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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 plasma is the lack of thermal
equilibrium between the electron temperature and the gas temperature. Hence, this
type of plasma is called a nonequilibrium plasma. In plasmas generated by discharge
under a pressure of less than several tens of torr, the electron temperature becomes high
but the gas particles remain at relatively low temperature. This is because the collision
frequency between electrons and gas particles is small.

The relative temperatures in a cold plasma are considered as
Te> Toe > Tois 2 Tt > T, (1.24)

It is often observed that rotational and translational energies of gas molecules obey
the Boltzmann distribution, however, the energies based on the vibration and electronic

states deviate from the Boltzmann distribution.
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B. Thermal plasma

In the plasma generated by an arc discharge, the energy distribution of electrons (charac-
terized by T.) and gas molecules (characterized by T,) are nearly the same, because the
collision frequency between electrons and gas molecules becomes large. The plasma is at
thermal equilibrium, therefore T, = T,. Thermal equilibrium is also reached within each
category of energy states of the gas molecules. A plasma composed of high-temperature
gas particles is called a thermal plasma.

When a plasma is in thermal equilibrium, the density of particles can be calculated

as functions of temperature and pressure, provided that the reaction
A= A" +e—1u; (125)
is at equilibrium where u; is the ionization potential of gas molecule A. The degree of

ionization a is defined using densities ng4 and ng+ for A and A% as

ni
a=—"a _ (1.26)
nag+nat
The relation between a, temperature T, and pressure P is given using internal partition

functions Q4 and Q4+ for A and A%, respectively

o [2rm kT 3/ kT2Q At
h? Qa

1-a2
where m, is the electron mass, and h is the Plancks constant. This is known as the Saha

exp [%:7’] (1.27)

equation, which is applied to the ionization of neutral molecule A to a singly charged
ion A*.
1.1.4 Reactions in Plasmas

In a plasma, electrons acquire energy from the electric field and collide with gas molecules.
Electron collisions cause excitation and ionization of the gas molecules. Excited molecules

and ions produce various kinds of reactions in the plasma.

A. Collision Phenomena

In a plasma there are charged particles (electrons and ions) and neutral particles (gas
atoms and molecules). Collisions are continuously occurring among these particles. Col-

lisions with no change of internal energy are termed elastic collisions, and those with an
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exchange of internal energy between the particles are termed inelastic collisions. Con-
sider a particle of mass m with initial kinetic energy E; colliding head-on with a particle
of mass M at rest. The energy transfer coefficient, i.e., the ratio of transferred energy E,

to kinetic energy E; is given by

T _AmM 1.28
Ei - (m + M)z ( . )
Thus, the internal energy of a particle of mass M increases by inelastic collisions according
to
AU M (1.29)
Ei - m+ M )

For collisions between electrons and gas molecules, E;/E; is 0.01% and AU/E; is about
99%. The kinetic energy transferred by elastic collisions between electrons and gas
molecules is extremely small.

The various kinds of inelastic collisions between particles lead to reactions such as
excitation, dissociation, or ionization of gas molecules. Various reaction cross-sections
can be obtained for each reaction. The total collision cross-section is expressed as the

sum of cross sections for each reaction process:
oc=o01+03+03+04+ ... (1.30)

Excitation processes include many kinds of excitations between energy levels, such as
electronic excitation, vibrational excitation and rotational excitation. Thus, occasionally,
the sum of several kinds of excitation cross-sections is called the total excitation cross-
section.

When the reaction cross-sections o,(¢) of an excitation, a dissociation or an ionization
are given, a macroscopic reaction rate constant can be calculated by a combination of
o.(e) with the electron energy distribution function f(¢). Combining the velocity of
random motion of electrons v,(€), the electron density n,, and the particle density of the

gas n,, the reaction rate per unit volume is

dn,
dt

= Neng | or(€)ve(e) f(e)de (1.31)

Electron-electron collisions do not produce radiation except at relativistic velocities. In
a hot plasma the important collisions are those between electrons and ions; in a slightly
ionized gas the more numerous, though less effective, collisions between electrons and

neutral atoms are more important.
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B. Excitation and Ionization

As atoms or molecules receive energy, translational energy increases and the internal
energy undergo a transition to a higher state. This process is excitation. Given further
energy, most loosely bound electrons are removed from an atom. This is ionization
and the minimum energy required for the ionization process is known as the ionization
energy. Regarding the excitation and ionization processes for an atom or a molecule, the
following reactions are known:

1) Excitation and ionization by an electron collision.

2) Excitation and ionization by an ion collision.

3) Excitation and ionization by a neutral particle collision.

4) Excitation and ionization by radiation.

The probability that these reactions occur is given by the cross-section for each reaction.

Collistonal excitation involves a collision between an electron and a neutral species
or ion, resulting in the conversion of kinetic energy into excitation energy in the atomic
system. In collisional de-excitation, the inverse process in which excitation energy is
converted into kinetic energy in the collision. Electrons, because of their high mean
velocity and the long range nature of their interaction, can dominate the collisional
excitation and de-excitation processes.

Collisional ionization can occur when the kinetic energy in an electron encounter is
sufficient to remove another electron from an atomic species. Collisional recombination
occurs when electrons encounter an ion and one electron recombines with a gain in the
kinetic energy of the system.

In cold plasmas, it is possible that atoms or molecules are ionized through collisions
with metastable excited particles that have small kinetic energy but high internal en-
ergy. When the gas reaches high temperatures, the kinetic energy of the neutral atoms
and molecules is high enough to cause ionization by collision. Such a collision process
resulting in ionization by thermal movement of particles is called thermal tonization.
This ionization is observed in arc plasmas or burning flames when the gas temperature
exceeds several thousand degrees. Such conditions are considered to be nearly in thermal
equilibrium.

Penning ionization is the ionization process caused by the collision between meta-

stable particles at excited states, and neutral particles which have a lower ionization
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energy than the excitation energy of the metastable particles. It is expressed as
A+B - A*+e+B (1.32)

where B* is the excited atom or molecule. The difference between the excitation energy
of B* and the ionization energy of A is transferred to the kinetic energy of the electron.
If A is a molecule, a dissociative ionization of the molecule is possible as well. Penning
ionization is significant in the longer mean free-path pressure regime.

Photoezcitation corresponds to the absorption of a photon as a result of which the
atomic system is raised to a higher state. Photodeexcitation is simply the converse
emission process. The absorption of light and the subsequent transition between the
energy levels of a gas particle obey the selection rules. Homonuclear diatomic molecules
do not have electric dipole moments, and no transition occurs between the vibrational
energy levels of a particular electronic energy level. Therefore visible light which in
most cases corresponds approximately to the energy difference between the vibrational
levels, is not absorbed. However, by irradiating with UV light, which has higher energy,
electronic energy states can be excited.

Photo-ionization can occur when an incident photon has sufficient energy to have an
electron removed from an atomic system thus leaving it in a higher stage of ionization.
The photoionization cross-section is about an order of magnitude smaller than the ion-
ization cross-section caused by electron collisions. The difference between the energy of

light and the ionization energy of a gas appears as kinetic energy of the released electron.

C. Recombination

The charged particles generated by various processes can be neutralized in the gas phase
or on a solid surface. This relaxation to a neutral atom or molecule by combining a pos-
itive ion with an electron, or a positive ion with a negative ion, is termed recombination.
In both cases, the vanishing rate of a charged particle due to recombination dn/dt is
given as
Z—: = dd% = d;z_t_ = —an;n_ (1.33)
where n, and n_ are the densities of particles with positive charge and negative charge.
« is called recombination coefficient.
In a radiative recombination process, electrons are caught by ions. As a result, excited

neutral atoms or molecules are produced and the excess energies are radiated as photons.
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When the electrons’ energy spreads, a continuous spectrum is radiated.

In the three-body recombination involving an electron, there are two cases. The
third body is either an electron or an atom or a molecule. Since the three-body re-
combination coefficient in the former case is proportional to n.(k7T,/e)~%2, [4] when the
electron temperature is low and its density is low, the coefficient increases. In the lat-
ter case, the recombination coefficient is proportional to p(kT,/e) %% where p is the gas
pressure in units of torr. In order to explain the pressure dependence of the three-body
recombination coefficient, quite a number of models have been proposed [4].

In photo-recombination the electron recombines with an ion with the emission of a
photon. The optical spectrum associated with the latter process is a continuum which

falls off monotonically in intensity above the ionization limit.

1.1.5 Transport Phenomena
A. Drift

When an ion moves in its own gas in a uniform and relatively weak electric field, only
elastic collisions between ions and gas molecules occur, i.e. no excitation and ionization.
After an impact the initial velocity of an ion is supposed to be the same as if it collides
with a neutral gas molecule. The electric field however, tends to drive the particle along
the field direction, so that in the velocity - time graph the ion moves along a parabola.
Fig. 1.2 show the imaginary path of an ion which starts its journey with a certain random
velocity ina general direction.

When the ion has moved along a path whose average length equals a mean-free path,
it collides with another gas atom and rebounds at random. Though it may happen that
the ion starts moving against the electric field, it proceeds on the average in the field
direction. This is the picture which conforms to Langevin’s first mobility theory [5].
The ionic mobility is defined as the drift velocity, i.e. the velocity component in the
field direction, in unit field (X). In a plasma, electrons and ions which frequently make
collisions with neutral or ionized gas molecules, having random velocity by thermal
motion, are moved collectively by the electric field in specific directions. The motion of

these charged particles is characterized by drift velocity vy.

Vg = p,E (134)
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Figure 1.2: Motion of a positive ion through a gas in an electric field

where
e/m
B= - /
W+ vy,

(1.35)

is called the mobility of the charged particle, where E = the alternating electric field (E
= E¢e“'), m the mass of the particle, e, the charge of the particle and v,, the collision
frequency of ions with neutral particles.

In the case that the charged particle is subject to a constant electric field, i.e. w =0,

or in the case of v,, >> w, the mobility simplifies to

€

p= (1.36)

muy,

The above formula is applicable when the energy which the charged particle obtains
from the electric field is small in comparison to its thermal energy. If the electric field is
strong, the charged particle loses some portion of the thermal energy by elastic collisions
with neutral particles and gains an equivalent amount of energy from the electric field.

In this case

c 62 1/4
vy = (5@) (EX)Y/? (1.37)

where v/ = v,,.

B. Diffusion

Charged or uncharged particles are said to diffuse in a gas if they move from points of
high concentration to those of low concentration. The origin of this motion is a purely

thermal one; thus the actual path of an individual particle is a zig-zag line {6]. If the
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mean-free paths of electrons and ions in a plasma are short compared to the size of the
chamber, the computational procedure is the same as for diffusion of gas molecules.
When the density n of the particles changes only with position, the diffusion velocity

vis v =-(D/n) grad n, where D is the diffusion coefficient. The diffusion coefficient D is

kT 1. _

where v,, is the collision frequency, A is the mean-free path, and ¢, is the root mean
square (rms) velocity for the gas molecule.

The diffusion coefficient of electrons in a plasma is much greater than that of ions.
This causes a charge separation in the plasma and gives rise to an electric field. Therefore
the diffusion of electrons is suppressed and ions are accelerated by the electric field.
In the steady state it is considered that the movements of electrons and ions are not
independent; both diffuse together in the same direction with a common velocity. This
phenomenon is called ambipolar diffusion. The ambipolar diffusion coefficient D, is given

by the weighted coefficients of electrons and ions in the ratio of their mobilities,

D.p. + D,
D, = Zxbe T Debls (1.39)
He + Py

where D, , u,, and D,, u. are the diffusion coefficients and the mobilities of positive ions
and electrons respectively. If the ion temperature T; is about the same as the electron
temperature T,, the drift velocity of the electrons will be larger than that of the ions,

and hence

2D
D, = ;% ~ 9D, (1.40)

If T, is much higher than T;, then

D, = Det+ (1.41)

He

Since the relation between the diffusion coefficient, mobility and temperature is written

by Einstein’s relation

D kT
—=— (1.42)
7 e
the ambipolar diffusion coefficient in the latter case can also be written as
D, = kT;“* (1.43)
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1.1.6 Emission Processes in a Plasma

Thermal ionization of an atom implies a high temperature, and under conditions ap-
proaching complete ionization, laboratory plasmas are difficult to contain and are un-
stable. An investigation of the physical properties of such a system can be undertaken
by the study of the radiation emitted from or absorbed by a plasma. In this field of
plasma diagnostics, plasma spectroscopy has evolved and provides information on the
temperature, particle density and life history of the plasma.

In contrast to conventional spectroscopy, where one is mainly concerned with the
structure of the isolated atom or molecule, the radiation from a plasma also depends on
the properties of the plasma in the immediate environment of the atomic or molecular
radiator. This depend;ence on the plasma properties is a consequence of the long-range
Coulomb potential effects which dominate the interactions of ions and electrons with
each other and with the existing neutral particles. These interactions are reflected in
the details of the radiation in several ways. They can control the population densities of
the discrete atomic states, shift and broaden energy levels by the Stark effect, lower the
ionization potentials of the atomic species, cause continuum radiation emissions and the
emission of normally forbidden lines. The propagation of electromagnetic radiation is
prohibited for frequencies less than the plasma characteristic frequency and in the region
just above the cut-off, the spectrum of continuous radiation is considerably modified by
collective plasma effects.

The radiation emitted from a self-luminous plasma can be divided into bound-bound
(discrete), bound-free (photoelectric absorption) and free-free (bremsstrahlung emission
and absorption) transitions and are briefly discussed each in turn. Free-free and bound-
free transitions result in continuous absorption and emission spectra. Bound-bound
transitions in atoms result in line spectra while in molecules they result in the formation
of band spectra. Under certain conditions the individual lines are so close to one another
that they even partially overlap and the resulting spectrum is almost continuous (quasi-

continuous).

A. Bound-Bound Transitions

When an atom or an ion makes a transition from one bound state to another of lower

energy, the energy of the emitted photon is well defined. In the absence of perturbations
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the transition gives rise to a spectral line whose profile depends upon the spontaneous life
time of the upper state, and on the distribution of velocities of the emitting atoms, which
causes a distribution of Doppler shifts. Collisions, electric fields and magnetic fields may
all perturb the initial and final states of the emitting atoms: the perturbations affect the
spectral line profile, which thus contains much information about conditions existing in
the plasma, though often in an indecipherable form.

Collisional excitation by energetic electrons is a very important process, and the spec-
trum of the line radiation depends on the electron temperature (or velocity distribution)
and density. In a cool partially-ionized gas (T. = 1 €V) much of the line radiation is
in the infrared and visible regions of the spectrum. As the temperature rises, atoms
can be raised to more energetic excited states and thus tend to emit lines of shorter
wavelengths. When T, ~ 10 eV nearly all the atoms will be ionized and multiple ion-
ization of many-electron atoms occurs. The reduced screening of the nuclear charges in
multiply-ionized atoms leads to larger energy differences between bound states, to that
line radiation emitted mostly at shorter wavelengths in the far ultraviolet and X-ray
regions of the spectrum. At sufficiently high temperatures, when virtually all the ions

are reduced to bare nuclei, bound-bound transitions giving line radiation ceases.

B. Bound-Free Transitions

Transfers between different ionic states for both atomic and molecular species are classi-
fied under the name of bound-free transitions. Thus the absorption of radiation from a
discrete atomic state, such that the photon has enough energy to extend above the next
ionization threshold, results in the removal of an electron and gives rise to the process of
photoionization. The reverse process of recombination occurs when an ion and an elec-
tron recombine with the emission of a photon to form an ion in the next lowest ionic state
(or in the neutral atomic state. Since the upper state is continuous, the energy above
the ionization threshold is that of the kinetic energy of the ion and the free electron, the
emitted or absorbed radiation in the two processes, recombination and photoionization
respectively, is also continuous. However, the lower states which being discrete give rise
to absorption or emission edges in the otherwise continuous spectra.

A complex ion may have two or more ionization potentials corresponding to different
configurations of the bound electrons. A free electron may thus be captured without the

emission of radiation, into a bound state ‘s’ of a configuration with a higher ionization
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potential. This transition is generally balanced by the inverse ‘autoionization’ process:
however, the recombination may be stabilized by a radiative transition from ‘s’ to another
bound state of lower energy which is not subject to autoionization. This process is known

as ‘dielectronic’ recombination.

C. Free-Free transitions

Free-free or Bremsstrahlung involves an encounter between an electron and an ion of
charge ze so that the two particles may be regarded as being in a continuum state
of the system of charge (z-1)e; a transition to a lower continuum state of the system
may occur with the emission of a photon, which have energies of the order of thermal
electron energies [7]. In plasmas with kT, in the 100-10000 eV range, Bremsstrahlung
is in the soft X-ray regime and passes readily through the plasma. The major part of
the Bremsstrahlung is due to electron-ion collisions and, since the initial and final states
are continuous, the spectrum associated with the process is continuous. In a plasma
sufficiently hot for most of the ions to be stripped of all their orbital electrons, électron—
ion Bremsstrahlung is the dominant mechanism.

