

neutral species at large distances away from the target. The speed of the slow 

component of Li I and Li II close to the target, as calculated from their respective 

temporal profiles, turns out to be 13.9 and 20.8 km/sec respectively. That is, speed 

of ionic species is 1.5 times higher than the speed of neutral atoms. This is due to 

the fact that larger electron mobility leads to buildup of local self-generated 

electric field due to the space charge [20], which accelerates the ions in addition to 

the pressure gradient. Contrary to the observations made at smaller distances, the 

velocities of the fast components of ionic and neutral species are almost equal ( 10 

km/sec) at large distances (z = 6 and 12 mm). At sufficiently large distance from 

the target, electron temperature decreases rapidly, enhancing the probability of 

recombination processes. This observation suggests that at large distance from the 
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target fast component formed in Li I is mainly due to the recombination [21] of 

energetic ionic species. 

7.2.2 Temporal profiles in ambient argon environment 

The ambient environment is known to significantly affect the dynamics 

and propagation of the plasma plume; the major effects being plume deceleration, 

plume splitting and intensity enhancement of the plume. These effects modify the 

temporal profiles, thereby providing a means to study the influence of ambient 

environment on the plume dynamics. The observable features of the temporal 

profiles corresponding to varied distances (z) and pressures (cf Figure 7-3) clearly 

indicate the role played by the ambient gas in governing the dynamics of the 

plasma plume. 
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Figure 7-3 Effect of ambient gas pressure on the temporal profiles of the Li I and Li II at z = 4 mm 
(a and b) and z = 6 mm (c and d) 

It is evident from Figure 7-3a that at z = 4 mm, the shape of the temporal 

profile corresponding to Li II does not change much with increase in the 
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background pressure. This means that at this distance the density of the plasma is 

high enough to prevent penetration of the ambient gas into the plume and cause 

deceleration of the ionic species. However, the unresolved shoulder-like structure 

present in the profile is due to the neutrals produced in the ablation of the thin 

film. The temporal profiles of C II species (not shown here) also displayed similar 

features. Contrary to this, the ambient gas has a profound effect on Li I species. 

The slow component becomes noticeable with increase in pressure. Even though 

the plume profiles have drastically changed, they still remain· unresolved (figure 

7.3b), suggesting that the plume boundary is yet not permeable to _the ambient gas. 

The shape of the temporal profiles of ionic and neutral species changes 

dramatically as the field of view is moved to a distance z = 6 mm away from the 

target. At this distance, the slow and fast components are well separated. For the 

Li II, the intensity maxima of slow component increases rather slowly with 

pressure up to 1 mbar (Figure 7-3c). However, a significant enhancement iri the 

intensity of slow component is observed when the ambient pressure is increased to 

3 mbar. Here also, Li I species exhibited a markedly different behavior. The slow 

component became prominent at an ambient pressure as low as 10-2 mbar itself. 

However, the fast component of the temporal profile remains almost unaltered 

when the ambient pressure is varied. Further, the confinement of the slow 

component is evident from the fact ( observation) that the FWHM of the temporal 

profiles decreased with increase in pressure. The FWHM of the slow components 

of Li I was 6;88x10-7

, 5.34x10-7 and 3.52x10-7 seconds for 10-2

, 1 and 3 mbar 

ambient Argon pressure respectively. The confinement of the plasma plume due 

to the ambient gas is further corroborated by the observation that the emission 

intensity of the temporal profile increases with increase in the pressure, asserting 

the role of secondary processes aided by the ambient gas. 

