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Preface

Powerful laser beams are capable of producing several spectacular effects. High power laser
pulses focused onto a solid target not only vapourizes the material at the focal spot but also
generates bright luminous plasma along with ejection of material in different forms from
this point. Laser induced plasmas are currently a topic of considerable interest in
fundamental and applied areas of scientific research. The subject has made significant
progress in its application to many fields of basic research and material technology
such as thin film deposition, production of clusters, lithography, etching, annealing, and in
the fabrication of micro-electronic devices. The interaction of high power laser beams with
matter is a very complex phenonienon and it gives rise to a number of exotic processes.
When the laser pulses of moderate power densities are focused on an opaque surface they
can produce high heating rates and extremely high temperatures. At lower laser
irradiances heating without phase change occurs while at higher irradiances, ionization
occurs which leads to the plasma formation. Spectroscopic studies of optical emission of a
laser produced plasma is the most effective method for characterizing both the laser target

interaction and the resulting plasma.

Optical emission spectroscopy is a technique which analyzes the light emitted from the
plasma. The optical spectroscopic studies of laser produced plasma are very convenient
method to identify different excited species like neutrals, ionic, diatomic molecules,
molecular clusters etc.. The light essentially originates from transitions from excited
states to lower energy levels in atoms and molecules due to many kinds of decay
processes. By means of this technique, the types of excited species in the plasma can
be determined. Estimations of temperatures for such species can also be made from the
analysis of their energy distribution and their respective populations. Because of the
highly transient behaviour of laser produced plasma (LPP), it is important to characterize

the LPP in a time and space resolved manner.



The work presented in this thesis covers the experimental results on the plasma
produced with moderately high power laser with irradiance range in between 10 GW
cm? to 100 GW cm™ . The characterization of laser produced plasma from solid targets
viz. graphite and high temperature superconducting material like YBa,Cu;0, have been
carried out. The fundamental frequency from a Q - switched Nd: YAG laser with 9 ns pulse
duration is used for the present studies. Various optical emission emission diagnostic
techniques were employed for the the characterization of the LPP which include emission
spectroscopy, time resolved studies, line broadening method etc.. In order to understand the

physical nature of the LPP like recombination, collisional excitation and the laser

interaction with plasma, the time resolved studies offer the most logical approach.

The thesis is divided into nine chapters, and a chapter wise summary of the same is

given below.

Chapter I contains a brief general introduction of the plasma and the basic theory
underlying the process of interaction of laser beam with materials. This chapter is
subdivided into three sections. The first section deals with elementary plasma physics,
second gives a brief account of laser matter interaction. The last section includes different

methods for the plasma diagnostics and their applications.

Chapter II presents the general experimental methods followed in the present study.
Details of the experimental set up used for the spectroscopic as well as time resolved
studies are discussed separately. The various subsystems like laser source, the plasma
chamber, monochromator, light detectors, boxcar averager, and digital storage
oscilloscope used for the present experimental studies and their specific features are also

discussed in this chapter.

Results obtained from space resolved spectroscopic study of light emission from
molecular C, in laser produced carbon plasma form Chapter III. It is found that when
graphite target is vapourized by intense laser pulses in a helium atmosphere of

moderate pressure, remarkably stable carbon clusters are produced. Although



considerable progress has been achieved in studying carbon clusters (C,) with n > 10,
little effort has been spent for the characterization and production of low mass carbon
clusters C, with n < 10. We have made the spatially resolved analysis of C, Swan bands in
the spectrum in the laser induced plasma from graphite target in helium atmosphere. These
investigations demonstrate that the emission intensities from C, species are sensitive
to laser irradiance, pressure of the background gas and spatial separation from the target.
From the spectroscopic studies of the emission bands, vibrational temperature of the C,

species in the plasma has been estimated.

Chapter IV gives the time resolved analysis of various species present in the
graphite plasma. The emission features of laser ablated graphite plume generated in a
helium ambient atmosphere have been investigated with time and space resolved plasma
diagnostic technique. Time resolved optical emission spectroscopy is employed to reveal
the velocity distribution of different species ejected during ablation. The different
formation mechanisms for the C, along with the expansion dynamics of these species are
discussed in detail. Analysis of data collected provides a fairly complete picture of the

evolution and dynamics of C, species in the laser induced plasma from graphite.