In the inverse process a photon is absorbed by the ion-electron system and the electron
is raised from a lower level in the continuum to a higher one. Essentially the energy of the
incoming photon is converted into an increase in the kinetic energy of the free electron.
Inverse Bremsstrahlung is of basic importance as a mechanism for plasma heating by
laser light of all wavelengths. Both Bremsstrahlung and inverse Bremsstrahlung are of

major importance in laser produced plasmas.

D. Cyclotron Radiation

In Cyclotron radiation, the acceleration is due to the gyration of charged particles in a
magnetic field. Although the particles are free, the spectrum of the radiation is a kind of
line spectrum composed of frequencies which are harmonics of the cyclotron frequency
w.. Thus the plasma radiates like a black body at w. and its first few harmonics but
is transparent to the high harmonics. For relativistic particles, the radiation becomes
truly continuous - synchrotron radiation. The process is sometimes known as magnetic
Bremsstrahlung, but it is quite unlike collisional Bremsstrahlung. It is anisotropic and

usually of much longer wavelength and it consists of lines, although these may be smeared
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out by perturbations.

1.1.7 Equilibrium in Plasmas

Consider a plasma in an ideal thermodynamic enclosure at a temperature T. In such a
system the following conditions are satisfied: (a) all particles, electrons, neutral species
and ions obey the Maxwell velocity distribution law; (b) the population distributions
over the states of any atom or ion are given by the Boltzmann formula; (c) the number
of ions in stage z relative to the number in stage (z-1) is given by the Saha equation;
(d) the density distribution of the radiation in the cavity as a function of frequency and
temperature is given by the Planck’s formula.

A system described above is said to be in complete thermodynamic equilibrium at
the temperature appearing in the equations which describe conditions (a) to (d) has a
unique value. Furthermore, every atomic process occurring in the plasma is balanced by
an equal and opposite process: thus for example in electron-atom encounters the rate of
collisional excitation is equal to the rate of collisional de-excitation.

It is hard to find a plasma in complete thermodynamic equilibrium. Various exci-
tation, de-excitation, and particle loss processes prevent such an equilibrium from oc-
curring. Nevertheless, other, less complete, conditions of equilibrium may obtain. The
commonest plasma model is that which conforms to the local thermodynamic equilib-
rium (LTE). In LTE it is assumed that collisional events, particularly the events involving
electrons, determine the behaviour of the system. These collisions are assumed to be
governed by the same laws as hold in total thermodynamic equilibrium. Thus an elec-
tron temperature, T, is defined and in terms of this temperature the electron velocity
distribution, the populations in excited levels and various stages of ionization are given
by Maxwell velocity distribution, the Boltzmann formula and Saha ionization equation.
The radiation distribution however is not given by Planck’s equation and radiative effects
are assumed to play an insignificant role in determining the equilibrium in the plasma.
Furthermore it is not assumed that the temperature T;, which describes the velocity dis-
tribution of ions and neutral atoms is necessarily the same as the electron temperature
T,, describing the velocity distribution of electrons.

Clearly for LTE to hold the electron density must be sufficient high. The condition

for n., the number of electrons per cm?®: (8]
ne > 1.4 x 1047428 (1.44)
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where T, is in eV and x is the excitation potential (in eV) of the transition under
consideration. At low energy densities a second limiting type of equilibrium may be
attaining viz. coronal equilibrium (so called because it describes conditions in the solar
corona). In this case the excitation and ionization occur as the result of electron collisions
whereas de-excitation and recombination occur by the emission of radiation. The plasma
is assumed to be optically thin so that re-absorption of the emitted radiation is negligible.
Conditions in a coronal system depend strongly on the details of the atomic processes

involved and their cross-sections.



1.2 Laser - Matter Interaction

The laser, as a source of ‘pure’ energy in the form of monochromatic and coherent pho-
tons, is enjoying ever increasing popularity in diverse and broad applications from drilling
micron-sized holes on semiconductor devices to guidance system used in drilling a mam-
moth tunnel under English Channel. The reason for this is that the radiation emitted
by lasers has unusual properties that distinguish it from ordinary sources of light. The
main properties of interest that are different in laser radiation as compared to radiation
from conventional light sources are the intensity, directionality, monochromaticity, and
coherence of the laser radiation. The effects produced by interaction of high-power laser
beams with matter is of considerable interest. These high-power effects include heating,
melting and vapourization of solid materials, emission of charged particles and plasmas,
electrical discharges in gases, and applications of these effects in such areas as material

processing.

Laser processing research activities started in the early 1960s soon after the first
high-power lasers became available. Shortly after the demonstration of the first laser
(ruby laser), the most intensely studied theoretical topics dealt with laser beam-solid
interactions. Experiments were undertaken to verify theoretical models for these pro-
cesses. Later, these experiments became the pillars of many practical applications. The
early work was mainly motivated by the prospect of using laser beams as machining
tools. Most of the phenomena governing evaporation by laser beams were understood
by 1975 although, of course, important insights and refinements have been made in the

meantime and continue to be made.

Industry can now exploit the results of two major research areas which are contin-
uously providing new contribution: laser physics and the physics of the interaction of
the radiation with matter. Machining (surface modification, hardening, cutting, weld-
ing, milling, drilling, etc.) 1is the first area in which laser processing is presently in
widespread industrial use. Other applications are in the domain of quantitative and
qualitative chemical analyses; surface removal treatment in ambient gas; compound syn-
thesis from binary layered structures and from irradiation of material in ambient gas;
material deposition etc. Generally these applications are achieved in an ambient gas,
except for ultra-trace chemical analysis. Concentrating industrial laser metal-working

processes, low power densities are used for transformation hardening and surface alloy-
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Figure 1.3: Schematic representation for the laser traget interactions

ing and cladding. High irradiance levels are required for deep penetration welding and
cutting. Higher power densities and shorter interaction times are used for drilling. The
production of ultra dense plasma capable of sustaining thermonuclear fusion for energy
sources needs larger laser power density. Such hot and dense laser produced plasmas can
be used as sources of X-ray radiation.

Some of the most interesting phenomena associated with lasers involve the effects pro-
duced when a high-power laser beam is absorbed at an opaque surface. The phenomenon
of laser-target interaction has been studied by several workers [9-17]. Ready [11] gave
a comprehensive description of melting and evaporation at metal surfaces. Mc Mordie
and Roberts [15] measured the pressure generated from an aluminium alloy in vacuum.
Measures and Cardinal [13] developed a simple model for laser ionization. Pert [16]
investigated the role of thermal conduction in the laser solid interaction. Sneddon and
co-workers [18-20] have made quatitative studies of plasma emission during excimer laser
interaction with coppper as the taget material.

A schematic representation of the laser-target, laser-plasma interactions is shown
in fig. {1.3]. This representation illustrates several steps of the process, including ab-

sorption of photon energy, surface melting, vapourization and multiphoton ionization,
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plasma emission and plasma heating by inverse Bremsstrahlung absorption, and finally,
supersonic expansion of plumes owing to the pressure differences [21]. Laser irradiance
and thermo-optical properties of the material are critical parameters that influence these

processes.

1.2.1 Laser excitation of Matter

Laser radiation from the ultraviolet to the infrared interacts primarily with the electrons
of an atom or atom system. Furthermore, the frequencies and energies associated with
this reasonably extensive band of electromagnetic radiation do not induce nuclear dis-
turbances, or even affect the energy levels of the inner core electrons of an atom. These
photons do however readily interact with the outer (bound or free) valence electrons of
the atoms. Clearly, the optical properties of any material will be mainly affected by the
nature of its outermost electrons.

The primary process in light absorption is electronic excitation by the absorption of
a photon. In metals the dominant absorption mechanism involves free-free transitions
(inverse Bremsstrahlung). The absorption causes the temperature of the conduction
electron gas to rise. By electron-phonon interaction, the absorbed energy is transferred
in part to the motion of the atoms or ions making up the metallic lattice. Typical transfer
times between hot electrons and the lattice are of the order of one picosecond for most
materials. The heating by free-free transitions is usually well described by a Drude
model. Thermal conduction will carry heat deeper into the metal. The penetration
depth by heat conduction is of the order of \/D_tp, where D is the thermal diffusivity and
t, is the duration of the irradiation.

In semiconductors the photon energy must exceed the band gap in order to have
significant absorption. The basic process is the creation of an electron-hole pair, corre-
sponding to a transition of an electron from the valence to the conduction band. The
electrons and holes may have a considerable kinetic energy hv— E,. This energy is rapidly
shared with the lattice vibrations and leads again to heating of the semiconductor mate-
rial, on a time scale of picoseconds. In intense laser pulses the density of electrons may
become so high, that rapid electron-hole recombination occurs via Auger process, [14] in
which the recombination energy is given to a third carrier rather than to the lattice.

Insulating materials, with hv <« E,, are optically transparent. At very high radiation

intensities multiphoton absorption processes and impact ionization become sufficiently
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probable, that significant concentrations of conduction electrons are created. In multi-
photon interband transition, n photons, the combined energy of which exceeds E,, are
absorbed simultaneously. Impact ionization is the inverse process of Auger recombi-
nation. Upon colliding with a lattice atom an energetic carrier is slowed down while
creating an additional low-energy carrier pair (an extra electron being knocked off the
atom, leaving behind a hole). Thus free-carriers are generated at high irradiance due
either multiphoton transitions or impact ionization. When this happens the subsequent
heating mechanisms become again rather similar to those described for metals and semi-
conductors.

When a laser pulse is incident on an opaque solid target two extreme situations may
be identified. At very low irradiances the light causes only a rise in temperature by
conduction below the surface with no change of phase. If the irradiance is very high,
multi-photon ionization takes place at the surface during a few cycles of the electric
field. Between these extremes there is a wide variety of intermediate situations in which
changes of phase, the pressure due to vapourization, thermionic emission and shock wave
generation may be important. Not only the time dependence of the irradiance of the laser
pulse but also the many thermal, optical and mechanical properties of the target material
and their temperature and pressure dependence must be taken into consideration in any
complete theoretical treatment of the interaction. To utilize the advantages of laser
processing and to achieve appropriate results, it is necessary to understand the physical
processes involved.

In the following sections the physical phenomena that occur when high-power laser

radiation interacts with a target will be discussed.

A. Reflection:

Reflection and absorption coefficients determine the amount of beam power absorbed
within the material. Reflection of part of the energy of an incident laser beam is an
important consideration in determining the fraction of laser energy absorbed by a sample,
especially at low irradiances, during the beginning of the laser pulse. For metals, a model
based on the Drude-Zener free-electron theory predicts a linear decrease in reflectivity
of the metal as its temperature increases, because the apparent electron-lattice collision
time shortens [22]. Consequently more laser energy would be expected to be absorbed by

a hot, laser heated solid surface than that predicted using room temperature reflectivity.
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Experimentally the reflectivities of copper and steel samples decrease to 25 % of their
initial values during the first half of a Nd:glass laser pulse [23]. The change in reflectivity
may be due in part to the result of phase changes that occur during intense heating. In
any case these measurements indicate that laser energy can be coupled effectively into a

target that is initially highly reflective, if the irradiance is very high.

B. Photoelectrons

The optical coupling of a metal is dominated by the conduction electrons. Only
electrons in states close to the Fermi level, referred to as ‘free electrons’, contribute to
the optical properties. Before the laser irradiance reaches the level where a sample begins
to vapourize, photoelectrons may be ejected by multiphoton absorptions, which involves
simultaneous absorption by an electron of a sufficient number of photons to be ejected
from the conduction band. For Q-switched pulses the affect may be relatively weak
compared to thermionic emission of the electrons, but the photoeletric effect is assumed
to play an important role in the generation of plasma plume using ultraviolet (UV)
lasers. Photoelectric electrons are coincident with the laser pulse and do not involve a
thermally related delay. Two and three photon photoelectric effects have been observed
and studied by several authors [24-26]. At still higher irradiances the electron pulse is

delayed by several nanoseconds and is produced mainly by thermionic emission.

C. Thermionic emission

Thermionic emission of positive ions from heated metallic surfaces have long been rec-
ognized [27-29]. A sample heated to a temperature of the order of 2000 K or higher
will emit ions of the materials present as impurities on the surface and also of the par-
ent metal itself. Laser heating will produce the same type of positive ion emission.
Thermionic emission can be produced by free running laser pulses as well as Q-switched
pulses at irradiances lower than those that destroy the surface. The only requirement is
that the surface temperature be raised sufficiently to allow significant escape of thermal
electrons. The electron yield is greater for higher sample temperatures T and can be
fitted by the Richardson law describing the thermionic electron flux as a function of the

surface temperature.

j= AT 9T (1.45)
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where j is the current density (A cm™2); ¢ is the work function (eV); k is Boltzmann
constant and A is a proportionality constant. Current densities obtained from calculated
surface temperatures caused by free-running and Q-switched laser pulses agree quite well
with measured current densities for irradiances low enough to prevent surface destruction
[30,31].

Thermionic emission of ions and molecules are related by the Langmuir - Saha equa-
tion,

I+ _ 9% Je-DiT (1.46)
Jo 9o
provided equilibrium conditions exist about the surface (a condition that may not be
reached during laser interactions). j, and j, are the positive ion and neutral particle flux
leaving the surface at temperature T, g, and go are the statistical weights of the ionic
and neutral states, and I and ¢ are the ionization potential and electron work functions,
respectively.

Thermionic ejection of electrons, ions and neutral molecules show that important
species are ejected from the surface of the sample material prior to the onset of melting
and major vapourization of the sample material during a laser pulse. These species add
to the complexity of the laser interaction with the surface. For instance, as the free
electrons absorb more laser energy (inverse Bremsstrahlung) they may become energetic
enough to initiate a breakdown of the gas above the sample surface. A breakdown at a
sufficiently high irradiance then initiates a radiation-supported atmospheric shock wave,
which precedes the expansion into the atmosphere of the major portion of the vapourized

sample [32].

1.2.2 Heating without melting

The basic and dominant physical mechanism of laser interaction on absorbing media is
heating. Heat treatments serve as a wide range of purposes in material technology such
as softening or hardening of metals, annealing of crystals, dopant diffusion in semicon-
ductors, compound formation in mixtures, oxide layer growth, polymerization of plastics
etc. The main advantage of laser induced heating is that heating can be done in a local-
ized fashion, both in space and time. By matching the wavelength and the beam power
to the optical and thermal material properties, the amount of heating can be chosen
accurately to suit the needs of a process. Sharply delimited areas can be heated to high

temperature while the remainder of the workpiece stays virtually cold. Rapid cooling
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of the heated material can be achieved by using short pulses or rapidly moving beams.
Laser beams are chemically pure and free of inertia and can be moved easily and passed

through windows to reach remote or inaccessible parts of a work piece.

The temperature rise is determined by the laser power, pulse duration, absorption
coefficient, specific heat and thermal diffusivity. The phase of the material may or may
not change depending upon the strength of the laser radiation incident on it. Heat
transfer equations have been used to predict the temperature at various depths in the
sample for cases where a phase change does not occur in the material. When the incident
laser intensity is low the material will not undergo phase transformation; the only effect
of the irradiation is raising the temperature of the material. The irradiances in the laser
pulse for such studies are thus restricted so that no significant evaporation or boiling
takes place. Dielectric breakdown by avalanche ionization or multiphoton absorption is

also excluded.

In order that a single instantaneous temperature may be defined at every point,
the light must not cause a substantial change in the internal energy of the region where
absorption occurs during the relaxation times involved, which are of the order of 10712 to
107 seconds [33]. Provided this condition is satisfied it is possible to discuss classically
the effects of thermal conductivity on the temperature distribution in the solid. This
assumption may break down for the case of picosecond and femtosecond pulses. During
the absorption of a picosecond duration pulse, there will not be time for the energy to
be distributed among many particles in the collision processeses. The energy received by
the electrou which absorbs a quantum may be coupled into the lattice relatively slowly
on a picosecond time scale. Therefore, observations of heating effects produced by a

single picosecond pulse will probably require a different treatment.

Ready [11] carried out detailed calculations of the temperature rise due to the absorp-
tion of laser pulse using a one-dimensional model. A one-dimensional model of thermal
diffusion is valid only provided the diameter of the laser beam at the surface is much
greater than the penetration depth during the laser pulse. For most of the laser pulses
used in plasma production this condition is obeyed. In most cases the optical absorption
coefficient of the absorbing material will be large. The absorption coefficient for metals
is high enough (10° - 10° cm™!) that the laser energy can be considered to be deposited

at the surface, and then transferred into the metal by conduction. If the laser pulse is

29



flat in time and is uniform over the x-y plane we have [11]

1/2

no,t) = Q—?(Dt) (1.47)

™

The above equation has great utility in estimating approximate surface temperature rises

for a broad variety of cases.