7.2.2.1 Yield of plasma species 

As discussed in chapter 3, the intensity of the temporal profile is 

proportional to the plasma density. Thus the total intensity obtained by taking the 

whole area under the temporal profile is representative of the number of the 

emissive species being probed. 
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Figure 7-4a depicts the total intensity as a function of distance at various 

pressures for ionic and neutral lithium species. As evident from the figure, in 

vacuum, the total intensity of Li I and Li II species decreases rapidly for distances 

z exceeding 4 mm. At 3 mbar of argon pressure for Li II, intensity variation 

followed the similar trend as in the case of vacuum, but the intensity was 2-3 

times higher than the observed intensity in vacuum. Presence of ambient gas 

strongly affects the population of excited neutral atoms. Total intensity 

enhancement by a factor of two with respect to the intensity observed in vacuum 

up to the z = 4 mm. At z = 6 mm, number of excited neutral species was 8 times 

higher than that in vacuum. Figure 7-4b shows intensity distribution of fast and 

slow component of neutral and ionic lithium atoms with respect to argon pressure 

at z = 8 mm. Intensity of the fast and slow component of Li II species increased 

with increase in background pressure. The physical mechanisms leading to 

enhancement in intensity due to increase in ambient pressure have already been 

explained. For the neutral atoms, intensity of fast component was almost invariant 

with pressure. 
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Figure 7-4 (a) Integrated yield of the emission lines at 478.8 and 670.8 nm as a function of 
distance 'z 'from the target for 10-6 and 3 mbar argon pressure. (b) Variation of integrated yield of 
the fast and slow components for Li I and Li II lines as a function of argon pressure. 

As seen in Figure 7-3d, the Li I slow component intensity was extremely 

sensitive to ambient gas pressure. The ratio of intensities of slow and fast 

components at 10-2 mbar pressure was ~3 and 250 respectively for ionic and 
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neutral species. The decreasing trend of the slow component at higher pressure 

(i.e., at l and 3 mbar), might be due to the scattering loss of the ejected species at 

relatively higher pressure. 

7.2.2.2 Shape of temporal profile 

The very fact that ambient pressure has a profound effect on shape of 

temporal profiles, hints the role played by the ambient pressure conditions in 

governing the velocity distribution of the plasma species. In order to quantify the 

effect of ambient gas on velocity distribution of ions and neutral species, the 

temporal profiles were fitted with both shifted Maxwell-Boltzmann (SMB) and 

Gaussian distributions and a comparative study is made. The SMB distribution 

function to fit the time-of-flight profile is written as: 

(7 .1) 

where f(t) is the intensity of emitting species, A is the normalization constant, m is 

the mass of the ablated species, z is the distance between the target and the point 

of observation, v0 is the centre-of-mass velocity and T is the trans lational 

temperature describing the stream velocity spread. 

93 



0.8 

2 0.6 
C: 
::::, 

..ci ... 
ca 
:; 0.4 
·u; 
C: 
(1) -C: 

0.2 

Chapter 7 Dynamics of C and Li species in plasma produced by laser induced 
blow off of LiF-C thin films 

478.8 nm 

5.0x10-1 

0.8 

1.0x10-e 

o z = 6 mm; 10 .. mbar 
-SMB ffltlng 

1.ox10·1 2.ox10·1 3.0x10·1 

z = 6 mm; 3 mbar 
--multi-SMB fitting 

1.5x10-e 

Time delay (in sec) 

2.0x10-e 

Figure 7-5 The arrival time distribution of Li II species for 1 (!
6 mbar (shown in inset) and 3 mbar 

argon pressure. The profiles were recorded at z = 6 mm. Solid line represents the multi-SMB fit of 
the profiles. Doted lines represent the different components of SMB. 

Figure 7-5 shows the arrival time distribution of Li II observed at 6 mm 

from the target in vacuum and 3 mbar background pressures. Solid line represents 

the SMB fit for our data using equation(7 .1 ). In vacuum, the best fit was achieved 

with an average translation velocity of 8.5 x 106 cm/sec which corresponded to 

kinetic energy of 260 e V and the translational temperature of 1.3 x 105 K. In 

presence of argon gas, the slow component appeared in the emission profile. 

Whole profile was fitted with three SMB distributions. The fitting parameter for 

the fast component is nearly same as above. The slow component was found to be 

a sum of two time-of-flight profiles of the lithium ions. The superimposition of 

these two components exactly reproduced the observed profile of slow 

component. The fitting parameters for these two distributions are l .2x 106 cm/sec, 

3 x 104 K and 3 .5 x 105 cm/sec, 1.6x 104 K respectively. 