Chapter V deals with the dynamics of graphite plasma in presence of various
background gases like helium, argon and air. Plasmas are usually characterized by their
density and temperature. We determined the electron density and electron temperature of
the laser generated plasma by spectroscopic means. Relative line intensity measurements
of successive stages of ionized carbon are used for these measurements. The electron
temperature and its variation with air, argon and helium ambient gas pressures are studied.
We also employed Stark broadened profile of singly ionized carbon species for the
evaluation of electron density. The variation of electron density and electron temperature
with numerous experimental parameters like ambient gas pressure, laser irradiance, spatial

variation from the target are given in detail.

Chapter VI gives time and space resolved studies of spectral emission from CN

molecules. These molecules are formed when the plasma produced during the Nd:YAG



laser ablation of graphite target under under partial vacuum conditions or in air.
Depending on the laser pulse energy, time of observation and position of the sampled
volume of the plasma, the features of the emission spectrum are found to change drastically.
The vibrational temperature and population distribution in the different vibrational levels
have been studied as functions of distance, time, laser energy and ambient gas pressure.

Nonlinear effects of the plasma medium like self-focusing are also observed.

Chapter VII discusses dynamics of Nd:YAG laser ablated high temperature
superconducting material viz. YBa,Cu;O, plasma. Electron temperature and electron
density measurements are made from spectral data. The Stark broadening of emission lines
has been used to determine the electron density and the ratio of line intensities has been
exploited for the determination of electron temperature. The dependence on electron
temperature and density on different experimental parameters like distance from the

target, delay time after the initiation of the plasma and laser irradiance is also discussed.

Chapter VIII outlines the time resolved investigations made on the YBa,Cu;0,
plasma. YBa,Cu;0; target was laser ablated, and the time of flight (TOF) distributions of
various species present in the resultant plasma are investigated as functions of distance from
the target and laser energy density using emission spectroscopy. Up to a short distance
from the target (~1.5cm), TOF distributions show twin peaks for Y and YO, while only
single peak distribution is observed for YII. At greater distances (>1.5cm) all of them
exhibit single peak distribution. The twin peaks are assigned to species corresponding to
those generated directly/in the vicinity of target surface and those generated from

collisional/recombination process.

The concluding Chapter IX gives a summary and assessment of the scientific results

presented in the previous chapters.

Most of the results to be included in the thesis has been published or

accepted/communicated for publication, details of which are given below.
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Chapter 1

General Introduction

This thesis presents the results of the spectroscopic investigations made on laser pro-
duced plasma from Graphite and YBa;Cu3O;. In this chapter a brief description of the
Plasma, Laser-matter interaction and plasma diagnostic techniques is given. These as-
pects are discussed in three sections. In the first section the basic concepts of elementary
plasma are given. In the following section, the different processes underlying the laser-
matter interaction are discussed. In the last section, different types of plasma diagnostic

techniques are dealt in possible detail.



1.1 Fundamental Concepts about Plasma

A Plasma is a collection of charged and neutral particles that satisfies certain special
criteria. Due to the presence of free electrical charges, a plasma differs fundamentally
from ordinary gases and it is subject to electric and magnetic forces at macroscopic
level. Plasma has been called the "fourth state of matter", after solid, liquid, and
gas. Ordinarily, we hardly come into contact with plasma in our daily life. Matter in
its normal forms is seen to exist in the solid, liquid, or gaseous phase. However, the
conducting gas in a fluorescent tube or in a neon sign is in the plasma state. Lightning
and aurora appearing in the polar regions are plasmas in nature. All the stars, including
the sun, are masses of high-temperature plasmas. The interstellar matter and nebulae
are also in the plasma state. Consequently, perhaps 99 % of all matter in the universe
are plasmas. On Earth, however, the temperatures and atmospheric densities that are
conducive for the existence of life forms cannot support plasmas, and these can be studied
only in laboratory vacuum chambers.

Plasmas are more complicated than ordinary fluids for several reasons. First, they
are subject to long-range electromagnetic forces. Second, plasmas have a particulate
nature, unlike fluids, which are continuous media. At high temperatures, collisions in
plasmas are so rare that it can be treated as collisionless fluids; and in the absence of
randomizing collisions, the individual particles of the fluid must be taken into account.
Third, since the charged-particle motions are greatly affected by magnetic fields, the
plasma is a highly anisotropic, dielectric and supports a rich variety of possible wave

motions.
1.1.1 Basic Plasma Phenomena

A. Fluid Description

At the simplest level, a plasma can be treated as an electrified fluid, without regard for
its particulate nature. A common approach is to consider the positive ions and negative
electrons of the plasma to be two interpenetrating fluids, which interact via electric and
magnetic field that they each generate in their motions [1]. The equation of motion for
fluid elements of each species j can be written