1.2.3 Melting without vapourization

The next stage in heating a solid target begins when the target temperature is raised to
the melting point. Melting of surfaces occurs at a higher regime of absorbed flux densi-
ties. In many applications, such as welding, this transition is of course very important.
Regarded as a step towards the production of the plasma, however, the transient liquid
phase is not of great significance. The latent heat of fusion is small compared with the
latent heat of vapourization or the ionization energy. Also, within the short duration of a
high power laser pulse the molten target material will not be displaced significantly. The
most important consideration may well be the change in the optical characteristics of the
surface. Bonch-bruevich et al [23]. measured the time dependence of the reflectivities of
several metal surfaces heated by laser pulses, and deduced the relationship between the
surface temperature and the absorptance of silver.

This situation of optimum melting without vapourization is produced only over a
fairly narrow range of laser parameters. For welding applications one desires effective
melting of the surface without excessive vapourization. The flux density must be high
enough to raise the surface above the melting point. If it is too high, the surface will
begin to vapourize before the interface between molten and solid material has progressed
far into the sample. Q-switched lasers are not suitable for melting applications, since
the pulse durations are too short and the flux densities too high to produce effective
melting. Generally the flux density must be kept below some critical value and the pulse
width stretched as long as possible to produce effective melting. In fact, the optimum
pulse length for melting is longer than the pulse length that are conveniently produced
by most lasers. With continuous high power lasers, any desired duration of exposure can
be attained by shuttering, and effective melting can be produced.

If the spatial profile of the laser beam is Gaussian of radius d and if the absorbed
flux density at the surface is a constant F, for times less than the pulse duration t,, the

temperature as a function of radial distance r from the centre of the heated spot, depth
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z from the surface, and time t is given by
T(r 2. ) = d*D'/’F, ] dt' exp(—22/4Dt') exp[—r?/ (4Dt + d?))
T Km2 g t'1/2(4Dt + d?)

The thermal time constant represents the time at which the rear surface of a pulse

(1.48)

reaches a temperature of the same order of magnitude as the front surface where heat is
absorbed. For a plate of thickness d and thermal diffusivity D, the thermal time constant

7 can be defined [11]
d?

T=—
4D
The significance of the thermal time constant is that it gives an order of magnitude

(1.49)

estimate for the time for heat to penetrate through a sheet and thus an approximate
estimate of the time required to melt through the sheet. If the laser pulse length is
much shorter than the thermal time constant of the workpiece, good fusion through the
workpiece will not be attained.

The maximum depth that may be melted without surface vapourization may be

expressed by [11]
G

F
where G is a numerical factor characteristic of the metal. Q-switched lasers drive metals

Xopax = (1.50)

past their vapourization temperatures before much melting can proceed. The limited
depths available for melting pose a problem in laser welding, where maximum melting

without vapourization is desired.

1.2.4 Laser induced vapourization

When the temperatures are high enough to cause a phase change in the material, some
of the incident energy is used to produce the phase change. A one-dimensioﬁal model
that includes surface heating and the presence of a solid-liquid boundary is presented
in Masters [34]. The thermal conductivity and specific heats of the liquid phase differ
from those of the solid phase. When temperatures near the boiling point are reached, a
significant part of the material begins to vapourize. Laser vapourization of solid samples
has received a great interest of attention due to its potential applications in material
coating, its use as a sample introduction method for solid samples in atomic spectroscopy,
and the use of the laser generated plume or plasma for analytical measurement [18].
For materials with lower thermal conductivities, the absorbed heat remains nearer the

focal region, causing higher temperatures to be reached and greater amounts of material
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to be vapourized, than for materials that conduct heat away more quickly. As the laser
flux density increases, the heat is supplied too quickly to be conducted away; a larger
fraction of the heat is used to vapourize the material and the latent heat of vapourization
becomes the dominant factor in determining the amount of material vapourized during
a laser pulse. Experimental results show less copper than Type 18-8 stainless steel
vapourized by a free-running laser pulse at low laser output, while more copper than
stainless steel is vapourized at higher laser energies [11]. The flux density F. for which
the crossover from the region in which the thermal conductivity is dominant to the region

in which the effect of the thermal conductivity is negligible is given approximately by
F.>2LpD"*}1/2 (1.51)

where L is the latent heat per unit mass, p the density, D the thermal diffusivity and
t the laser pulse length. At very low laser powers, the materials exhibiting the largest
amount of material removal will be those with the lowest thermal conductivity.

The heat capacity is an important variable in determining the time t, that it takes
the surface to reach the vapourization temperature, or boiling point. This time can be
estimated from a one-dimensional heat flow equation, assuming a constant laser flux
density F absorbed at the surface [35]
¢ = wKpc

" 4P

In this equation K is the thermal conductivity, ¢ the heat capacity per unit mass, and

AT (1.52)

A T the temperature rise necessary to reach the vapourization temperature. After the
material reaches a state of steady vapourization, the rate of vapourization V (gcm™2s ')

can be estimated by
F

Ve —knno—
cAT+ L,
The first term in the denominator represents the heat used to raise the temperature of

(1.53)

an amount of the material to the vapourization temperature, and the second term the
heat required to vapourize the amount.

In the case of vapourization with normal pulse lasers it was assumed that the vapour-
ized material does not interact further with the incident laser radiation. But with Q-
switched laser vapourization the presence of the blowoff material 7.e. the material emit-
ted from the target surface interacts with the incident laser radiation. It exerts a high

pressure on the surface and absorbs light and shield the surface from the incident laser
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light. Also as the material becomes very hot, it can produce an impulse reaction on the
surface.

The threshold laser irradiance to reach superficial vapourization of the target can be
determined from temperature estimation. Particles escaping from the hot surface have
a velocity distribution corresponding to the surface temperature, their velocity vectors
all pointing away from the surface. This anisotropic velocity distribution is transformed
into an isotropic one by collisions between the vapour particles. This happens within a
mean-free path from the surface, a region known as the Knudsen layer. Beyond Knudsen
layer the vapour reaches a new internal equilibrium with a temperature different from
the surface temperature.

The influence of the laser parameters on the mass removed has been studied by several
authors [17,36]. For many solids, the power density required for evaporation is in the
range 10* to 10° W cm™2. In the range 10* to 107 W cm™2, the resulting vapour consists
of polyatomic particles. At power densities below 7 x 107 W cm™2, no atoms were
in the vapour, whereas above 5 x 108 W cm™2, the evaporated material was partially
ionized. Mitchell et al [37] found that the higher the repetition rate, the higher the
atomic emission signal and, subsequently, the greater the mass ablated.

When considering vapourization it is important to remember that the boiling point
of a material is pressure-dependent. The radiation pressure due to a focused laser beam
absorbed or reflected by a surface can be very great due to the recoil on the surface from
departing particles. If Iis the effective irradiance, v the final velocity of the vapour flow
and W the energy of vapourization and acceleration per unit mass, the recoil pressure,
known as the ablation pressure is given approximately by [33]

(1.54)

_ v
P=w

A detailed discussion of the dynamics of the vapourization process has been given by
Krokhin (38].
1.2.5 Ionization of the vapour and electron cascade growth

At the temperature with which the vapour leaves the irradiated surface the thermal
ionization degree of the vapour is relatively high (107° - 10™%), which means that the
development of the electron cascade growth is significantly improved. This is the pre-

breakdown state of the vapour. The threshold for avalanche depends on the vapour
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ionization.

Electrons will gain energy in the field through inverse Bremsstrahlung absorption
and lose energy by elastic and inelastic collisions with neutral particles. Richter [39] has
shown that the electron temperature is largest with the CO, laser (10.6 pm) compared to
the case of excimer laser (0.308 pm), because the inverse Bremsstrahlung process heating
the electrons is more efficient in the infrared region. Indeed the laser radiation absorption
coefficient is inversely proportional to A2. If the laser irradiance is high enough, primary
electrons will gain an energy larger than the ionization energy. These electrons will
generate new electrons by impact ionization of atoms of the vapour, thereby leading to
cascade growth.

The minimum laser intensity required for breakdown in the metal vapour and/or in

the ambient gas is given by [40]

A
-2 3
L(MWem ™) > 2 x 10 32af

(1.55)
where A is the ionization potential of neutral particles (in eV), A in ym and M (amu)
the atomic mass. This process is dominated by the inverse Bremsstrahlung process
favoured for large laser wavelengths. The dependence of I; with 1/A? means that it is
easier to obtain a breakdown with an IR laser than with UV, as observed by Richter '[39].
Nevertheless, the amount of ablated matter is larger using an UV laser than with an IR

laser.

1.2.6 Plasma production

When the radiation from a Q-switched laser with sufficient energy is focused on a solid
target, a characteristic form of plasma is generated. Its salient features are high density,
high temperature and transience - it lasts essentially only the same length of time as
the exciting laser pulse. This process of laser induced optical breakdown involves the
radiative heating of free electrons within the solid by the intense laser pulse. These initial
electrons are thought to be present because of thermionic and photoelectric emission. The
electrons couple very strongly to the incident radiation, and by absorbing the energy,
they are strongly accelerated, and collide with ions and neutral atoms and molecules
(inverse Bremsstrahlung). In this way more atoms are ionized and they in turn provide
more electrons which further increase the rate of ionization. The whole process of plasma

formation can be divided into three distinct phases; firstly initiation, secondly formative
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growth and the onset of breakdown and thirdly plasma formation with the generation
of shock waves and their propagation.

Although the basic processes of initial breakdown are different in the cases of con-
ductors and dielectrics, once the priming plasma is formed the physics of the subsequent
events is essentially the same. The incoming laser radiation is now absorbed in the

primary plasma by inverse bremsstrahlung. The absorption coefficient for this process
is (41,33]

2
N,

ap(em™) = 3.69 x 108572”3(1 — exp(—hv/kT)) (1.56)

where A is the wavelength of the laser photons in pum. The rate of absorption depends
on n{. The absorbed energy causes an increase in the kinetic energy of the electrons,
i.e. an increase in electron temperature, and this in turn produces further ionization
with a consequent increase in n.. Hence, the rate of absorption, and with it the rate of
ionization escalates so that n. increases further and eventually approaches n. at which
stage the critical density is established across the plane surface some distance into the
plasma. The most important modifications arise at high fluences from the fact that the
plasma in front of the target surface becomes sufficiently dense and ionized, such that the
laser radiation is significantly absorbed by the plasma [42]. When the plasma becomes
opaque laser radiation can no longer reach the surface of the target to generate new
plasma by evaporation and ionization. The target material becomes decoupled from the
laser radiation. Plasma growth however does not cease. Because of the heating which
follows the absorption energy by inverse Bremsstrahlung, the plasma is driven rapidly
away from the target surface; consequently the electron density decreases and the laser
radiation again reaches the target. These processes merge into a smooth self-regulating
regime with the generation, heating and expansion of plasma taking place throughout

the length of the laser pulse.
1.2.7 Plasma Expansion Models

A. Effusion model of transient plasma expansion

The effusion model [43-45] assumes that the particles of the target material fly freely
from the target surface. When the density of released particles is high enough, they
collide with each other and form Knudsen layer (KL). In the KL particle velocities are

thermalized although the resulting veioGiy distiibution is anisotropic in space, having
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large forward peaking. At the outer edge of the KL, particle flow is transformed into
unstable adiabatic expansion (UAE). The particle release occurs in the time interval
(0,7,). This phase of laser produced plasma expansion is known as flow phase. The flow

velocity (ui) of particles leaving the KL boundary is found to be

U = A = —_— (157)

where a; is the speed of sound at the KL boundary, T; is the temperature at the KL
boundary, v = C,/C, and m is the particle mass.

Eqn (1.57) is used as a boundary condition for a planar UAE which is, for the ideal
gas, described by Navier-Stokes flow equations. These equations were solved in the

1-dimensional case by Kelly for the case of flow into vacuum with the following results:

a ¥y—1 z
=141z .
Uk T+ 1upt (1 58)
u 2 z
=14 == .
™ +’Y+1ukt (1.59)
3
L (i) (1.60)
Pk Ug
v+l
VEF = y— 1uk (1.61)

Here, a is the local velocity of sound, u is the local flow velocity, z is the distance from
the outer KL boundary, p is the local particle density, p; is the particle density at the
KL boundary, and vgr is the velocity of the expansion front.

At the end of the release process particles cease to flow out of the target. The flow
phase is finished and the phase of UAE begins. The recondensation of the particles is
neglected in this phase. In front of the target there are now three different regions with
different flow conditions. In the region nearer to the target surface, abrupt ending of
particle flow into the KL produces a rarefaction wave which spreads out from the target

surface. The solutions of the Navier-Stokes equations for this region

z = ut (1.62)

1 ¢ -(-1/2
e _2+1lt (1.63)
Uk 4 T
The abrupt change of the boundary condition at t = 7, leads to a catastrophic fall in

density at the surface. After that, the density at the surface decreases slowly with time.
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The first region extends from the surface (z = 0) up to the first line of contact (LOC)
located at (z = z;). This LOC is easily understood as the position of the disturbance
triggered by the abrupt change in the density of released particles at the surface. The
position of the first LOC is given by

v+ 1 t ( t )(3—10/2
57—1) U T, [Tr p (1.64)

Outside the first LOC, the second region which joins region 1 to the remanant of the flow

zZ) =

phase, region 3, the junction being at the second LOC at z = z,. This second LOC is
visualized as the position of the disturbance triggered by the impingement of the region

2 with its reduced density on the region 3. THe position of the second LOC is found to

be (3-)/(r+1)
1 [t /t\G0
2y = ’Y+ U Ty l:— - ('—') ] (165)

T

By comparing eqn. 1.64 with 1.65, t > 7. we have 2z; = 2z.
The third region is just a remnant of the flow phase, and physical conditions in it are
described by eqn. 1.58 to 1.61. This regions begins at z = z, and ends at zgp.

Also, it should be pointed out that these are one-dimensional solutions of the Navier-
Stokes flow equations. Due to the extreme complexity of the problem, no analytical

solutions are known for 2-D or 3-D cases.

B. Plasma Expansion in the presence of an ambient gas

Ambient gases present during pulsed laser ablation scatter, attenuate and thermalize the
plume, changing the spatial distribution and kinetic energy distribution of the plume
species. Different diagnostics of the background gas interaction indicate that the plume
interacts hydrodynamically with the background gas, undergoing a transition to a stable
shock front as the plume material scatters off the background becomes delayed, and
coalesces with the slower moving material.

For high background pressures a blast wave model has been used to describe the
luminous shock front caused by the expansion of laser ablation plasmas. This model
was developed to describe the propagation of a shock wave through a background gas
(density po) caused by the sudden release of energy, Eq, in an explosion. The propagation
of spherical shock front through a background gas follows the distance - time relation

1/5
R=¢ (@) ¢35 (1.66)
Po
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where & is a constant (for a planar shock wave R(t) o (Ey/po)'/3t¥?). This model strictly
applies when the mass of the ejected products is small compared with the mass of the
background gas set in motion by the shock.

A classic drag-model shows better agreement at low pressures and early times. The
ejected pulse of ablation products is regarded as an ensemble that experiences a viscous
force proportional to its velocity through the background gas. The equation of motion
a = —[fv, giving

v=uvge =1, - B2 (1.67)
T =z;1-e") (1.68)

where (3 is the slowing coefficient and z; = v,/ is the stopping distance of the plume.
The drag model predicts that the plume will eventually come to rest, due to re-
sistance from collisions with the background gas, while the shock model (neglecting
viscosity) predicts continued propagation R o t*4. Experimentally, laser ablated plumes
are travelling a path that can be described by a composite of these two models, the
overlap occurring during the transition region when viscous slowing of the leading edge

of the plume coalesces to form a stable shock structure.



1.3 Plasma diagnostics

Viewing a laser produced plasma as a physical system, the experimentalist is immediately
confronted with a range of challenging and intriguing questions.

1. How does the plasma evolve and decay in time ?

2. What is the electron temperature and electron density and how do they vary in space
and time ?

3. What are the variations of these fundamental parameters of the laser produced plasma
at different ambient atmospheres and at different irradiance levels ?

4. What species of ions are present and how are they distributed over states of ionization?
5. Are these species at equilibrium ?

6. What are the characteristics of the spectrum emitted from the plasma ?

7. What are the different particles present in the ablation products ?

8. How does the plasma behave under the influence of applied electric and magnetic
fields? In order to answer these questions, wide range of experiments have been carried
out over the past two decades. Many of the techniques used have been taken from classical
plasma physics but they have had to be adapted and improved to deal with the peculiar
difficulties encountered in laser produced plasma. The particular features that present
new problems are its short life time, i.e. transient nature and its high temperature.
In connection with the last point it should be noted that if any reasonable degree of
equilibrium exists in the plasma, then from considerations of equipartition of energy,
one would expect hy = kT where v is the frequency of the emitted radiation. Hence at
high temperatures involved the most important and interesting radiative processes will
be expected in the vacuum ultraviolet and X-ray regions [46,75,48].