Different scenario was observed in arrival distribution of neutral atoms 

(Figure 7-6). 
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Figure 7-6 The arrival time distribution of Li I species for 10 -6 mbar (shown in inset) and 3 mbar 
argon pressure. The profiles were recorded at z = 6 mm. Solid line represent the single Gaussian 
fit of the profiles. 

The observed slow component in vacuum looked like a multi-component 

SMB distributions. Kinetic distribution of neutral species changed completely in 

presence of argon gas. Looking at the symmetric nature of the TOP profile, we 

attempted to fit a Gaussian distribution rather than SMB. Interestingly the profile 

was best fitted by a single Gaussian function. This was an important finding that, 

presence 'of relatively high pressure background gas transforms the kinetic 

distribution of neutral species from SMB to Gaussian distribution. Thus, we 

propose that this method can be well adapted for the production of good quality 

neutral atom beam for various applications. The absence of fast component and 

the symmetrically distributed species ensures that a minimal damage be done to 

the structure of the deposited film. This makes it useful in pulsed laser deposition 

of high quality film. 
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7.3 Stratification of plasma plume 

The interaction of the ablation plume with ambient background gases is a 

complex hydrodynamic phenomenon. One of the major consequences of such an 

interaction is the splitting of the_plume into fast and slow components [22]. Many 

experimental and theoretical attempts have been made to understand the plume 

splitting phenomenon and several explanations, each depending on a particular 

physical principle have been propounded to explain it. In particular, Wood et al. 

have explained plume splitting by considering a model which is based on 3: 

combination of multiple-scattering and hydrodynamic approaches. This model 

allows the plume to be broken up into components, or scattering orders depending 

on the number of collisions of plu~e particles with the background. C<?ntrary to 

this, Theraja et al have invoked Rayleigh-Taylor (R-T) instability to explain 

plume splitting. Further, the plume splitting has also been associated with the 

fluctuations of electric field in the evolving plasma plume [20]. In the present 

section, plume splitting has been dealt with considering two distinct view points, 

one correlating the plume splitting to the change in the population of Li I and Li II 

in the plasma plume and another relating the plume splitting to Raleigh-Taylor 

instability. 

7.3.1 Population dynamics of Li I and Li II species 

As discussed earlier, the presence of ambient gas is known to greatly 

influence the temporal profiles of the expanding plume (shown in Figure 7-2c & 

Figure 7-2d). This clearly hints towards the role played by ambient in stratifying 

the plume into fast and slow components. Several authors [13, 19] have 

previously reported the stratification of LPP plume in presence of ambient gas. In 

LBO plume, major constituent is the neutral species and this necessarily implies 

that ambient gas is the prime source responsible for excitation/ionization of 

neutral atoms. The increase in emission intensity of expanding plume m 

background gas is mainly due two processes: 

1. excitations due to collisions with background atoms 
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2. electron impact excitation. 

Of these two cases, electron impact processes plays the dominant role in 

the enhancement of the excited species in expanding plasma [23, 24]. The 

interaction between the expanding plasma and ambient gas causes the ionization 

of ambient gas resulting in production of more number of free electrons. The 

increase in electron density leads to enhancement of excited species. This is 

supported by the results reported by others for the role of ionization potential of 

ambient gas in enhancement of excited species [25], where higher emission 

intensity of LPP was observed in argon environment compared to helium and 

oxygen environment. Again referring to Figure 7-3c & Figure 7-3d, it was noted 

that enhancement of slow component is more pronounced for Li I in comparison 

with Li II. As stated earlier, the second component was mainly formed by the 

electron impact excitation or ionization of neutral species. Energy required for 

excitation of neutral Li at 670.8 nm ( 2
S112 -

2P0
112 transition) is 1.8 eV, which is 

much lower than both the first ionization potential of Li ( 5 .36 e V) and the 

excitation energy of Li II ion (2.56 eV) at 478.8 nm (1P0
1 -

1D2 transition). The 

electron impact single ionization cross section of neutral Li is about 5xl0-16 cm2 