.
m;n; [EJ + 'vj.V'u]] = g;n;(E +v; x B) — Vp; — mjn;vj(v; — vk) (1.1)
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where q; and m; are the charge and mass of species j; nj, p; and v; are the fluid density,
pressure, and velocity of that species; and v is its average collision frequency with
species k. The pressure p; is given by p; = 7;n;kT;, where k is Boltzmann’s constant,
T, is the temperature of the fluid in kelvin, and +v; is an adiabatic constant equal to 3,
2, or 5/3 for one-, two-, or three-dimensional plasmas respectively. For constant Tj;,~;
is unity. A plasma can have a different temperature and even a different value of « for

each species. Each species also follows the equation of continuity,

on:
ﬁ +V.(njv;) =0 (1.2)

A set of eqns. (1.1) and (1.2) can be written for each species of positive or negative

ions. The electric and magnetic fields E and B are governed by the vacuum Maxwell’s

equations:
eV.E=0 (1.3)
0B
V.B=0 (1.5)
oF
V xB= ﬂO(J+ Go'a') (16)

Together with the equation of state for p; given above, the system of equations is closed

by defining the plasma charge and current as
g = anq]', (17)

J =2 n;q; (1.8)

The charged-particle motions generate the internal electromagnetic fields, and the
fields move the particles; thus eqns. 1.1 to 1.8 must be solved self-consistently. It is
also possible to describe the plasma as a dielectric medium with a susceptibility x and
a permittivity € = (1 + x) that incorporates the effects of the plasma charges and
currents, as given by eqns. (1.1) and (1.2). The terms J and o are then omitted from
eqns. (1.3) and (1.6), and €, replaced by e. Plasmas in a magnetic field are anisotropic,
and € is then a rather complicated dielectric tensor. It is a characteristic of plasmas that
X is often negative. The electromagnetic quantities D and H need not be defined and

are generally not used in plasma physics.



B. Kinetic Description

The fluid description is valid when collisions are frequent enough to maintain a Maxwell-
Boltzmann velocity distribution for each species, so that a temperature T can be defined.
Fluid theory is also a good approximation for motions perpendicular to a strong magnetic
field even when collisions are rare. In the general case, deviations from a Maxwellian
distribution are possible, and one has to solve for the distribution function f;(r,v,t) for
each species. A function of seven independent scalar variables, f; (r,v,t) is governed by

the Boltzmann equation

of q of _ |of
at+v.Vf+m(E+va).av—[at C (1.9)
where (8f/0t). is a collision term. " Collisionless" plasmas are hot enough that this

term can be set equal to zero, in which case eqn. (1.9) is called the Vlasov equation.
Such "Vlasov plasmas" have been intensively studied by plasma theorists {2]. Since the
integral of f(v) over all velocities is just the density, the continuity eqn. (1.2) can be
recovered by integrating the Vlasov equation.

Though plasmas can often be treated as fluids, plasma physics differs from hydrody-
namics because non-Maxwellian distributions sometimes occur, which require the kinetic
treatment described above; it differs from electromagnetism because the details of the
dielectric tensor € are treated from the particulate point of view. Indeed, the complex
motions of charged particles in electric and magnetic fields support a rich variety of wave

phenomena that do not occur in ordinary fluids or dielectrics.

1.1.2 Characteristics of Plasma Behaviour

Electrical discharges have commonly been used to generate plasmas in the laboratory.
This is accomplished by using a gas discharge tube in which two metal electrodes are
installed, evacuating the discharge tube to a pressure range between 107! to 1 torr and
applying the voltage between the two electrodes. As the voltage gradually increases, only
a very small electrical current flows. When the voltage has reached a few hundred volts,
electric current through the tube shows an abrupt increase, and the tube begins to emit
visible orange-red light. This condition in the discharge tube is called plasma. The gas
becomes electrically conductive due to its ionization. Generally in such a plasma posi-

tively charged ions and negatively charged electrons move with statistically distributed
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random velocities. Positive and negative particles drift in opposite directions according
to the electric field.