Many models have been developed to describe the processes involved in laser-matter
interaction but each pertains only to a separate component of the interaction and is
applicable only under limited conditions. There are several mechanisms happening in-
side a laser produced plume. The classification of these mechanisms is simplified and
phenomenological; the power densities given for vaporization and ablation are merely
approximate. Power densities above 10® W cm™2 cause vaporization, ablation, both of
these processes simultaneously or additional mechanisms that have not yet been identi-
fied. Some of the mechanisms that have to be studied are given in table 1. The existence

of shock waves is easily confirmed by the sonic boom heard by any one who has witnessed
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a focused short-pulse laser exploding target materials at atmospheric pressure.

Table 1. Laser ablation mechanisms

* Absorption (single, multiphoton, defect initiated ....... )
* Reflection (time-dependent)

* Thermodynamics (melting, latency, phase change....... )
* Photoelectric, thermionic emissions

* Plasma ignition

* Shock waves (gas)

* Stress waves (solid)

* Laser plasma interaction (inverse bremsstrahlung)

* gas dynamic expansion

* Hydrodynamic expansion

* 99999

The physics of laser ablated plasmas limits the applicability of the different diagnostic
techniques. For example, some of the most sensitive diagnostics are overwhelmed by the
robust environment of dense laser plasmas, while rugged diagnostics are insensitive in
low density plasmas. The diagnostic methods themselves should not disturb the plasma.
If it is necessary to actively perturb the plasma with electromagnetic waves or an elec-
tric field, the disturbance to the plasma should be minimum. Sensitivity, time and space
resolutions must also be considered. Unfortunately, information obtained by each diag-
nostic tool is limited. Results obtained within the physical range of one technique may
not apply at higher or lower laser energies. Generally, more complicated experimental
arrangements have simpler diagnostics interpretations, while more applicable and simple
experimental arrangements require more complicated interpretations. Finally each diag-
nostic tool usually allows one or two components of the plasma plume such as excited as
well as ground state monoatomic atoms and ions, molecules, clusters, or particles to be
identified. Total characterization of the pulsed laser ablated plume therefore requires an
understanding of the advantages and limitations of several techniques, as well as their
results which provide complementary information.

Despite the variety of diagnostic experiments designed to study laser produced plas-
mas, a number of major questions remain to be solved, including:

(a) The role of nonthermal (electronic) and thermal (evaporation) ejection mechanisms

in the ablation of material amounts necessary for film growth.
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(b) The extent and explanation of laser absorption by the initial ejectants.

(c) The etching effects of the laser plasma on the target.

(d) The expansion mechanism(s) responsible for the high kinetic energy of the ejectants:
the competition between adiabatic expansion and space charge acceleration models.

(e) The fractional ionization of the plasma plume and the range of distances over which
it can be electromagnetically steered.

(f) The role of clusters and particulars in the mass transfer to the substrate during thin
film growth.

(g) The collision kinetics within the plume in the collisionless regime. The roles of
scattering, diffusion and hydrodynamics in the slowing and thermalization of the plume
by background gases.

(h) The major factors (ie. kinetic energy, deposition rate etc.) determining the optimal
film growth distance for various materials.

(i) The role of chemistry with the background gas.

(j) The role of target surface morphology and phase on ejecta.

For the characterization of plasmas, many diagnostic tools are used including opti-
cal emission spectroscopy, laser induced fluorescence spectroscopy, mass spectroscopy,
optical absorption spectroscopy, ion probe method, interferometry, Thomson scattering
etc. Probably the most accurate, local, and unambiguous way to determine fundamental
parameters of the plasma is Thomson Scattering and the spectroscopy as far as instru-
mentation is concerned. In the following sections, a brief report is made on the different

diagnostic techniques.

1.3.1 Mass Spectroscopy

Laser vapourization is rapidly gaining popularity as a method of sample introduction for
mass spectrometry [49-51]. The mass spectrometry has been used with multi channel
deflection in time of flight (TOF) techniques and also in Fourier transform spectrometers.
Time of flight mass spectrometry (TOFMS) [52] is very sensitive to the fast ions ejected
from the laser irradiated surface. Ions with charge Ze, are collected using electric fields
and then accelerated by a potential, V, down a field-free drift tube, each acquiring
energy ZeV. The ions travel at different velocities v = (2ZeV/m)"/? and arrive at a high
gain detector such as multichannel plate (MCP) or channeltran, at different times, from

which the mass-to-charge ratio (m/z) is derived. The actual velocity with which the ions
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travel to the collection region is convoluted with the drift velocity. Careful timing and
mathematical stimulation are required to extract actual kinetic energy distribution of
the photoejected species.

In quadrupole mass spectrometer (QMS) 53], the plume can be directed through an
aperture and the ion’s velocity can carry them directly into the quadrupole mass filter
that can be tuned to select ions of different mass. Assuming the velocity of the particles
does not change when passing through the quadrupole, the kinetic energy can be directly
inferred from their arrival time. The QMS has a mass throughput function that must
be known for quantitative ratios of the different ions. Pulse counting electronics can be
used statistically to record the TOF for ions at a selected mass. An ionizer stage in front
of the quadrupole input is used to ionize neutrals by electron impact. Retarding grids
are placed in front of the QMS inputs to verify the kinetic energies and screening of the
ions in the plume.

Alternatively, neutrals can be photoionized by a time delayed pulsed laser and the
resulting ions extracted into a TOF-MS for laser ionization mass spectrometer (LIMS)
[54]. Mass spectrometry involving nonresonant single photon ionization (REMPI) [55]
can be used in this step. In general, because these mass spectrometric techniques rely
on steering the ions in the plume with electromagnetic fields, they are most useful in

vacuum at low plasma densities.

1.3.2 Ion Probes

Electric probes have widely been used to determine electron and ion densities, electron
temperature and potentials in plasmas [56-58]. These plasma parameters can be deter-
mined by inserting a small metallic electrode or probe into the plasma; and by measuring
electric current vs voltage applied to the small metal electrode as a function of plasma
space potential. Several types of probes have been designed, these include the single
probe (Langmuir probe) applied to discharges which have one electrode in the plasma,
the double or triple probe, which has been used principally for the electrodeless dis-
charges, and the emissive probe in which the plasma potential can be clearly observed
by abrupt changes in the probe current at the plasma potential because of overlap of
the thermionically emitted electron from the probe with the current carried by electrons
already existing in the plasma. Other designs of ion probes are plane discs, parallel plate

probes and multi grid retarding potential probes.
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There are a number of assumptions made when the probe characteristics are analyzed;
the plasma is collisionless, the electron density distribution is Maxwellian, the electron
temperature is much higher than the ion temperatures, the ions are singly charged, and
ion and electron densities are equal.

Electrostatic ion probes have got several advantages compared to other diagnostic
techniques. They are inexpensive and rugged, and have the advantage of providing local
information on plasma conditions, unlike most spectroscopic or imaging techniques that
average along the line of sight. They can be immersed into dense plasmas and higher
background pressures than other diagnostics, such as mass spectrometers, can tolerate.

The probe method can be effectively used for the determination of the ion density and
electron density of a plasma by keeping the negative or positive potential respectively.
Fast (~ 5 ns) electrical circuit response can be achieved, but attention must be paid to
the design of the bias/detection circuit and unwanted points of grounding on chamber
feedthroughs and in power supplies. The magnitude and velocity of the ion probe signal
combine to serve as a vei‘y sensitive in-situ monitor of ablation reproducibility during
pulsed laser deposition. Loss of ablation effectiveness, due to attenuation of the laser
beam by window deposits or by cratering of the target surface, becomes evident as a loss

of signal and velocity at the probe.

1.3.3 Laser induced fluorescence spectroscopy

Laser induced fluorescence (LIF) is the technique in which the laser frequency v is tuned
to match a transition of a group of atoms or molecules, whose energy difference is E;; , by
arelation hv = Ei,, and the resultant fluorescence is observed {59,60]. By resonant nature
of the excitation, the fluorescence intensity in many orders of magnitude larger than other
sources of scattering, such as Rayleigh, Raman or Thomson scattering, if the relevant
number densities are in the same order of magnitude. Therefore, the LIF technique is
very selective of species to be detected, sensitive and/or yields high spatial and temporal
resolution. In LIF spectroscopy, laser photons are absorbed by atoms or molecules which
are then excited from lower energy levels to higher levels, and spontaneous decay to lower
levels is observed as fluorescence. In principle, atoms, molecules and ions in the ground
state as well as in the metastable or excited states can be detected.

Usually a tunable dye laser pulse is used to pump the ground state species to a se-

lected excited state. The absorption is followed by spontaneous emission of the excited
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state to lower energy levels. An interference filter or spectrometer tuned to one of these
wavelengths is used to record the laser induced fluorescence signal intensity. LIF is most
useful in determining local vibrational and rotational temperatures of the molecules in a
laser plumes. Often it is found that three different temperatures will be measured for a
molecule in plasma plumes, translational, vibrational and rotational. From the time of
flight (TOF) data of the molecules, translational temperature can be measured. Rota-
tional and vibrational temperatures are estimated by comparison between the measured
occupation of rotational or vibrational manifold using LIF, and that calculated from a
Boltzmann distribution [61].

Tuning of the wavelength of dye laser slightly off-line center results in Doppler shifted
absorption (AX = Av,/c) by species travelling with a specific velocity v, along the probe
beam axis. The small region in the LIF in the plasma plume can be moved about by

tuning the dye laser to provide a spatial map of the species’ angular velocity distribution.

1.3.4 Optical Absorption Spectroscopy

Optical absorption spectroscopy is a technique for analyzing the absorption of light
which is radiated into a plasma from the outside [57,62]. Since the absorption is caused
by species existing in the plasma, it is possible to identify species and to determine
their densities. If the low particle density causes difficulty in obtaining sufficient signal
strength, the light path that passes through the plasma may be made longer by utilization
of multireflection with the help of mirrors. By using laser with narrow band as a radiation
source, space and time resolved spectra can be obtained at high sensitivity. The degree
and rate of dissociation for a molecule can be determined by observing that specific
species in the plasma.

Similar to LIF spectroscopy absorption spectroscopy has the advantage that species
can also be detected at ground state. However, absorption spectra in the visible or
infrared regions are frequently hidden by the emission from the plasma. It should be
noted that results on concentration of species obtained by absorption spectroscopy are

an average over the whole length of the absorption path.

1.3.5 Optogalvanic Spectroscopy

This type of diagnostic technique usually applies to discharge plasma [63,64]. When
the wavelength of the incident light applied to the plasma correspond to the optical
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transition wavelength of atoms or molecules, the light is absorbed. Consequently, the
plasma impedance, that is the discharge current/voltage undergoes a change. This fact
is called the optogalvanic (OG) effect. Recently laser induced optogalvanic spectroscopy
(LOGS) has come into use for plasma diagnostics. Both DC and RF discharges have been
studied by the OGS technique. The magnitude and the sign of the OG signal depend
upon many factors including incident laser power, absorption coefficient, radiative life
time and the effect of collisional interactions between the laser coupled levels and those
of the remaining discharge species. Compared to other diagnostic techniques, OGS has
an extremely high sensitivity, therefore, radicals and ions that cannot be detected by

other spectroscopic technique can be observed relatively easily.

1.3.6 Coherent Anti-Stokes Raman Spectroscopy

When two laser beams of angular frequency, w; and w, are radiated into a plasma from
the same direction, light containing components of 2w; —w; and 2w; —w, are produced in
addition to incident laser light and harmonic waves. The intensity of the Anti-Stokes line
is proportional to the square of the nonlinear third order susceptibility for gas molecules.
The spectrum shape depends entirely on rotational energy distribution for molecules.
The technique is based on the CARS has been used to measure densities and rotational

temperatures for gas species in plasma [65].

1.3.7 Thomson Scattering

Thomson scattering is the scattering of electromagnetic radiation of free electrons in
a plasma. Probably the most accurate, the local and unambiguous way to determine
electron density is Thomson scattering [66-68]. Accuracies of 3 % can be achieved using
this diagnostic; the tradeoffs are price and complexity.

A laser beam incident on a medium can be scattered by inhomogeneities in the
medium. In a plasma, such scattering is mainly due to electron density fluctuations.
Every charged particle in the plasma is capable of scattering light, but because the
scattering cross section is inversely proportional to the square of the particle mass, the
contribution from ions is negligible compared with that from the electrons. The spectrum
of the electron density fluctuation in the plasma is impressed on the scattered light,
thus providing information about the collective motion of the electrons as well as the

noncollective motion (velocity distributions). These features make Thomson scattering
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a powerful diagnostic, providing direct information about these two aspects of electron
fluctuations. Thomson scattering can be effectively used for the determination of electron
density, electron temperature as well as neutral particle densities.

Scattering from a collection of charged particles occurs only if there are spatial fluc-
tuations in electron density. Conservation of momentum tells that the wave number of
the density fluctuation must satisfy the condition k = k, - k; where k; and k, are the
wavenumbers of the incident and scattered beam respectively. The magnitude k is given
k = ‘%’sing, where 0 is the angle between k;and k;. The vector k is fixed by select-
ing a laser wavelength and a scattering angle. The quantity k™! is the scale length for

scattering, and represent the length on which the plasma fluctuations are viewed.

1.3.8 Interferometry

Optical interferometric techniques can be used to probe the laser produced plasma ma-
terial in real time. It is a well established technique for measuring the refractivity of
plasma. Interferometry can also be used to determine the electron density distribution
because in highly ionized plasmas, the refractive index is related to the free-electron
density [69,70]. In the interferometric technique, usually the laser produced plasma
is allowed to expand into one leg of a Mach-Zehnder or Michelson interferometer. A
He-Ne laser can be used as the light source for the interferometer. When the plasma
was formed, the optical path length in the active leg changed, leading to a shift in the
interference pattern. The interferometric data yields both the absorption coefficient of
the plasma and the phase change due to plasma density. The density is related to the

phase ditference due to the presence of plasma using the equation [70].

t
ne = 1.788 x 1012%) (1.69)

where «(t) is the phase difference, A, wavelength of the probe beam and 1, path length

of the plasma.

1.3.9 Optical emission spectroscopy

In a plasma, matter breaks apart into atoms, ions and electrons, producing a visible flash
and are audible popping sound due to the acoustical shock wave generated by the sudden,
high velocity expansion of matter outward from the plasma plume. Useful information

about the elemental composition of the target material can be obtained from analysis
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of the emissions emanating from the plasma volume. Optical emission spectroscopic
technique is concerned with the light emitted by electronically excited species in laser
produced plasma in front of the target surface. The light originates from transitions
from electronically excited states decaying to lower energy levels in atoms and molecules
due to many kinds of processes. By means of this technique, the types of excited species
in the plasma can be determined {71, 72].

A typical set-up for optical emission spectroscopy essentially consists of a monochro-
mator, wavelength scanner, photomultiplier tube and recorder [73]. The transitions
between electronic energy levels correspond to the wavelength of light in the ultra-violet
to visible range. This necessitates that the monochrmator and the photomultiplier are
sensitive over a range of about 200 - 900 nm. The resolution required for the monochro-
mator depends on its task. Normally it is sufficient to be able to resolve the vibrational
structure of the emission spectra of molecules, that is, about 0.1 nm resolution. The
Multi-Channel Analyzer (MCA), using a photodiode array instead of photomultiplier,
allows the simultaneous measurement of time resolved spectra over the entire range of
wavelength.

The window through which the emission light passes should be made of quartz, which
absorbs little in the ultraviolet region. This should be placed away from the plasma re-
action zone to avoid depositing films onto the window’s surface, which might prevent the
transmission of light. If it is difficult to admit the light directly into the monochromator,
the path can be bent using a quartz glass fibre. To determine the temperatures of atoms
or molecules from the emission spectra, a comparison at different wavelengths among
observed emission intensities, even if only relative, is required. Spectral intensities must
be corrected against wavelength by taking into account the absorption of windows and
glass fibres, the efficiency of the monochromator and the sensitivity characteristics of the
photomultiplier or the photodiode which is used.

Spectral lines and bands can be identified from the coincidence of wavelengths of the
observed emission lines and bands with those calculated from energy level transitions
of the atoms and molecules concerned, if energies at each level are known. It is also
possible to refer to publications which describe energy levels, wavelengths at which the
absorption or emission occur, or transition probabilities for atoms and atomic ions or

molecules and molecular ions.

Recently time and space resolved emission spectra have been measured in a laser
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produced plasma (74, 75]. In order to achieve time and space resolved spectroscopy,
different sections of the plasmas are imaged onto the monochromator slit, and these
signals are sampled by a gate which is triggered by a delay circuit. The time delay in the
optical channel is negligible in comparison with the sampling time of the gate. Spatial
resolution can be obtained by using suitable optical system made up of slits and lenses.