for typically 15 eV impact energy [26]. For the same impact energy, the excitation 

cross-section of Li I (2S 112 -
2P0

112 transition) is about 40x10-16 cm2 [26]. This 

means that excitation cross section is 8 times higher than the ionization cross­

section. All the analysis discussed above based on atomic data is in agreement 

with the observed result and it is ascertained that the electron impact processes 

favor the enhanced population of excited neutral atom. 

The above phenomenon may give rise to two different mechanisms for the 

front and core expansion of the plasma. The plasma front mainly represents the 

highly energetic ions, which expand freely in ambient environment, while the 

slow component that represents the core of the plasma (mainly the neutral speci~s) 

undergoes nonlinear expansion in ambient environment. The formation of Li II 

ions by two different mechanisms can produce two different velocity 

distributions. The ions formed by the direct ablation have larger transnational 

energy ( due to the absorption of laser light) forming the leading edge of the 
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plume, which penetrates the ambient gas without much attenuation. The slow 

component comes fro~ the ions formed by mainly collisional ionization of the 

neutral atoms moving with much low translational energy as compared to its fast 

counterpart. We have already discussed the reason why ambient gas effect is more 

pronounced on the slow component of neutral species. In addition, after the laser 

interaction ceases, the charge composition of the plasma is mainly controlled by 

the balance between electron impact ionization and three body recombination 

processes. Since the speed of the plasma front is high, the interaction time for the 

three-body recombination is very low. Still, at higher pressures, effect of three­

body recombination is visible in the form of a slow decrease in intensity of the 

fast component for L II and appearance of fast component for Li I. 

The stratification of expanding plume as function of ambient gas pressure 

and distance form the target has been reported in literature [13, 19]. Our finding 

shows that in between z = 4 and 6 mm, there is a transition point where the plume 

species begin to experience the interaction with the background gas atoms. The 

collision starts when the plume dimensions are of the order of the mean free path 

of the ejected species. From the kinetic theory of gases [27], the mean free path of 

the atom with mass Ms traveling through a gas consisting of atoms of mass Mg is 

(7.2) 

where Ns, Ng are the numbers per unit volume of the sputtered (atoms sputtered 

from target due to laser ablation) and gas atoms and as , a g are the atomic 

diameters of sputtered and gas atoms respectively. In most cases Ns << Ng and 

hence the above equation reduces to 

(7.3) 

where p is the pressure of the sputtering gas in Pascal. 
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Applying the relation (7 .2) in present context, the mean free path of 

sputtered lithium atom at 5 x 10-2 mbar argon ambient pressure was estimated to be 

4.8 mm. This is in good agreement with observed collisional region. Further, the 

average angular deviation and the relative loss of kinetic energy suffered by the 

sputtered particles is given by 

(w)= 

(cosB) = 

Mi 
l-- fior M <l 

3 ' 

2 

3
M, for M>l 

1- (1-M)2 lo [l+M] fior M<l 
2M g l-M' 

( )
2 

M-l M+l 
1- ---,log[--], for M>l 

2M M-l 

wherew=log(!) and M-:: 

(7.4) 

(7.5) 

In the present case, where Li atoms collide with argon atom, the direction 

of Li atom changed by 83° and it lost about 27% of its kinetic energy [27]. 