A. The Temperature of the Plasma

Random motion of particles, such as gas molecules, atoms or electrons, can be described
by the Maxwell distribution, if the system is in thermal equilibrium. The one-dimensional

Maxwellian distribution is given by
f(u)du = Aexp [——"ﬂ‘-] du (1.10)

where f(u) du is the number of particles per m? with velocity between u and u + du,
1
2
particles per m?, is given by

mu? is the kinetic energy, and k is Boltzmann’s constant. The density n, or number of

n= f f(u)du (1.11)
The constant A is related to the density n by [1]
m \1/2

The width of the distribution is characterized by the constant T, which we call the

temperature. The average kinetic energy of particles in this distribution:

Too gl flu)du 1
e fadu ~ 2° (1.13)

For three dimensional case the average kinetic energy is % kT.

Eave =

The mean kinetic energies of electrons, ions, and excited molecules in a plasma are
different, in contrast to gas molecules in a system of ordinary mixed gases, which have
identical mean kinetic energies regardless of species. Therefore the temperature of the
plasma should be described according to the temperature of the respective particle: the
electron temperature T, ion temperature T;, and gas temperature T,. In addition, since
the gas molecule itself has an internal structure of its own, the energy € of the desired
system is

€ = €rans t+ €rot T €vib + €elect (114)

where €;rans, €rots €vip ANd €.0; €Xpress energies associated with translation, rotation, vi-
bration and the electronic states respectively. The value of the translational energy

€traps Subtracted from the total energy e is called the internal energy.
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When the system is at thermal equilibrium, the distribution of internal energies of

the gas particles in an ensemble is given by the Boltzmann distribution law, i.e.,

__ Ng,exp (-e/k)
' 3 giexp (—&/kT)

where n; is the number of particles at the energy level ¢;, N the total number of particles,.

(1.15)

and g; the statistical weight. Consequently, for molecules, energies due to rotation,
vibration and the electronic states must also be considered. These energies are described
in terms of the rotational temperature T,, vibrational temperature T,;;,, and electronic
temperature Te.,. On the other hand, the energy of electrons is described only by T,
since the electron, unlike a molecule, has no internal structure.

Thus, the energy of a plasma can be represented using several temperatures and
normally each of them are different. This indicates that thermal equilibrium is not ap-
plicable among particles in a plasma or for energy states of a desired particle. However,
it often happens that the electrons and the ions have separate Maxwellian distributions
characterized by different temperatures T, and T;, and the electrons or the ions them-
selves may be at thermal equilibrium. This is caused by larger collision rates among

electrons or among ions than the collision rates between an electron and an ion.

B. Quasineutrality and Debye Shielding

A plasma is a collection of particles consisting of electrons, ions, neutrals and excited
molecules. Of these the charged particles are the electrons and ions. Ions are normally
positively charged, except for plasmas that contain gases with large electron affinities
such as oxygen or halogen gases. Plasmas are characterized by an overriding tendency
to be neutral. The numbers of positive and negative charges per unit volume cannot be
exactly equal, of course; else there would be no electric fields at all. Since the opposing
charge densities need differ only by, say, one part per million to create the electric fields
normally observed in a plasma, for all intents and purposes these densities can be treated
as being equal. This approximation known as "quasineutrality", is an important concept
in plasma physics. "Quasineutrality" is thus a criterion for the existence of a plasma

and can be written as

n; = Ne (116)
where n, is the electron number density and n; is the ion density.
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The dominance of collective phenomena may be regarded as the basic plasma crite-
rion. To quantify the concept we introduce a characteristic distance known as the Debye
length, Ap. Any individual charge in plasma will act on its immediate neighbours with a
definite Coulomb force: at greater distances its influence is counterbalanced by the other
surrounding charged species, particularly those of the opposite sign. A plasma shields
itself from external fields by Debye shielding. When a positively charged object is placed
in a plasma, the mobile electrons are attracted to it and form an electron cloud cover-
ing the charge; similarly, a negative object will repel electrons, leaving an ion cloud for
shielding. The thickness of these clouds is of the order of the Debye length Ap, defined
by

Ap = (eokT/ne?)!/? (1.17)

where k is the Boltzmann constant and T is the effective temperature (in K) of the
particles of charge e of which there are n per unit volume. The Debye length does provide
a measure of the distances over which the influence of an individual charged particle is
dominant. Beyond Ap the electric field, and hence the influence, of the individual particle

is nil, and collective effects dominate.