The energy distribution for the ensemble of gas particles is expressed by Maxwell-
Boltzmann equation concerned with some internal energy. For molecules, the energies
associated with rotation, vibration and electronic state have to be taken into considera-
tion. However, even when rotational spectra are not resolved in an emission spectrum,
the vibrational temperature T.;, can be estimated by comparing the intensities of each
band in the a given sequence. The sum of the band strength I,, resulting from the

transition between vibrational energy level v — ¢” is given by

—-G(V)h
Lyy = Ayl exp (ﬁ)

i (1.70)

where A, is the Frank-Condon factor, vy, is the transition frequency, G(v’) is the
energy of the vibrational level v’, and c is the velocity of the light, h is the Planck’s
constant. Therefore T,;, can be estimated from the slope of the straight line drawn by
plotting In(Zyy /Ayyvi,,) against G(v’). If the transition probabilities are unknown, the
T can be evaluated by using the equation [76]

4 O — Y hc
10 (W luw) = G - G )[kTM] (L.71)

where ) is the wavelength corresponding to each transition (v’v”), C) is a constant. The
T, is obtained by from the slope of the Boltzmann plot between Iny (A1) and
G(v’). The advantage of using sum of the vibrational band heads for the determination
of T,;;p, is that the information regarding the transition probability is not essential in
this case.

The emission intensity of atoms is given by
c
I= —In, Ahv (1.72)
4

where c is the speed of light, | is the length of the light path, n, is the particle density of
atoms in the initial state at energy levels n, A is the Einstein transition probability, and

v is the wave number of light emitted at the time of transition. According to Maxwell-
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Boltzmann relation, n, can be written as
gn ( E, )

n, =ng=exp|-— 1.73
where g, is the statistical weight and Z is the partition function. Using the above two
equations the atomic temperature T can be obtained.

A simpler technique, the so-called two-line radiance ratio method, has also been used

for the determination of temperature. Taking the rations of intensities of two lines in an

emission spectrum, we obtain [77]

I, _ g1A1A; exp <—(E1 - Ez))

L g A kT

(1.74)

where E) and E, are the energy levels corresponding to these two lines. In using the
above methods to determine temperatures, it must be carefully considered whether the
assumption that the Boltzmann distribution is applicable for the distribution of internal
energy states for the gas particles is valid. In fact, the Boltzmann energy distribution
function between internal energies or within one internal energy distribution is sometimes
not satisfactory.

Optical emission spectroscopy is an extremely useful technique for diagnosing a
plasma without disturbing the plasma. However, species for which the optical tran-
sitions are forbidden by the selection rule and have a very small transition probability

are not detected, even if they exist in the plasma.

1.3.10 Photography and Imaging

The simplest experiment one can do with a laser-produced plasma is to photograph it.
Photography and other imaging techniques add another dimension to ablation diagnos-
tics by providing two-dimensional snapshots of the three-dimensional plume propagation.
This capability becomes essential for a hydrodynamic understanding of the plume prop-
agation and reactive scattering. High speed cameras with electronic gates and image
converters can be used to image the plume emission, as in high-speed framing photog-
raphy, streak photography, and intensified-CCD array (ICCD) photography. Ultrafast
imaging techniques are now allowing investigations of molecular energy transfer ablation
processes [78,79]. Imaging techniques are thus extremely useful for studies of ablation

plumes in vacuum.
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Improvements in the sensitivity and application of diagnostics continue to reveal new
features of the ablation process, plume propagation, and plume-film interaction. Each
technique provides a different perspective of the plume, given its detection limitations.
Only through the overlap of results from several techniques can a comprehensive picture

of the plume be revealed.



1.4 References

(1] F. F. Chen, in Physics of Laser Plasmas A. Rubenchik, S. Witkowski(eds.) 3
(North Holland, Amsterdam 1991).

(2] D. R. Nicholson, Introduction to Plasma Theory, (Wiley, New York 1983).

(3] F.1 Boley, Plasmas - Laboratory and Cosmic, (Van Nostrand Reinhold Company,
New York, 1966).

[4] P. T. Rumsby and J. W. M. Paul, Plasma Physics, 16 247 (1974).

[5] A. V. Engel, Ionized Gases, (Oxford Press, London, 1965) Chp. 5.

[6] W. Jost, Diffusion, (Academic Press, New York, 1952).

[7] G. Bekefi, Radiation Processes in Plasmas Wiely, New York, 1966 .

(8] G. Bekefi, Principles of Laser Plasmas (John Wiley & Sons, New York, 1976).
[9] J. F. Ready, Appl. Phys. Lett. 3 11 (1963).

[10] J. F. Ready, J. Appl. Phys. 36 462 (1965).

(11] J. F. Ready, Effects of High Power Laser Radiation, (Academic, New York,
1971).

[12] Yu. V. Afanas’ev and O. N. Krokhin, Sov. Phys. JEPT 25 639 (1967).
[13] R. M. Measures and P. G. Cardinal, Phys. Rev. A, 23 804 (1981).

[14] M. von Allmen, Laser-Beam Interactions with Materials: Physical Principles
and Applications (Springer - Verlag, New York, 1987).

[15] J. A. McMordie and P.D. Roberts, J. Phys. D, 8 788 (1975).

[16] G. J. Pert, Plasma Physics, 16 1019 (1974).

[17] K. P. Selter and H. J. Kunze, Phys. Scripta, 25 929 (1982).

(18] Z. Hwang, Y. Teng, K. Lee and J. Snedden, Appl. Spectrosc. 45 435 (1991).

51



[19] Y. Lee, S. P. Sawan, T. L. Thiem, Y. Teng and J. Snedden, Appl. Spectrosc. 46
436 (1992).

[20] Y. :Lee, T. L. Thiem, Y. Teng, G. Kim and J. Snedden, Appl. Spectrosc. 46 1597
(1992).

[21] A. A. Voevodin and M. S. Donley, Sur. Coat. Tech. 82 199 (1996).

[22] M. N. Libenson, G. S. Romanov and Y. A. Imas Sov. Phys.-Tech. Phys 13 925
(1969).

[23] A. M. Bonch-Bruevich, S. E. Potanov and Y. A. Imas, Sov. Phys.-Tech. Phys 13

640 (1968).
(24] 1. Adawi, Phys. Rev., 134 AT88 (1964).
[25] M. C. Teich and G. J. Wolga, Phys. Rev., 171 809 (1968).
[26] H. Sonnerberg, H. Heffner and W. Spicer, Appl. Phys. Letts., 5 95 (1964).

[27] S. H. Khan, F. A. Richards and D. Walsh, IEEE J. Quantum Electron., QE - 1
359 (1965).

(28] D. M. Stevenson, Proc. IEEE, 54 1471 (1966).

[29] E. Bernal, J. F. Ready and L. P. Levin, Phys. Lett, 19 645 1966)

[30] C. M. Verber and A. H. Adelman, J. Appl. Phys., 36 1522 (1965).

[31) J. F. Ready, Phys. Rev. 137 A620 (1965)

(32] E. H. Piepmeir and D. E. Austin, Appl. Spectrosc., 25 642 (1971).

(33] T. P. Hughes, Plasmas and Laser Light (Adam Hilger, England, 1975.
[34] J. 1. Masters, J. Appl. Phys., 27 477 (1956).

[35] H. G. Landau, Quart. J. Appl. Math. 8 81 (1950).

[36] C. D. Allemand, Spectrochim. Acta 27B 185 (1973).

[37) P. G. Mitchell and J. Sneddon and L. J. Radziemski, Appl. Spectrosc., 41 141
(1987).

52



(38] O. N. Krokin, Physics of High Energy Density (Academic, New York, 1971).
(39] A. Richter, Thin Solid Films, 188 275 (1990).

[40] C. Boulmer-Leborgne, J. Hermann and B. Dubreuil, Plasma Sour. Sci. Tech., 2
219 (1993).

[41) D. B. Chrisey and G. K. Hubler (eds.) Pulsed Laser Deposition of Thin Films
(John Wiley and sons, New York, 1994) Chapter 5.

[42] R. W. Dreyfus, J. Appl. Phys., 69 1721 (1991).

[43] R. Kelly and B. Braren, Appl. Phys. B53 160 (1991).

[44] R. Kelly, J. Chem. Phys.92 5047 (1990).

[45] R. Kelly, Nucl. Instr. Meth. Phys. Res. B46 441 (1990).

[46] P. E. Young and P. R. Bolton, Phy. Rev. Letts. T7 4556 (1996).

[47] U. Teubner, T. Missalla, I. Uschmann, E. Forster, W. Theobald and C. Walker,
Appl. Phys. B, 62 213 (1996).

[48] W. Theobald, C. Wulker, J. Jasny, S. Szatmari and F. P. Schafar, Phys. Rev. E 49
R4799 (1994).

[49]) W. R. Creasy and J. T. Brenna, J. Chem. Phys. 92 2269 (1990).
[50] E. A. Rohlfing, D. M. Cox and A. Kaldor, J. Chem. Phys. 81 3322 (1984).

[51] C. P. Safvan, F. A. Rajgara, V. Bhardwaj, G. R. Kumar and D. Mathur, Chem.
Phys. Lett. 255 25 (1996).

[52] A. Namiki, T. Kawai and K. Ichize, Sur. Sci. 166 129 (1986).
(53] L. Wiedeman and H. Helvajian, J. Appl. Phys. 70 4513 (1991).

[54] T. Venkatesan, X. D. Wu, A. Inam, Y. Jeon, M. Croft, E. W. Chase, C. C. Chang,
J. B. Wachtman, R. W. Odom, F. R. di Brogolo and C. A. Mazer, Appl. Phy. Lett.
53 1437 (1988).

53



[55] S. G. Nakhate, S. A. Ahmad, A. A. N. Razvi and G. D. Saksena, J. Phys. B 24
4973 (1991).

[56] J. M. Hendron, R. A. Al-Wazzan, C. Mahony, T. Morrow and W. G. Graham, Appl.
Sur. Sct. 96-98 112 (1996).

[57] D. B. Geohegan and A. A. Puretzky, Appl. Sur. Sci. 96-98 126 (1996).

[58] J. G. Lunney, J. F. Lawler and R. Aratari, J. Appl. Phys. T4 4277 (1993).

[59] K. Muraoka and M. Maeda, Plas. Phys. Control. Fusion 35 633 (1993).

[60] Y. Nakata, H. Kaibara, T. Okada and M. Maeda, J. Appl. Phys. 80 2458 (1996).

[61] R. W. dryfus, R. Kelly and R. E. Walkup, Nucl. Instru. Meth. Phys. Res. B23
557 (1987).

[62] R. A. Al-Wazzan, J. M. Hendron and T. Morrow, Appl. Sur. Sci. 96-98 170 (1996).

[63] P. R. Sasikumar, S. S. Harilal, V. P. N. Nampoori and C. P. G. Vallabhan Technical
Digest Series (OSA), 1 WB2-2 (1993).

[64] P. R. Sasikumar, S. S. Harilal, V. P. N. Nampoori and C. P. G. Vallabhan Pramana
- J. Phys. 42 232 (1994).

[65] N. Hata, A. Matsuda, K. Tanaka, K. Kajiyama, N. Moro and K. Sajiki, Jpn. J.
Appl. Phys. 22 L1 (1983).

[66] S. M. Cameron, M. D. Tracy and J. F. Camacho, IEEE Trans. Plas. Sci. 24 45
(1996).

[67] J. M. de. Regt, J. A. M. Vander Mullen and D. C. Schram, Phys. Rev. E. 52 2982
(1995).

[68] J. M. de. Regt, R. A. H. Engeln, F. P. J. de. Groote, J. A. M. Vander Mullen and
D. C. Schram, Rev. Sci. Instrun. 66 3228 (1995).

[69) G. K. Varier, S. S. Harilal, C. V. Bindhu, R. C. Issac, V. P. N. Nampoori and C. P.
G. Vallabhan Mod. Phys. Letts. B 10 235 (1996).

54



(70} G. K. Varier, R. C. Issac, C. V. Bindhu, S. S. Harilal, V. P. N. Nampoori and C. P.
G. Vallabhan Spectrochim. Acta B (in press) (1997)

[71] P. Heszler, J. O. Carlsson and P. Demirev, Phy. Rev. B 53 12541 (1996).

(72] P. R. Bolton, A. B. Bullock, C. D. Decker, M. D. Feit, A. J. P. Megofna and P. E.
Young, J. Opt. Soc. Am. B 13 336 (1996).

(73] See Chapter 2 of this Thesis.

[74] S. S. Harilal, R. C. Issac, C. V. Bindhu, V. P. N. Nampoori and C. P. G. Vallabhan,
Spectrochimi. Acta A (in press) (1997).

(75] S. S. Harilal, R. C. Issac, C. V. Bindhu, V. P. N. Nampoori and C. P. G. Vallabhan,
J. Phys. D (in press) (1997).

(76] See Chapter 3 of this Thesis.
[77] H. R. Griem, Plasma spectroscopy (McGraw-Hill Book Company, NewYork, 1964).

[78] H. Kim, J. C. Postlewaite, T. Zyung and D. Dlott, Appl. Phys. Letts., 22 2274
(1989).

(79] H. Kim, J. C. Postlewaite, T. Zyung and D. Dlott, J. Appl. Phys., 65 4548 (1989).



Chapter 2

Experimental Aspects of Laser Plasma
Studies

This chapter deals with the general experimental methods followed in the study of laser
produced plasma. Details of the experimental setup used for the spectroscopic as well as
time resolved studies are discussed separately. The details of the various subsystems like
laser source, plasma chamber, monochromator, photomultiplier tube, boxcar averager

and storage oscilloscope used for the above measurements are also presented.



2.1 Introduction

The high power laser-material interaction initiates a luminous plasma in front of the
solid surface [1-3]. For the characterization of the photofragmented species in a plasma,
many spectroscopic tools are used including Laser Induced Fluorescence [4], Absorption
Spectroscopy [5], Mass Spectroscopy (6], Optical Emission Spectroscopy [7], Time Re-
solved Spectroscopy (8] etc.. Of these the nonrestrictive methods to study the the laser
plasmas are mass spectrometry and optical emission spectroscopy. Compositional anal-
ysis of the sample can be obtained directly by measuring the optical emission spectra
of the laser induced plasma (LIP). Optical emission spectroscopy technique is concerned
with the light emitted by electronically excited species in LIP produced in front of a
target surface. Also optical emission measurements are useful for species identification
and in situ monitoring during deposition [3]. Useful information about the elemental
composition of the target material can be obtained from the analysis of the emissions

emanating from the plasma plume.

In the present work, studies on plasma formed by the interaction of a focused Nd:YAG
laser beam on the graphite and YBa,Cu30; targets are described. LIP emission spec-
tra consist of neutral atom and ionic lines superimposed on a spectrally broad band
continuum of radiation. The goal of the work was to obtain some understanding of the
processes occurring in the generation and expansion of the plasma. The plasma was char-
acterized by emission spectra through space and time resolved techniques. The spectra
emitted by the laser ablated plasma vary depending upon the location of the region of
observation as well as the period of time after the impact of the laser pulse [9]. Thus
time and space resolved analysis of the LIP offer an excellent means to investigate their

evolution and dynamics.

In this chapter a comprehensive account of experimental technique for the optical
emission spectroscopic analysis of the laser produced plasma and the various subsystems
needed for the experiments are given. These experimental details are divided into two
sections. In the first section, the description of the various sub-systems like excitation
source, plasma chamber, detection and other setup for the recording the plasma spectrum
are described. In the second section, the experimental set-up for the space and time

resolved studies are mentioned.
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2.2 Sub-systems used for the present studies

2.2.1 Laser Source

The laser used in our experiment is an electro-optically Q-switched Nd:YAG laser (Quanta
Ray DCR 11) having a fundamental out put of 1.06 pm.

The optical cavity in the DCR-11 is an unstable resonator. In a stable resonator
the ray of light is traveling close to the optical axis and is reflected toward the optical
axis by its cavity mirrors, so it is always contained along the primary axis of the laser.
By contrast, a ray traveling in an unstable resonator can be reflected away from the
axis by one of the cavity mirrors. Stable resonators can only extract energy from a
small volume near the optical axis of the resonator, which limits the energy of the
output. Conversely, unstable resonators can have large beam diameters. Thus they
can efficiently extract energy from active media whose cross-sectional area is large, like
that of typical Nd:YAG laser rods. The output coupler in an unstable resonator is a
small high reflector mounted on a clear substrate which lies on the optical axis of the
resonator. Energy escapes from the resonator by diffracting around this dot, which
gives the "diffraction coupled resonator" (DCR) its name [10]. The diffraction coupled
resonator delivers a ‘doughnut’ shaped beam profile at 9 ns pulse width (FWHM) with
a power stability of £4%. The laser beam has a typical lie width of < 1 cm™! with 220
MHz spacing between the longitudinal modes and a beam divergence of < 0.5 mrad. Fig.
2.1 show the schematic diagram of the Nd:YAG laser with beam profile. The high peak
power of the Q-switched pulses permit frequency conversion in nonlinear crystals like
KD'P. By introducing appropriate crystals in the beam path, higher order harmonics
can be obtained. The 1064 nm fundamental interacts with the crystal to produce 532
nm wavelength. The resultant 532 nm wave can be doubled again by passing it through
a second crystal, which yields a 266 nm wave. It can also be mixed in KD*P with the
residual 1064 nm to produce a 355 nm wave.