Therefore in the present expe~iment, z = 6 mm is the distance where the collision 

between the plume species and background atoms begins. In this region, a model 

proposed by Wood et al [28] explains the plume splitting based on momentum 

transferred between the plume species and background atoms. They concluded 

that, if the mass of the plume species is much lower than the background atoms 

(as in the present case of Li and Ar) then, even single collisions are enough to 

retard plume atoms significantly. 
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7.3.2 Rayleigh-Taylor instability 

A detailed study of plasma expansion in the low pressure range (less than 

10-3 Torr) has shown that the plasma plume remains relatively homogenous 

during its course of evolution. The evolution of plasma in this regime is marked 

by rapid decrease in plasma ion density, largely due to expansion and 

recombination processes, which enables interpenetration of plasma and ambient 

gas. Such interpenetration leads to transfer of kinetic energy and momentum via 

ion-ion Coulomb scattering, ion-neutral collisions, charge-transfer interactions, 

etc. The constant expansion velocity of the plume front is characteristic of 

evolution of plume in this regime. In the present experiment, free expansion of 

plume is evident from the distance Vs. time plot shown in Figure 7-7a. 

As pressure is raised from 10-3 Torr to ~0.1 Torr, partial confinement of 

high density plasma plume takes place reducing the penetration of ambient gas 

into the plume. Such a confinement of plume leads to the formation of an interface 

demarcating plasma plume from the ambient gas. The confinement effect of the 

ambient gas is illustrated in Figure 7-3d which depicts temporal profiles at 10-2
, 1 

and 3 mbar argon pressure. Alternatively, one can say that as ambient pressure 

increases the plasma makes a transit from free expansion regime to collisional 

regime. The temporal profile for Li I at 10-2 mbar argon pressure and z = 6 mm 

demonstrates the plasma expansion in colli sional regime (Figure 7-3d and Figure 

7-7a). 
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Figure 7-7 Distance from target vs. time (z-t) plot for slow component of Li I and Li II emission 
line. ( a) The dash and solid curve represents the best fit of the experimental data for Li I in 
accordance with linear fit and drag model for pressure 10-6 and 10·2 mbar respectively. Data for 
Li I (b) and Li II (c) are fitted with shock wave model at 3 mbar pressure. 

When a contact boundary is formed the plume expansion is better 

described by the laws of continuum fluid dynamics. In the present context, the 

prevailing condition of plume-gas interaction can be viewed as a heavy fluid 

(plume) resting on lighter fluid (ambient gas). Furthermore, the density 

fluctuations at the interface region lead to deceleration of plasma front finally 

causing the stratification of the plasma plume into fast and slow component. The 

stratification of plume is adjudged from appearance of fast and slow peaks in the 

temporal profile. In present experiment, the background gas density which 

produces the R-T instability was estimated at approximately 6 mm from the target 

surface. 
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The maximum acceleration occurs in the region from where it can be 

derived from the derivatives of the momentum conservation equation. 

(7.6) 

where v is the plasma front speed. The growth of the instability corresponds to 

maximum acceleration region and from equation (7 .6) the critical density is given 

by 

(7.7) 

In the present case, mass of the ablated material was calculated from the 

size of ablated spot and it was found to be 0.992 µg. Taking the experimentally 

observed distance z = 6 mm, the calculated density of the background gas was 

obtained as 1.09 µg/cm3
, which corresponds to a pressure 0.67 mbar. This is in 

good agreement with our prediction that 1 mbar corresponds to hydrodynamical 

regime for the expanding plume. Contrary to the observations made on the Li 

species, the splitting of C species could not be satisfactorily explained by R-T 

instability [29]. 

7.4 Expansion dynamics of plasma plume 

As discussed earlier, the interaction between the plume and ambient gas 

causes the slowing down of the speed of ablated species. The plume expansion 

dynamics in a different gas environment are explained with two models; the shock 

wave and the drag force model. For sufficiently high pressures, where the ablated 

mass is small compared to the mass of the background gas in motion, a shock 

front is formed and its propagation is given by [30], 

(7.8) 
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where z is the distance from the target, Eo is the constant proportional to the laser 

energy density and z0 is the distance moved by the species for a time of the order 

of average lifetime of the excited states [25]. 

In the second case, where the ejected mass is much greater than the 

background mass (i.e. at lower ambient pressure), slowing down of the ejected 

species can be treated under classical drag force model [3 1]. The ejected species 

experience a viscous force proportional to its velocity through the background 

gas. In this case, the expansion can be expressed as 

[l - di] z = zf -e +z0 (7.9) 

where /J is the slowing coefficient and z1 is the stopping distance of the plume. 