The Debye length is an important physical parameter for a plasma. If a piece of
charged matter is inserted into a plasma, a cloud of positively charged ions will surround
the object when the object is negatively charged, and a cloud of electrons will surround
a positively charged object. No electric field will be present in the bulk of plasma outside
of these clouds. The clouds are called the sheaths. The Debye length gives the thickness
of the sheath in which the shielding is almost complete. Thus only over the outside
of the sheath can macroscopic electrical neutrality hold. However, the shielding is not
perfect, since electrons near the edge of the cloud can escape because of their thermal
energies, consequently, electric potentials of order %kTe can exist in the plasma. Debye
shielding also occurs at the walls confining a plasma, where an ion-rich sheath of about
5Ap thickness forms to repel electrons. The Coulomb barrier of the sheath is just high
enough to make the escaping electron flux equal to the ion flux, so that no net charge is
lost. Unless the plasma is extremely tenuous, these sheaths are much thinner than the

dimensions of the plasma, so that the interior is quasineutral.

It is only beyond the Debye length that collective phenomena are of primary impor-

tance; hence if they are to dominate the behaviour of the system, the dimensions of the
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latter, characterized by L, must satisfy:

L>Ap (1.18)

The concept of Debye length would require that the number of particles inside a sphere

of radius Ap should be considerably greater than unity, i.e.

4mn,

3

Ap>1 (1.19)

The Debye length was introduced originally in the theory of electrolytes and its applica-

tion to plasmas should be made with caution.

C. Plasma Oscillations

Generally the density distribution of gas which is in the equilibrium state is macroscop-
ically uniform as a whole. However, by means of fluctuations the uniformity can be
broken at a given time and position. Also in a plasma, the particle density distribution
has fluctuations. This is evidenced through oscillations built up by the charge of the
particles. One of the fastest and most important of the collective motions is the bulk
oscillation of the plasma electrons with respect to the ions. If the electron density at
a certain point happens to become larger than the uniform background, the electrons
will be pulled back to their original positions by Coulomb forces. This keeps the plasma
neutral. However, because of their inertia, electrons overshoot their equilibrium posi-
tions and, once again, the electrons are subjected to Coulomb forces, but now in the
opposite direction. Therefore electrons will oscillate by moving back and forth across
an equilibrium position with a characteristic frequency w,, called the plasma frequency,

which depends on the density of electrons as well as their charge and mass:

neez 1/2
= 1.20
Wp [ —_—— ( )

Collisions between ions and electrons will tend to damp these collective oscillations. In
order for the oscillations to be only slightly damped, the collision frequency w. must be
so small that

W, > w, (1.21)

Other resonant-type phenomena with their own characteristic frequencies can however

occur. Thus analogous with eqn. (1.20) there is a corresponding frequency for ionic



oscillation which is obtained by simply replacing the electron mass m, by the ionic
mass m;. Again in the presence of a magnetic field both the electrons and ions may
spiral around the field lines with characteristic frequencies, called cyclotron frequencies,
we. and w;, respectively. These natural frequencies determine the response to radiation
incident on the plasma. If the frequency, w, of the incoming waves matches one of
the characteristic frequencies, or some combination of them, a resonance interaction
may occur and the transfer of energy from the electromagnetic wave to the plasma
may be greatly enhanced. The dispersion relationship (i.e. the dependence of w on the
propagation constant k = 27/) for an electromagnetic wave travelling through a plasma

is given by

w? =u? + K (1.22)

where w, is the plasma frequency and c is speed of light. Clearly if an electron density
gradient exists, as it does in laser produced plasma, w, varies according to eqn. (1.20).
For w, < w, k is real and the wave propagates; for w, > w, k is imaginary and the wave
is not transmitted. In fact reflection occurs at the density, called the critical density n,,
for which w, = w; thus

oM w?

N, =

2 (1.23)
A well-known example of this is provided by the reflection of electromagnetic waves by
the ionosphere - the phenomenon which makes long-range radio communication possible.
The ionosphere is relatively dilute plasma and hence reflects waves in the radio frequency
range. Very dense plasmas on the other hand will reflect radiation at optical frequencies
and this proves to be a factor of considerable importance in the generation of laser-

produced plasmas.

1.1.3 Classification of Plasma

Plasmas are characterized by their electron energy kT. and their electron density n..
Several kinds of plasmas in nature and in laboratories are shown in fig. 1.1. [3]. Plasmas
can be broadly classified into cold plasmas and thermal plasmas based on the electron

energy and electron density.
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Figure 1.1: Approximate range of conditions in some typical laboratory and astrophysical
plasmas

A. Cold Plasma

Cold Plasma such as that which can be obtained by a direct current glow discharge,
can also be generated by a high frequency or a microwave discharge at low pressure. In
this plasma, the degree of ionization is typically only 104, so the gas consists mostly of
neutral but excited species. A characteristic feature of this plasm