When the fundamental wavelength 1.06 um is emitted in 9 ns pulses with pulse en-
ergies up to 275 mJ is focused on a solid target, it produces power densities of the order
of 10! Wem™2 at the focal spot. This enormous amount of power density creates tran-
sient plasma from the target surface. The laser provides trigger outputs to synchronize

oscilloscope, energy meter, boxcar etc..
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Figure 2.1: The schematic diagram of the Nd:YAG laser with beam profile.

Beam parameters of the Nd:YAG laser used for these studies.

Wavelength

Pulse width

Pulse energy

Maximum light intensity
Maximum repetition rate
Maximum repetition rate at maximum pulse energy
Radius of the laser beam
Spatial Mode

Line width

Beam Divergence

Calculated minimum spot size
Estimated spot size
Maximum laser irradiance

1064 nm
9 ns

275 mJ
30 MW
16 Hz
10 Hz
3.2 mm
Diffraction coupled
<1.0cm™!

< 0.5 mrad

5 x 107% mm?
31.4 x 1072 mm?
9.6 x 101° W cm™2
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2.2.2 Plasma Chamber and vacuum system

For studying laser produced plasmas at reduced pressure, a vacuum apparatus was pro-
cured which include a rotary vacuum pump and diffusion pump. Ambient pressure as
low as ~10~® mbar can be achieved by using these pumps. The plasma chamber was

designed and fabricated using a cylindrical stainless steel tube with diameter 25 cm and




Laser beam ]
il >r

To vacuum
pump unit

Figure 2.2: The schematic diagram of the plasma chamber.

and is provided with appropriate windows for laser beam entrance and light collection.
The chamber has three basic units : (1) the base plate, (2) a main chamber with windows
and (3) top plate. The base plate is a stainless steel disc having thickness 1.5 cm and
diameter 35 cm. A central hole in the base plate with diameter 10 cm allows the plasma
chamber to be in contact with the rotary and diffusion pumps. The schematic diagram
of the plasma chamber is shown in fig. 2.2. The height of the chamber is 20 cm. It
contains mainly three windows, one for the entrance of the excitation laser and other
two for the collection of the light emitted by the plasma. Two quartz windows are used
for the collection of emission from the plasma in a direction perpendicular to the plasma
expansion axis. The optical emission from the plasma is allowed to fall on the entrance
slit of a monochromator for spectral analysis. The vacuum system consists of a rotary
pump followed by a diffusion pump. The system is fitted with a needle valve and the
chamber can be maintained at pressures ranging from atmospheric pressure (760 torr)
to 1 x 10~° mbar. The chamber is also provided with feed through (needle valve) for
the admission of the buffer gases in the chamber. In the present case we used He, Ar as
well as air as buffer gases. For the accurate measurement of pressure inside the plasma

chamber, gauges viz., pirani and penning, are used.
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2.2.3 Target Holder

The solid target used in the present investigations were glued onto a sample holder which
itself is mounted on to a externally controlled DC motor. The rotation of the sample
about an axis parallel to the laser beam avoid errors due to local heating and drilling by

providing fresh surface for ablation.

2.2.4 Monochromators

Monochromators are widely used for analyzing the light emitted from another device or
process, and for observing the effects of specific wavelengths of light transmitted through
various materials. The specifications for the performance of a monochromator include the
dispersion and the stray light levels. Generally the dispersion is given in nm/mm, where
the slit width is expressed in mm. In selecting monochromator for emission spectroscopy,
one looks for low stray light levels to avoid problems due to scattered stray light. Stray
light is defined as any light which passes through the monochromator besides that of
the desired wavelength. In addition, monochromators are chosen for high efficiency to
maximize the ability to detect low light levels. The slit widths are generally variable and
a typical monochromator will have both an entrance and an exit slit. The light intensity
which passes through a monochromator is approximately proportional to the square of
the slit width. Larger slit widths yield increased signal levels, and therefore higher signal
to noise (S/N) ratios. Smaller slit widths yield higher resolution, but at the expense
of light intensity. A small slit width is used to increase precision of the wavelength
deternﬁnation and to decrease the light intensity. Grating monochromators may have
planar or concave gratings. Planar gratings are usually produced mechanically and may
contain imperfections in some of the grooves. Concave gratings are usually produced
by holographic and photoresist methods, and imperfections are rare. Imperfections of
the gratings are major source of stray light transmission by the monochromators, and of
ghost images from the grating. For this reason the holographic gratings are preferable for
emission spectroscopy. Another important characteristic of the grating monochromators
is that the transmission efficiency depends upon polarization of the light. Therefore
the emission spectrum of the sample can be shifted in wavelength and altered in shape,
depending upon the polarization conditions chosen to record. In the present work we

used the following two monochromators:
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2.2.4.1. Spex

Spex Model 1704 is a 1 meter scanning spectrometer having a maximum resolution ~
0.05 A° [11]. The monochromator covers a spectral range 350 - 950 nm using a grating
with 1200 grooves per mm blazed at 500 nm and spectral band pass 0.1 A®. The entrance
and exit slits on the front of the spectrometer are controlled by micrometer type knob
above the slits. The scan rate of the monochromator is adjusted by using microprocessor
controlled Spex compudrive (CD2A) arrangement. Spex compudrive has got a key board
control over the spectrometer which not only provides repeat scah over the spectral
regions but also gives the scan status and spectrometer position. So using this system
one can easily tie into a dialog with the detector electronics system. The main advantages
of CD2A compudrive are, we can programme the start and end positions of the scan,
rate, repetitions, delay between repetitions, recorder scale and marker frequency [12].

The output of the Spex monochromator is coupled to a thermoelectrically cooled
photomultiplier tube (Thorn EMI, model KQB 9863, rise time 2 ns).

2.2.4.2. Jarrell Ash

Jarrell-Ash 82-000 is a 0.5 meter Ebert scanning monochromator having a maximum
resolution of 0.02 nm [13]. The monochromator covers a spectral range of 200 nm to 1600
nm with tree interchangeable grating blazed at 180 nm, 500 nm and 750 nm respectively.
This instrument provides a smooth scanning motion in eight speeds ranging from 0.2
nm/minute to 50 nm/min. The output from the Jarrell-Ash monochromator is detected
by an EMI, model 9683 KQB photomultiplier tube that can be directly mounted at the
exit face of the monochromator. Model 9683 is a head-on type PMT having an S-20
cathode, and performs well in the 300-800 region.

2.2.5 The Photomultiplier Tube

The photomultiplier tube (PMT) is a very versatile and sensitive detector of radiant
energy in the ultra-violet, visible, and near-infrared regions of the electromagnetic spec-
trum. Among the oldest detector technologies (first developed in the mid 1930s), PMTs
use vacuum rather than solid-state techniques to multiply electrons generated by pho-
tons. They are widely used in research activities ranging from biomedicine to astronomy

as well as in medical diagnostic technology, environmental monitoring and aerospace.
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For a large number of applications the PMT is the most practical sensitive detector
available. The basic reason for the superiority of the PMT is the secondary-emission am-
plification which makes them uniquely sensitive among photosensitive devices currently
used. The basic radiation sensor is the photocathode which is located inside a vacuum
envelope. Light passes through an input window and strikes the photocathode, leading to
the emission of photoelectrons into an evacuated tube. Photoelectrons are emitted and
directed by an appropriate electric field to an electrode or dynode within the envelope.
A number of secondary electrons are emitted at this dynode for each impinging primary
photoelectron. These secondary electrons in turn are directed to a second dynode and so
on until a final gain of perhaps 10° is achieved [14]. The electrons from the last dynode
are collected by an anode which provides the signal current that is read out.

The PMT has a photocathode in either a side-on or a head-on configuration. The
side-on type receives incident light through the side of the glass bulb, while, in the head-
on type, it is received through the end face of the glass bulb. The head-on type has a
semitransparent photocathode (transmission-mode photocathode) and it provides better
uniformity than the side-on type having a reflection-mode photocathode. A schematic
representation and its operation of a typical photomultiplier tube is given in fig. 2.3.
We have used the following Thron EMI PMTs with S-20 cathode in our works. The

a) Reflection Mode b) Transmission Mode

OPAQUE
PHOTO-
CATHODE

SEMITRANSPARENT
PHOTOCA THODE

INCIDENT —
LIGHT INCIDENT I 9

LIGHT

PHOTO-
ELECTRONS PHOTO-
ELECTRONS

Figure 2.3: A schematic representation and operation of a typical photomultiplier tube.

exit slit of the Jarrall-Ash monochromator was coupled to a Thorn EMI PMT (Model
9683-KQB) with S-20 cathode. This Thron EMI PMT was operated in the range 1-1.3
kV. It has a fairly good quantum efficiency in the 300-800 nm spectral range. For the

maintenance of a constant output voltage across the terminals, a highly stabilized power
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supply (Thron EMI PM 28B) was fed to the PMT. The tube has an air-cooled, RF
shielded housing.

The Spex monochromator was coupled to a thermoelectrically cooled (- 50 0€) Thron
EMI photon counting PMT with S20 cathode (quantum efficiency 22 %). The operating
voltage for this PMT was 1.7-2.1 kV.

2.2.6 Energy Meter

It is important to measure the energy incident on the target surface accurately. The
Energy meter used in the present work is the Delta Developments Pulsed Laser Energy
Monitor. This on-line energy monitor uses a polarization compensated beam splitter to
sample the beam, 90 % of which is transmitted [15]. The sampled beam strikes a retro-
reflecting diffuser and reaches the photo-diode via a "Range Plate" which attenuates
the light appropriately for the range of energies being measured. The geometry of the
energy meter is such that all positions on the diffuser give equal signals. Different Range
Plates can be used for different energies or laser wavelengths. Each range plate gives
a factor of 30 in the energy giving full scale deflection. A switch allows readings to be
referred to either the energy entering or the energy leaving the instrument. BNC sockets
provide pulse shape, pulse energy, trigger input, trigger output etc.. The energy meter
can be triggered externally with laser pulses or internally. The wavelength response of

the energy meter is from 200 nm to 1100 nm.

2.2.7 Digital Storage Oscilloscope

A digital storage oscilloscope (DSO, 200 MHz, Iwatsu Model DS-8621) was used to
monitor the signal from the photomultiplier tube. The oscilloscope can be triggered both
internally and externally. In the present work it was triggered externally using Nd:YAG
laser pulses. It is provided with averaging facility. The pulse shapes can be digitally
stored and plotted. The oscilloscope is necessary for measuring time delays of different
species in the laser produced plasma. The oscilloscope trace of the PMT response of the
plasma emission from the target shows a definite time delay between the incident laser
pulse and the onset of emission from a particular species. The storage oscilloscope is also
required while setting the gate width and delay of the gated integrator. The DSO has
facilities to capture and store the pulse shapes for later analysis and to obtain a hard

copy using a plotter/printer [16].
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2.2.8 Boxcar averager/integrator

In some experiments, it might be essential to recover a part or the whole of an output
signal pulse so that the signal can be analyzed. To recover such a signal buried in noise,
some form of averaging process is required and for that, some kind of multi-point averager
or a Fourier transform analyzer is necessary. Signals of such transient nature, triggered
by repetitive pulses.from the excitation source can be analyzed in this fashion. This
is achieved by a boxcar integrator, which essentially is an instrument used to recover

complex repetitive signals hidden in noise.

Figure 2.4: The typical PMT signal, the time delay and the gate width of the boxcar.

The boxcar used here is a Standford Research Systems (SR 250) module. It essentially
has a fast gated integrator and an averager. Triggered by the pulse from the laser,
the gate provides an adjustable delay from few ns to 100 ms, before it generates a
continuously adjustable gate of 2 ns to 15 ms [17]. The signal at the gate is integrated
by the fast gated integrator and is normalized by the gate width to provide a voltage
proportional to the part of the input signal pulse level at the gate. By fixing the delay
and the gate width so that only the voltage from the part of the signal pulse alone is
measured, it is possible temporally separate out the PMT signal due to the emission of
the particular species from the other unwanted signal components contained in the signal
pulse, thus improving the signal to noise (S/N) ratio of the detection. The sensitivity

control of the boxcar averager provides further amplification of the signal. The typical
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PMT signal, the time delay and the gate width of the boxcar are shown in fig. 2.4.

A moving exponential average over 1 to 10,000 samples is available at the averaged
output. This traditional averaging technique is useful for pulling out small signals from
noisy backgrounds. Typically the signals are averaged over 10 pulses. Averaging over
very large number of pulses does increase S/N ratio, but makes the system very sluggish
in response to fast variation in the signal. In addition to the traditional technique, the
averaging circuitry may be used to actively subtract a baseline drift or background from

the signal.

2.2.9 Chart Recorder

The Analog - Digital X - Y plotter used in these experiments was manufactured by
Rikadenki Kogyoco Ltd., Japan. This is a high performance DC Servo system X-Y
recorder with added digital plotter function [18]. In digital mode, title, scale, data etc.
can be added to this recording. We used the Chart recorder with its analog mode. In
analog mode, the input analog signal is recorded directly by a pen writing.

In analog mode, the Chart recorder provides high performance, high-speed X-Y
recorder function. The X-output and the averaged output sockets of the boxcar av-
erager/integrator were connected to the X and Y terminals of the chart recorder respec-

tively for recording the plasma emission spectrum.

2.3 Emission Spectroscopy

When high intensity laser light is focused on a solid target surface, the target surface
will get vapourized and a plasma is formed at the surface. The distribution of the
plasma is due to the shock wave propagation. The shock wave is created initially at the
sample surface and propagated along the axial direction [19]. A block diagram of the
experimental arrangement for the emission spectroscopy is shown in fig. 2.5. The laser
pulse used in the experiment was produced by a Q-switched Nd:YAG laser system with
a pulse duration (FWHM) of 9 ns. By focusing the laser pulses onto the sample surface,
it is possible to get a transient plasma above the sample surface. The target in the
form of a disc is placed in an evacuated chamber provided with optical windows for laser
irradiation and spectroscopic observation of the plasma produced from the target. The

target was continuously rotated with an external motor so that the fresh solid surface
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Figure 2.5: A block diagram of the experimental arrangement for the emission spec-
troscopy.

faces the laser pulses every time. The bright plasma emission was viewed through a side
window at right angles to the plasma expansion direction. The section of the plasma
was imaged onto the slit of a monochromator (with entrance and exit slits are parallel to
the target surface) using appropriate collimating and focusing lenses so as to have one to
one correspondence with the sampled area of the plasma and the image. The recording
was done by using a photomultiplier tube, which was coupled to a boxcar averager/gated
integrator. The averaged output from the boxcar averager was fed to a chart recorder
and to a oscilloscope for monitoring. We have made space and time resolved studies on

laser plasma.

2.3.1 Space Resolved Studies

Space resolved studies of plasma emission from the laser ablated plasma give information
about the spatial composition and ionized state of the plasma at different distances from
the target surface [20]. Also knowledge of the spatial distribution of plasma emission
might afford some insight into the space resolved technique for the improvement of ana-

lytic detection in atomic spectroscopy. Spatially resolved information in two directions:
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Figure 2.6: The schematic view of the spatial imaging of the plasma on to the monochro-
mator slit.

axially (¢.e., along the plasma expansion axis (z)) and radially (%.e., perpendicular to
z and parallel to the spectrograph entrance slit) can be easily obtained when using a
normal incidence grating spectrograph. A map of the expanding plasma plume should
provide a good picture of the basic processes controlling the plasma kinetics and may
provide insights into the mechanisms of the film growth. We have made spatially re-
solved analysis of the plasma by concentrating strictly along the expansion direction of
the plasma. The direction of expansion of the plasma is always perpendicular to the
target surface irrespective of the angle of the incident beam. The schematic view of the
spatial imaging of the plasma on to the monochromator slit is given in the fig. 2.6. The
spatially resolved studies were carried out by using a collimating and focusing lenses The
collimating lens could be translated continuously in the horizontal plane in the direc-
tion of the axis of the expansion of the plasma to examine different parts of the plasma
plume at different distances from the target surface. The wavelength of the emission
lines can be directly read from the display on the monochromator which is calibrated
against standard spectral lines. Using this set-up, one can record the emission spectra

of laser ablated plasma at different distances from the target surface.