That is, z1 = vr/ /3; v0 being the initial velocity of the ejected species. 

The validity of shock wave and drag model in the present case has been 

investigated. The shock wave model has limiting characteristic distance R 1, below 

which equation (7.8) is not valid [32]. R1 is set by the requirement that the mass of 

the gas encompassed by the shock wave (in volume=2/3 1lR3
) is much greater than 

the initial ablated mass m. This requires 

(7 .1 0) 

Taking the ablated mass m =0.992 µg, the lower limit for the validity of 

shock wave with our experimental parameter was estimated. We get the value of 

R as 28 mm, 6 mm and 4.9 mm for the background gas pressure 10-2
, 1 and 3 

mbar respectively. This means that, most part of the plume dynamics for 10-2 and 

1 mbar pressure follow the drag model for the considered distances from target. 

For 3 mbar pressure, where the estimation shows that after z = 4.9 mm, the second 

component follow the shock wave expansion. The shock wave type expansion is 

clearly seen in Figure 7-3d, where at 3 mbar, the time delay of the second 

component suffered a reversal. The observed acceleration is due to the generation 

of shock wave at this pressure. 
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To support the above interpretation, we have reported the dependence of 

time when the maximum intensity occur on the distance from the target (shown in 

Figure 7-7). 

The linear dependence of the time delay with the distance in vacuum 

suggested the free expansion of lithium neutral atom (Figure 7-7a). The linear fit 

of the data gave the average expansion velocity for the slow component of Li I as 

1.9x10.6 cm/sec corresponding to the kinetic energy 13 eV. Depending on ambient 

pressure condition, the experimental data were analyzed using appropriate model 

based on our estimation. For gas pressure 10-2 mbar, the maximum intensity of the 

slow component is fitted with drag force model (Figure 7-7a). 

The best fitting parameter gives slowing coefficient /3 equal to 

5.06x 105 /sec and stopping distance equal to 2.53 cm. At 3 mbar (higher pressure 

regime), we have attempted to fit our experimental results with the shock wave 

model for z ~ 4 mm (Figure 7-7b & Figure 7-7c). A slight deviation from the 

perfect shock wave expansion (R oc t°-4
) was observed. The slow component of Li 

I and Li II followed the R oc t°- 78 and R oc t°-44 dependence respectively. 

7. 5 Effect of laser fluence 

It was found that laser fluence strongly affect the dynamics as well as 

intensity distributions of the ejected species. Temporal profiles for Li I and Li II at 

z = 2 mm in vacuum at various laser fluence are shown in Figure 7-8. At z = 2 

mm, the total intensity of the ionic species were nearly unchanged with increase in 

laser fluence. However, the intensity of the slow component of Li II reduced with 

increase in laser fluence. It was also observed that the fast and slow components 

were better resolved at higher laser fluence. With reduction in the FWHM, the 

plumes were more confined at higher laser fluence. As for neutrals at low laser 

fluence, the Li I distribution profile appeared as a single peak structure and the 

yield was found to be substantially higher in comparison with higher fluence. In 

addition, with increasing laser fluence, temporal profile broadened with an 

elongated tail distribution. The tail elongation may be due to the cluster formation 

[33]. 
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Figure 7-8 Effect of laser fluence on the temporal profiles of Li II (a) and Li I (b) lines in vacuum 
at z = 2 mm from the target. 

For verifying fluence effect on expansion, we have presented the temporal 

distribution of ionic and neutral species in two different environment at z = 8 mm 

(shown in Figure 7-9). 
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The intensity distribution of the fast and slow components showed 

opposite trends for neutral and ionic species. The comparative analysis of the 

expansion dynamics for low and high laser fluence gives some interesting 

features. 

1. In vacuum as well as in high ambient pressure, intensity of the fast 

component increased with laser fluence for ionic species. Time delay of 

the fast component (i.e. , the time corresponding to the peak maximum) 

was found to increase significantly at low laser fluence (Figure 7-9a). The 

laser fluence effect on slow component was found to be negligible. 

2. In the case of Li I, the fast component intensity remained nearly 

unchanged with respect to laser fluence at 3 mbar pressure. However, the 

yield of the slow component reduced with increase of fluence in both 

environments; that is, in vacuum and 3 mbar argon pressure. 

3. The separation between fast and slow components for Li I at 3 mbar 

pressure was found to increase with laser fluence. 

The above observation indicates that development of fast component in the 

plasma plume is greatly affected by the laser fluence. These results agree with the 

previous discussion that the fast components are formed by the direct ablation of 

species, thereby indicating a strong correlation with the laser fluence. This 

correlation can be understood in the following way. In the present experiment, the 

thermal diffusion length is large as compared to the fil m th ickness. Therefore, 

target film is heated rather uniformly throughout. In addition, the time 't ' required 

for the film surface to reach its ablation temperature is inversely proportional to 

the square of the absorbed laser power density. Even for the lowest laser fluence 

considered in the present measurement, tis much smaller (order of 1 ns) than the 

laser pulse duration (8 ns) . So the remaining part of the laser light is utilized to 

heat the plume mainly through the inverse Bremsstrahlung process. As a result, 

probability of ionization is large for higher laser fluence. It is worth mentioning 

here that multi-photon ionization cross section is directly proportional to the 

power density of the laser light, which also supports the observed results. Free 
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expansion model [18] was invoked to explain the dependence of time delay of fast 

component on the laser fluence. According to this model , the terminal velocity of 

expansion of ablated particles is proportional to square root of temperature, which 

depends on the laser fluence. 

The role of collision processes for the formation of the slow component 

has already been discussed. Therefore, the laser fluence does not directly 

influence the distribution profile of slow component. As the number of ablated 

species is a constant, increase in ionization results in depletion of neutrals. This 

explains the inverse relationship in intensities of Li II (fast) and Li I (slow) at low 

and high laser fluence (as evident in Figure 7-9). 

7. 6 Conclusion 

Time- and space-resolved spectroscopy of the LBO plume from the 

multicomponent LiF-C thin film demonstrated interesting features in its evolution 

dynamics, which are quite different from the plume evolution in LPP experiments. 

The plume profile at short distance in vacuum is generally regarded as a single 

profile. However, in our experiment we observed signatures of unresolved slow 

component even at z = 2 mm in vacuum as well as at 3 mbar pressure. We have 

estimated the onset of collision of ambient atoms with the plume species at z = 4.8 

mm, which agrees well with the dramatic plume splitting observed in 4 :S: z :S: 6 

mm. The plume splitting of Li I started at low ambient pressures ~ 10-2 mbar), 

whereas collis ional effects resulting in the formation of Li II set in at only high 

pressures (3 mbar). The SMB model for time of flight of ions at large distance 

suggests that it retains its Maxwellian nature throughout its course of evolution. 

The neutral time-of-flight distribution showed a distinct change in its nature in the 

presence of ambient gas. The single Gaussian representation for neutral time-of­

flight distribution observed in our experiment seems to have potential for wide­

range applications. Our study on the effect of laser fluence on the temporal profil e 

sheds more light on the formation of the fast and slow components in LBO 

plumes. The increase of the fast component of Li II at higher laser fluence clearly 

suggests that the plume front is composed of mainly primary ions. We have also 
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observed that the yield of neutral atoms is higher, and the time-of-flight 

distribution is a unimodel function in the case of low laser fluence ablation. 
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8.1 Summary 

Chapter 8 

Summary and future prospects 

The present thesis by and large deals with the evolution of plasma plume 

in vacuum and in presence of ambient gas. The major outcomes of the thesis are 

summarized here: 

• • The expansion of plasma in vacuum could be distinctly categorized in two 

phases. The plasma front initially accelerated and the free expansion of the 

plasma front ensued only after around 6 mm away from the target. Further, 

the plasma front did not follow the inverse square root of the a~omic mass. 