2.4 Time resolved studies

In the photoablation of solid targets knowledge of the time evolution of the ablation

process is of considerable significance since it may, in conjunction with theoretical models



[21] helps to resolve uncertainties in the interaction mechanism and thus lead to improved
understanding of this phenomenon which has importance in practical applications [22].
The results throw much light on the complex recombination process in a laser ablated
plasma. Time resolved emission spectroscopy can be used to measure the expansion
velocities of atomic, molecular and ionic species. Measurement of the number density and
internal energy as well as the kinetic energy distributions of the evaporants is important
in understanding the fundamental physics of the epitaxial film formation process.

In the present studies, time resolved analysis of the plasma emission épectra were
carried out by scanning the gate of the boxcar averager through the required temporal

regions by adjusting the delay.

2.4.1 Time of flight (TOF) spectroscopic studies

The experimental set-up for the time of flight study is given in fig. 2.7. For these studies,
the output from the PMT is directly connected to a digital storage oscilloscope with 50
2 termination. In order to study the time evolution of a particular species produced
during the laser ablation process, the characteristic lines were easily selected using a
monochromator and the PMT output was fed to a fast storage oscilloscope. This setup
essentially provides delay as well as decay times for emission from constituent species at
a specific point within the plasma and these are extremely important parameters related
to the evolution of laser ablated materials in a direction normal to the target surface.
The time resolved studies of the plasma give vital information regarding the time taken
for a particular state of the constituent to evolve after the plasma is formed. Thus this
measurement is important for obtaining knowledge of complicated ablation and trans-
port processes occurring in the plasma produced by the laser ablation technique [22].
The oscilloscope trace of the PMT response of the emission from different species in the
plasma shows a noticeable time delay between the incident laser pulse on the target and
the onset of emission from a particular species. All time delays are measured with respect
to the laser trigger pulse which coincides with the incident laser pulse. Each temporal
profile represents a complex convolution of different factors that govern the temporal
history of the emitting species viz. its production mechanism and rate, its flight past
the viewing region and its radiative and collisional decay rates. With the knowledge of
spatial separation from the target surface, one can directly convert the time of flight

distribution of any species into velocity distribution from which translation temperature
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Figure 2.7: The experimental set-up used for the time of flight (TOF) study.

can be determined. The delay times for the plasma production is very critical on dif-
ferent experimental parameters like, spatial position, pressure of the ambient gas, laser
irradiance used etc.

The exact reason for the existence of time delays for the after the elapse of laser pulse
is some what controversial. There are many reasons for the occurrence of a time delay
for emission from any species in the plasma plume which includes: (1) Time of Flight
(TOF) of the species, (2) thermal processes leading to gene}ation of plasma from the
target (3) recombination and /or dissociation of the species.

The above sections describe the salient aspects of the experimental systems utilized
for the measurements presented in this thesis. However, depending on the actual mea-
surements conditions one or several of the experimental parameters have to be suitably
altered. For eg., to measure the effect of ambient gases on the features of the plasma
and their variations with pressure of the gas one has obviously need to alter the pressure
of the gas in the plasma chamber. Hence, what is described in the above sections can be

considered as a typical arrangement for a standard examination of laser induced plasma.
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Chapter 3

Optical Emission Studies of C, Species in
Laser Produced Plasma from Carbon

Optical emission etudies of C; molecules in plasma obtained by Nd:YAG laser ablation
of graphite in a helium atmosphere are studied at irradiance in the range 10 GW cm™?
to 92 GW cm™2. The characteristics of the spectral emission intensity of Swan bands
from the C, species have been investigated as functions of distance from the target,
ambient helium pressure, time after the elapse of laser pulse and laser rradiance. The
estimates of vibrational temperature of C, species at various irradiance conditions are
made. Results of measurements performed under different ambient helium gas pressures

are also discussed.



3.1 Introduction

C, occurs in a variety of chemical reactions and in a wide range of astrophysical environ-
ments. Energetic treatment of hydrocarbons, either by radiation, by highly exothermic
stripping reactions, or by exposure to high temperatures, invariably produces C, which
is often in an emissive excited state [1-4]. C; appears in the atmospheres of carbon
stars and in sun as well as in comets and diffuse interstellar clouds [5]. The C, molecule
possesses seven known triplet and six known singlet electronic states giving rise to nine
band systems which lie across vacuum ultraviolet (VUV), the visible and infrared (IR)
regions {6]. The prominent C, band systems are Swan system (d’I, — a*Il,), Phillips
system (A'Tl, — X'E£}), Mulliken system (D'E} — X'X}) and Deslandres -d’Azambuja
system (C'II; — A'Il,) [7]. Rohlfing [8] has observed direct emission in three band sys-
tems viz. Swan, Deslandres-d’Azambuja and Mulliken from free jet expanded C, formed
by laser vapourization of graphite into pulsed helium flow. These experiments extended
to those of Anselment et al [9] into UV and VUV. Rohling [8], in addition to emission
from C, formed from vapourization of graphite into a confined helium flow, has observed

a long-lived continuum attributed to the incandescence of hot carbon particles.

The C, bands, which were discovered in 1856 in a study of flames with carbon compo-
nents, naturally appear in various types of dischages. Therefore, eventhough the chemical
processes in the plasma are unknown, they are often used as a ‘thermometer’ to estimate
the gas temperature in the corresponding emission region [10]. The strongest and most
easily e?ccited C, band system is the Swan system which lies between 420 nm and 770 nm.
Potential curves for the C; Swan system [11,12] are shown in fig. 3.1. It is prominent
in flame spectra [13] and in the spectra of electrical discharges through carboﬁ-bearing
materials [14]. The surfaces of space vehicles during atmosphere reentry are subjected to.
intense radiation heating from the hot gas cap behind the bow shock wave which often
emits the Swan bands arising from carbon contained in carbonaceous heat shields [15].
Laser excitation of the Swan bands has been used in several flame studies, first relying
on accidental coincidence between the 514 nm line from argon ion laser and the tran-
sition in the (0-0) Swan band [16], and then using a tunable dye laser {17]. The exact
mechanism responsible for the Swan band emission are difficult to determine which vary
with wavelength of excitation. Their convenient wavelengths have been exploited for a

variety of laser based measurements {18]. C; Swan band emission seems to be ubiquitous
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Figure 3.1: Potential curves for the C, Swan system (&*IT; — @°I1,)

in many environments, appearing almost any time that intense laser pulses, with any
wavelengths, irradiate carbon containing compounds.

Pesic et al [19] observed the Swan bands of *C; and 2C'3C and determined isotope
effects upon band origins and molecular vibrational and rotational parameters. A series
of high resolution Fourier transform spectroscopy studies of '>Cy, *C; and ?C*C were
made by Amiot and co-workers [20,21]. Review of experimentally determined lifetimes
(ty), oscillator strengths (f,.) and/or electronic transition moments of the iinport:ant
systems of C, is available in literature [22]. The lifetime measurement of these species
using laser techniques has presumably yielded more accurate data [23]. The reported
values of lifetime for C; swan band system is 7, = 102 ns obtained by using laser induced
fluorescence decay of supersonically cooled Cy(d’Il,) [23].

Plasma generation by laser induced dielectric breakdown at a gas solid interface has
attracted considerable attention in recent times [24,25]. Lasers have been used to produce
high-temperature and high density plasmas by vapourizing a small amount of material
with high-powered picosecond or nanosecond pulses. In addition to applications in basic

research, pulsed laser ablation has well established uses in materials technology like de-
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position of diamond-like carbon thin films [26-38]. Pulsed laser deposition is increasingly
being utilized for thin film preparation, in which a laser beam is focused onto a solid
target and the resulting vapour is made to condense onto the substrate of interest. Dia-
mond - like carbon (DLC) thin films which are successfully prepared using laser ablation
have wide applications owing to their interesting characteristics like extreme hardness,
electrical insulation, high thermal conductivity, optical transparency etc. With pulsed
laser evaporation of carbon targets hydrogen free films with improved characteristics
may be grown [35]. Several types of laser have been used for the preparation of DLC
films which include excimer lasers {28-30], Nd:YAG laser {31-37], CO, [38] with laser
intensities varying from 0.1 to 100 GW cm~2. Recently, a critical review of the pulsed
laser deposition of amorphous DLC films is performed by Voevodin and Donley [39] .

Laser ablated carbon plasmas have also been extensively studied for production of
carbon clusters [40]. Further laser ablation is a convenient method for the production of
Ceo and higher fullerenes [40-46]. When graphite surface is vapourized by intense laser
pulses in a helium atmosphere of moderate pressure, remarkably stable carbon clusters
are produced. Experiments with these sources provide information on fullerene forma-
tion in the presence of carbon alone, with no possible interference from species containing
other atoms. A typical time of flight (TOF) mass spectrum of carbon clusters in the
range of 1-100 atoms obtained with frequency doubled Nd:YAG (532 nm) vapourizing
laser and with unfocussed ArF ionizing laser (193 nm) is shown in the fig. 3.2 [41].
The dimer molecule, C,, has not been seen as an abundant species in any of the studies
involving mass spectroscopic detection, which is doubtless due to high ionizing potential
of C, which is 12 eV. Creasy and Brenna [47] have reported fullerene ions from laser ab-
lation of DLC films demonstrating that Cg ions can be formed in a variety of systems.
Carbon molecules (C,) are particularly interesting due to their unique and fascinat-
ing structural and spectroscopic properties, their importance in astrophysical processes
and due to their role in combustion and soot formation. Laser ablation has the unique
advantage that most of these molecules are formed in their excited states and hence
spectroscopic measurements offer an excellent means to investigate their evolution and
dynamics. The general nature and outcome of interaction of intense laser radiation with
solid matter depends very much on the parameters of incident laser beam, material prop-
erties and environmental conditions. Laser - solid interaction causes several processes

to occur simultaneously and these include energy transfer, evaporation of solid material,
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Figure 3.2: Typical time of flight mass spectra (TOF - MS) for carbon clustes obtained
with doubled Nd:YAG vapourizing laser and unfocussed ArF ionizing laser. The spec-
trum is a combination of two different spectra. The gain in the later section was increased
by a factor 10.

generation of a dense plasma, formation of charged and neutral particles. Obviously
the theoretical models based on local thermodynamic equilibrium (LTE) can give only
a qualitative explanation of these processes taking place during laser deposition [48].
There were several techniques used for the characterization of laser produced carbon
plasma such as emission spectroscopy [49-55|, time resolved spectroscopy [56-61|, laser
induced fluorescence [18], mass spectroscopy [40, 41], electronic probe method [62,63]
etc. Measurements of space and time dependent emission of the species present in the
plasma plume provide a means to understand the dynamics and reaction kinematics
of the ablated materials. Recently time resolved measurements have been made on C,
species in a laser induced plasma generated on a graphite surface with laser irradiance
and ambient helium pressure [56-58| as the varying parameters and these studies have
yielded many interesting results. Against this background it was thought worthwhile
to investigate the dynamics of laser induced plasma from a graphite target in a helium
atmosphere.

Despite considerable experimental and theoretical progress, the studies on laser pro-

duced carbon plasma have not yet yielded a clear-cut picture on plasma dynamics of



the cluster formation and such a situation arises mainly due to the complexity of the
phenomena involved. By controlling the intensity of the incident radiation it is possible
to obtain high ionic as well as molecular states of carbon [64]. In the context of laser
deposition of DLC films, it has been reported that high quality DLC films are obtained
at moderate laser irradiances where molecular C, formation is prominent as revealed
by its emission spectrum [65]. Thus for the production of DLC films it is necessary to
understand the formation and dominance of C; species and its dependence on various
parameters like laser irradiance, pressure of the ambient gas, concentration of the species
at different distances normal to the target etc.. We describe here the details of a series
of experiments carried out on laser induced plasma produced from graphite in helium
atmosphere. We have here studied the features of C; emission spectrum under various
conditions specifically, the C, Swan band system was analyzed as function of laser irra-
diance, distance from the target surface and helium pressure in different regions of the

plasma.

3.2 Experimental Details

The details of the experimental set-up used in this work are given in chapter 2. Briefly,
a Q - switched Nd:YAG laser at its fundamental wavelength with a pulse repetition
frequency of 10 Hz is used to produce the carbon plasma. A lens of focal length 20 cm is
used to focus the laser beam onto the rotating graphite target. The plasma chamber is
evacuated to a pressure ~ 1072 mbar and then filled with helium gas at desired pressures.
Under these experimental conditions intense“vemission from plasma in the visible region
appears on irradiation of the target surface. The bright optical emission from the laser
produced carbon plasma is imaged right angles to the expansion direction to produce a
1:1 image on the entrance slit of a calibrated 1 m Spex scanning monochromator equipped
with thermoelectrically cooled Thorn EMI photomultiplier tube. The output from the
PMT is then fed to a boxcar avereger/gated integrator coupled with a chart recorder and
this arrangement averages out emission intensities for ten consecutive pulses. Using a
series of slits and apertures it is possible to record the emission spectrum from a segment
of the plasma plume situated a definite distance from the target. For spatially resolved
studies, different regions of the plasma plume were focused on to the monochromator

slit. The spatial resolution available here is better than 0.2 mm.
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3.3 Results and Discussion

The experimental arrangement described above enables one to obtain the spectra from
different vertical slices of the plasma plume generated by laser irradiation of a target. As
seen in many earlier studies, beyond a threshold laser irradiance, the target gets ablated
with the emission of light caused by a variety of processes occurring in the ablated
products. However the various features of the emission spectra depend strongly on the
laser irradiance incident on the target surface.

In the present case, the emission spectra of laser generated carbon plasma were
recorded at low as well as high levels of laser irradiances in a helium ambient atmosphere
from sections at various distances from the target. The intensities of the spectral lines
from the plasma plume were found to be sensitive to different experimental parameters
like laser irradiance, ambient gas pressure and perpendicular distance from the target.
The apparent length of the plasma plume was around 25 mm in vacuum and it got
reduced considerably with increasing pressure of the helium gas. The presence of helium
gas helps faster cooling of plasma so as to reduce the plume length and causes changes
in the colour of the plasma. Under low irradiance conditions the recorded spectra were
found to be dominated by band emission from C; molecules (Swan bands), whereas
at high irradiance, strong line emission from atomic and ionic species occur. In these
experiments, emission from multiply ionized species up to C IV (triply ionized Carbon)
has been recorded along with those from the molecular C; species. Surprisingly emission
originating from excited carbon atoms is relatively difficult to detect in the wavelength
region under study because of its weak concentration within the plasma plume in our

experimental conditions.

3.3.1 Spectroscopy of the Swan Band Emission

The Swan bands arise from transition between the d°TI, and a®II, electronic states of the
C; molecules. Swan band emission is a likely result when intense laser pulses of almost
any wavelength are focused onto carbon containing solids or gases. Swan bands are clear
signature of C, species, a detailed study of these bands offers the best method to trace
the evolutionary history of C, molecules generated in the laser ablation of graphite.

In the present case when graphite target is irradiated with a Nd:YAG laser beam

at 1.06 um wavelength the emission spectrum in the presence of helium gas contained
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well defined Swan band heads in the A v = -2, -1, 0, 1, 2 sequences. In addition to C,
bands there are lines from some neutral and lower ionic carbon species which are very
prominent at points closer to the target surface even at low levels of laser irradiance. But
at higher laser irradiance the multiply ionized species up to C IV have been observed.
Swan band heads corresponding to (0,0), (1,1), (2,2), (3,3) and (4, 4) are seen for Av =
0 sequence (fig. 3.3) and for A v = -1 sequence (fig. 3.4), Swan band heads up to (4,5)
are observed at low laser irradiances. The bands (0,2), (1,3), (2,4), (3,5), (4,6), even
though very weak, are also observed at low laser irradiances for Av = -2. All the band
heads corresponding to Av = 1 (up to (6,5) at 467 nm, (fig. 3.5) and for Av = 2 (up
to (4,2) at 437 nm) have been recorded (fig. 3.6). The spectra are partially rotationally
resolved. The overall uncertainty expected in the intensity tabulation is expected to be
less than 10 %. At low irradiances we further observed, though less intense, the high
pressure band of the Swan system which originates from v’ = 6 level centered at 589.9
nm. These bands have been seen in the in vaco laser vapourization of graphite [66]. The
presence of C; high pressure bands (d*II, — a®II,) could be due to the possibility that
the upper level of these bands are populated via a potential-energy curve crossing by the
metastable state which is populated preferentially during the formation of C; from free
carbon atoms [67]. The cometary band centered around 405 nm was not identifiable in

the recorded spectra.