However, the inverse square root dependence of the plasma front velocity 

on the mass of plasma species was found to improve considerably if one 

included the translational temperature as determined from the temporal 

profiles. 

• The expansion of plasma in ambient pressure comprised three stages. 

Initially when whole of the plume energy is in form of thermal energy, the 

plasma front showed acceleration. Subsequently, the expansion of plasma 

front followed point blast wave model and drag model. The transition of 

the expansion law from point blast wave model to drag model depended 

on the mass of the plasma species. For plasma of heavy metal (lead) this . 

transition occurred at a distance very large compared to the corresponding 

distance for lighter metal (Aluminum). 

• The component specific analysis of the temporal profiles corresponding to 

plasma plume evolving in vacuum have shown that the neutral plasma 

species consists of slow, medium and fast components. Each of these 

components follows a SMB velocity distribution. A logistic approach to 

numerically isolate the components has also been suggested. 



Chapter 8 Summary and future prospects 

• Time and space resolved studies of the laser blow off plasma have shown 

that the evolution of this plasma to differ considerably from the plasma 

plume of solid targets. The temporal profiles of the solid target at smaller 

distances are known to be consisting of single peak. However, for laser 

blow off plasma the temporal profiles showed double peak structure in 

vacuum as well as at 3 mbar pressures at distances as low as 2 mm. 

• Important phenomena like plume splitting, intensity enhancement, and 

onset of Rayleigh-Taylor instability were studied from the view point of 

the role of ambient pressure in governing the plume dynamics. The plume 

splitting of Lil, as inferred from the appearance of slower peak in the 

temporal profile, began at ambient pressures as low as 10-2 mbar, while 

the collisional effects resulting in the formation of Li II set in at only high 

pressures 3 mbar. The confinement effects of the ambient pressures on the 

plasma plume were also observed. 

• Besides the evolution dynamics, the ambient pressure was found to have a 

profound effect on the velocity distribution of the neutral species of the 

plasma plume. The neutral species followed a SMB velocity distribution 

during expansion in vacuum. However, as the ambient pressure was 

increased to 3 mbar, the velocity distribution transformed from 

asymmetric SMB distribution to Symmetric Gaussian like velocity 

distribution. No such effect was observed for the ionic species. 

• A detailed study of the effect of laser fluence on the plume dynamics have 

revealed a lot on the causative mechanisms leading to the splitting of 

plume into fast and slow components. The increase of the fast component 

of Lill with the increase in laser fluence at the target surface has 

convincingly proved that the plume front, which is represented by the fast 

component, consists mainly of the ions formed by direct ionization due to 

laser. Further, the yield of the neutral species was found to increase with 

decrease in the incident laser fluence. Also, the temporal profiles 

corresponding to neutral species were unimodal at low laser fluences. 
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8.2 Future prospects 

Our findings have unambiguously explained the ongm of the fast 

component and its dependence on the laser fluence. In the current studies the 

thickness of the film was considerably smaller as compared to the thermal 

diffusivity of the target. As a result only a small fraction of laser energy is used to 

vaporize the target and majority of the energy is used to ionize the neutral atom of 

the vapor cloud. In this context it is worthwhile to explore the effect of the 

thickness of the carbon and LiF layer on the yield of neutral and ionic species of 

the plasma. 

The LiF-C plasma was analyzed without considering the chemical 

kinematics of plume. In order to convincingly attribute the fast component to the 

primary ionization of the neutrals by laser, similar experiments are planned to be 

performed on single component targets with varying thickness. 

The electron-impact processes have known to be a key factor in 

controlling the neutral populations in plasma. Besides this, the electrons have also 

been identified as the prime source coupling the laser energy to the internal energy 

of the plasma by means of IB. In this context, it is would be interesting to 

investigate the efficiency of electron in igniting the plasma by injecting low 

energy electrons in the core of ablated cloud when the laser pulse persist. 
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