The detection of band emission originating from C, is of particular interest since it
provides an estimation of the plume temperature. The Swan band emission intensities
are analyzed in order to calculate molecular vibrational temperature T,;. The variation
in diamond-like character in DLC films is mainly due to different temperature of various
species in the laser plasmas. An estimate of temperature of dominating species of the film
helps to optimize the film properties. Molecules in a certain vibrational state v’ of the
upper electronic state can decay to different vibrational levels v” of the lower electronic
state giving subsequently the emission intensities I; ,». According to the vibrational sum
rule for intensities of different bands in a progression, the sums of the band strengths
of all bands with the same upper or lower states are proportional to the number of

molecules in the respective states [68], ze.
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Figure 3.3: Spectrum of the resolved C, Swan band emission for Av =0
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Figure 3.4: Spectrum of the resolved C; Swan band emission for Av = -1
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Figure 3.6: Spectrum of the resolved C; Swan band emission for Av = 2
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where v is the frequency in cm™!, N, and N, the numbers of the molecules in the
corresponding vibrational levels of the electronic states respectively.

For a plasma at local thermodynamic equilibrium (LTE) [68],

4 O — Gy hc
ln; (A yy) = C1 = G( )[kTvib] (3.3)

where ) is the wavelength corresponding to the emission, h the Planck’s constant, ¢ the
velocity of light, C; a constant, G(v) the term value corresponding to the vibrational
level in the upper electronic state .and T the vibrational temperature. The vibrational
temperature for C, bands is obtained from the plot of the sums of the band strengths
measured in various v’ or v’ progressions against the vibrational term values G(v). Since
the intercept C; has no significance, the slope is a direct measure of the vibrational
temperature. The advantage of using Boltzmann distribution is that the information
regarding the transition probability is not essential in this case. Typical Boltzmann plots
of the band intensities against vibrational energy was made for different laser irradiances
and are given in fig. 3.7.

The vibrational distribution of the excited states of C, molecules at distance 5 mm

away from the target surface and at a laser irradiance of 70 GW cm™2

is given in fig.
3.8. The calculated values of N, are to be regarded as relative values. The population
in different vibrational levels showing an inverse distribution for v < 1 is in accordance
with the Frank-condon principle. Similar inverse distributions are also observed in certain
other molecules [69-71]. Please note that these values of N, are to be regarded as relative
values and not as absolute values. However the calculated orders of magnitude are in

good agreement with that of the reported values [53,72].

3.3.2 Spatial Dependence

One of the important results of the present series of studies is that the spectral features
are distinctly different for the emission from different sections of the plasma plume. The
spectra contain a strong continuum background emission close to the target surface.
At distances less than 1 mm from the target surface, irrespective of the level of laser
irradiance, we cannot distinguish any line or broad band spectra. One can observe in

this case just an intense continuum emission due to free - free transitions. Rohling (8]
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also observed such a continuum emission, in addition to emission from C, formed from
vapourization of graphite into a confined helium flow, and attributed the long-lived
continuum to the incandescence of hot carbon particles. Fig. 3.9 shows typical Swan
band sequence corresponding to Av = -1 at different distances from the target surface.
Fig. 3.10 shows the variation of vibrational temperature with spatial separation from the
target surface for 5 us after the laser pulse at laser irradiances 20 GW cm~2. For these
studies the gate width of the boxcar is set at 100 ns. It is observed that the vibrational
temperature of the C; molecules attain maximum values (7600 K) at an optimal distance
(a typical distance being 4 mm at 20 GW cm™2), and then decreases with further increase
in distance. The spatial dependence of vibrational temperature of C; molecules at higher
irradiance of 70 GW cm ™2 for 2 and 5 us delays after the evolution of plasma are given in
fig. 3.11. The peculiar nature of the vibrational temperature with distance at different
laser irradiances results from the fact that excited state C; formation is controlled by
different interaction processes like electron capture, collisional excitation and ionization,
recombination processes and fragmentation of higher clusters. The dominant mechanism
for the production of C,; molecules at low laser irradiance is likely to be the electron
collision with higher clusters of carbon followed by photofragmentation where one of the
emitted product species is an excited C; molecule while at higher irradiance Swan band
emission is mainly due to excitation resulting from electron-ion, ion-ion recombination
[29]. It may in this connection, be noted that high quality DLC films are obtained at
laser irradiance ~ 10 GW cm™2 for 1.06 um pulsed laser deposition [27,73]. Peeler and
Murray [74] have shown that low energy carbon clusters form graphite films while small,

fast carbon atoms/molecules produce DLC films.

It is well known that graphite exhibits a large difference between the inter—ia.yer and
the intra-layer bond strengths. It is expected that at low laser irradiances graphite will
be ablated layer by layer producing large clusters which in turn get dissociated due to
high temperature to form C, molecules near the target surface [40]. Such dissociative
mechanism can further be supported by the observation of comparatively longer dura-
tion of Swan band emission. The spatial dependence of vibrational temperature of C,
molecules can be explained as follows. The temperature near the target surface is so high
that collision induced nonradiative processes predominate and cause a reduction in the
effeqgive vibrational temperature due to fast de-excitation of the higher vibrational levels

as well as due to quenching. As we move away from the target, due to reduced collisional
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energy transfer processes, the population of excited C, species increases which in term
increase the vibrational temperature. At distances farther than an optimal distance the
decrease in plasma temperature will cause a reduction in vibrational temperature for
these species due to lack of excitation processes. But at higher irradiance (70 GW cm?)
it is observed that the vibrational temperature of the C; species decreases steadily with
increasing distance from the target. This variation is quadratic in separation (z) from

the target surface and can be written as
T(z) = Tp — a2® (3.4)

with T, as the vibrational temperature at z = 0. At higher laser irradiance energy
absorbed exceeds the energy required for the breakage of intra-layer and the inter-layer
carbon bonds. The presence of the ambient helium atmosphere which act as coolant and
creates a denser plasma improves the dissociative mechanism. This causes a decrease in
particle size at higher irradiance. This may be the reason for the quadratic dependence

of the vibrational temperature at higher laser irradiances from the target surface.

3.3.3 Laser Intensity Dependence

It has already been reported that the diamond-like character of the films deposited on
substrates is strongly dependent upon the variation of temperature in the laser plasma
which in turn depends upon laser irradiance [40]. The properties of the carbon films
grown by the ablation of graphite are dependent on the kinetic energy of the carbon
species striking on the surface of the grown film and these varies widely with laser
irradiance. Estimates of the velocities of different species obtained by time of flight mea-
surements have been reported earlier [57,58]. These were found to depend strongly on
laser irradiance levels. Here we have measured the intensities of emission bands from
C, molecules as a function of incident laser irradiance for the calculation of vibrational
temperature. At low laser irradiances the spectrum is dominated by the emission band of
C, molecules originating from the Swan system; but at higher laser irradiances, emission
originating from C II, CIII, CIV etc. are detected along with C; molecular bands. The
variation of vibrational temperature with laser irradiance corresponding to C; molecules
at distances 5 and 10 mm are given in fig. 3.12. Such variation of vibrational temper-
ature with laser irradiance occurs essentially due to the fact that comparatively larger

number of molecules are excited into higher vibrational levels with increasing laser irradi-
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Figure 3.12: Vibrational temperature calculated from C, swan bands as a function of
laser irradiance at different distances (O - 5 mm and o -10 mm)

ance. At higher irradiances the enhancement in the production of carbon clusters which
get photofragmented into C; molecules. The saturation in vibrational temperature at
high irradiance could be mainly due to the fact that at high laser irradiances plasma
temperature is so high that the depletion of excited states could occur not only because
of excitation to higher levels leading dissociation or ionization but also by deexcitation
to lower levels (quenching). This could produce energetic and/or excited fragments and
the excess energy could be converted into kinetic energy of the C, vapourized species
via gas phase collisions. The saturation in emission intensity at higher laser irradiances
is also due to a change in the efficiency of laser coupling to the target by increased
absorption and/or reflection from the laser induced plasma, a process known as plasma
shielding [75]. The absorption by the fragments heats the plume to higher temperatures

by which further fragmentation into small components including atoms and ions occurs.

3.3.4 Time Dependence

For the time resolved, C, swan band emission spectra were recorded by varying delay
times, ie., by setting the gate with 100 ns duration at different times after the elapse of

the laser pulse, in the range 100 ns to 40 ps. All the spectra were recorded at a distance 5
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Figure 3.13: Time dependence of vibrational temperature of C, molecules at a laser
irradiance 70 GW cm~2 (distance 5 mm).

mm away from the target and at a laser irradiance 70 GW cm™2. For an integration time
of 100 ns, the spatial distance travelled by the C, species is 0.4 mm, taking the average
expansion velocity being 4 x10%cms™! at a laser irradiance 70 GW c¢m™2, which is much
smaller than the successive spatial steps of 1 mm. Hence there will not be any significant
mixing of spatial and temporal aspects of plasma and an effective separation of spatial
and temporal effects can be achieved. It is observed that the e;nission characteristics of
the plasma varied drastically with time. At shorter times, the dominant radiétion was
a continuum mixed with ionic lines. The continuum emission is due to bremsstralung
radiation and radiative recombination or due to incandescence of hot carbon particles [8).
But at times > 1 us the radiation from the continuum emission are absent leaving neutral
lines and molecular bands which were seen up to 40 us or longer. It has been observed
that during the shorter times, due to high electron density the individual emission lines
from different atomic and ionic lines are highly stark broadened [76,77]. The time
dependence of vibrational temperature of C, species is shown in fig. 3.13. As it is clear
from the figure there is a maximum vibrational temperature (14.2 x 10°K) after an elapse

of 2 us at a distance of 5 mm away from the target.
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3.3.5 Effect of Helium Gas Pressure

The emission characteristics of the laser produced plasma are influenced to a large ex-
tend by the nature and composition of the surrounding atmosphere. The interaction
between laser plasma and the ambient gas is of interest because it provides information
on collisional, collective and electromagnetic processes in astrophysical and laboratory
plasmas produce several observable effects and that can help in the solution of various
practical problems [29]. Mass spectroscopic studies reveal that higher carbon clusters are
predominant when the laser evaporation takes place in a helium ambient atmosphere [8].
The presence of helium atmosphere helps to confine the plasma by collisions to allow
increased absorption of the laser energy by inverse bremsstralung [78-80]. Therefore a
denser plasma is formed in the presence of helium gas. The C; Swan band spectra were
recorded from a section at a distance of 5 mm away from the target surface with ambient
helium pressure as the varying parameter. With the addition of helium pressure, the
plume boundary is slowed by collisions with the background gas which intern attenuate

the amount of material penetrating the background gas.

The presence of helium ambient atmosphere cools the hot electrons by collisions
leading to a more efficient electron impact excitation and plasma recombination, which
also lead to plasma confinement near the target thereby enhancing the emission from
this region. In general increase in helium ambient pressure gives rise to an enhancement
in the emission intensity from all the species due to collisions on the expansion front and
subsequent intraplume collisions, sharpening of the plume boundary and slowing down of
the plume relative to the propagation in vacuum, all leading to the spatial confinement

of the plasma.

The dependence of vibration temperature of C, molecules on helium ambient is given
in fig. 3.14. It is seen that the increase in helium pressure decreases the vibrational
temperature of the C, species. This is due to the fact that helium ambient atmosphere
cools the hot electrons as well as excited states in molecules by collisions leading to a more
efficient thermalization thereby decreasing the vibrational temperature. The helium
atoms possess metastable triplet states, from which radiative decay to the singlet ground
state is forbidden by the selection rules for electronic transitions [81]. The two lowest
triplet state for helium lie at 19.73 and 20.53 eV. Because these metastable states are

relatively high and their lifetimes are quite long (106 — 107 times longer than other states)
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70 GW cm™?)

they can function as energy reservoirs. When significant population of the metastable
states occurs, these species can become instrumental in exciting emissions via collisions
with other species present in the plasma [82]. This can occur also by the enhancement in
the intensities of C, bands on increasing helium pressure (fig. 3.15). This result implies
that the distribution of vibrationally excited states is not in equilibrium with the plasma
at low pressures, which is normal. An estimation of the translational temperature from

expansion velocity of the C, species was attempted using the relation [83,84]

kyT = %(%mzﬁ) (3.5)
where v is the velocity of the C, species, k is the Boltzmann’s Constant, m is the
mass of the species, T is the translational temperature and 7 is the number of internal
degrees of freedom which varies from 2.53 to 3.28. Using the above equation at a laser
irradiance of 60 GW cm™2, it is found that the translational temperature is ~ 26000 K
(57]. But the maximum molecular vibrational temperature for C; molecules is ~ 12000K.
Thus the translational temperature obtained are significantly greater than vibrational
temperature of C, molecules. Collisional energy transfer occurring within the plasma

might be responsible for the higher kinetic energy distribution of the C; molecules. The
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Figure 3.15: The change in intensity of band heads with respect to helium ambient
pressure (distance 5 mm, laser intensity 70 GW cm™2).

additional nonthermal processes like photofragmentation may contribute to the high
kinetic energies. It is possible that some of the higher clusters are photofragmented

during laser ablation.

3.4 Conclusions

In this chapter we describe a detailed spectroscopic study of C, emission from laser
produced carbon plasma. We have made the spatially resolved analysis of C, Swan
bands in the spectrum at emissions of 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, time after
the elapse of the laser pulse and spatial separation from the target. It also demonstrates
different possible routes for the formation of C; molecules. At low incident irradiance
the emission bands due to C, predominates while at higher irradiance the multiply
ionized species of carbon up to C IV have been observed along with C, species. The
formation of C, emission could be observed at low irradiance due to plasma excitation
and at high irradiance due to recombination processes. The presence of helium ambient

atmosphere causes the line emission enhancement of the band heads of the C; species.
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This enhancement in the emission intensity from C, is due to collisions on the expansion
front and subsequent intraplume collisions

From the spectroscopic studies of the emission bands, vibrational temperature of the
C, species in the plasma have been estimated. The vibrational temperature is found to
increase with increase in laser irradiance and saturates at higher irradiance levels. The
increase in laser irradiance causes an increase in degree of ionization and vibrational
temperature of C; molecules in the plasma. The saturation at higher laser irradiances is
mainly due to the change in efficiency of the laser beam coupling to the target because of
plasma shielding. It is also confirmed that vibrational temperature of the C; molecules
decreases with increase in helium pressure. The addition of helium apparently cools and
confines the plasma causing reduction in the vibrational temperature. In summary, the
present work throws some light on the production and kinetics of C; molecules in a laser

generated plasma from graphite target.
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Chapter 4

Temporal and Spatial Evolution of Laser
Induced Plasma from Graphite Target

The emission features of laser ablated graphite plume generated in a helium ambient
atmosphere have been investigated with time and space resolved plasma diagnostic tech-
nique. Time resolved optical emission spectroscopy is employed to reveal the velocity
distribution of different species ejected during ablation. At low laser irradiance levels
only a slowly propagating component of C, is seen. At high irradiance levels emission
from C, shows a twin peak distribution in time. The formation of an emission peak with
diminished time delay giving a more energetic peak indicating higher velocity compo-
nent at enhanced laser irradiance levels is attributed to many body recombination. It
is also observed that these double peaks get modified into triple peaks for the time of
flight distribution at distances greater than 16 mm from the target. The occurrence of
multiple peaks in the C; emission is mainly due to the delays caused from the different
formation mechanism of C, species. The velocity distribution of the faster peak exhibits

an oscillating character with distance from the target surface.



4.1 Introduction

As indicated in chapter 3, pulsed laser ablation of graphite has become well established
as a reliable method for preparation of newly found materials like fullerenes [1-4], carbon
clusters and diamond-like carbon (DLC) films [5-12]. However, the underlying physics
and chemistry of the processes such as carbon cluster formation or their dissociation
are less than well understood. Further, the details of the dynamics of laser interaction
with materials are extremely important in the context of optimizing the conditions for
depositing good quality thin films. The preparation of DLC film was first reported in
1985 by Nagel and co-workers [13] who determined a critical threshold density of 50 GW
cm ™2 on the carbon feed stock, above which DLC was condensed from the carbon plasma
and below which only soft graphitic layers were deposited. A good understanding of the
physics involved in the interaction of laser light with solid targets at these intensities was
achieved through theoretical [14] and experimental [15] studies as early as two decades
ago. However, only few authors have considered the subsequent expansion of the laser
produced plasma over several millimeters on the length scale. A characteristic feature
of such adiabatic expanding plasma is the persistence of ions in high charge states in
the cold region. Stevefelt and Collins [16] reported a modeling of the free expansion of
a carbon plasma produced at moderate intensities, which includes the dominant con-
stituent mechanisms of electron-ion recombination through both three body collisional

and radiative processes.

Comparatively, the pulsed laser deposition (PLD) technique is used mainly for pro-
ducing multicomponent oxides and other dielectric oxides and superconducting materi-
als [17]. It has received less attention in DLC production, partially owing to the high
initial cost of high power lasers and related equipment, and mainly owing to the success
of other DLC deposition techniques, e.g. ion-beam and magnetron sputtering. However,
the decreasing cost of powerful lasers and success in the development of PLD technology
for large-area deposition 18], which is currently 100-150 mm in diameter [19], provide
the basis for introducing PLD into general engineering fields. One very promising ap-
plication of PLD is to produce DLC coatings for reducing friction and wear [20] and
the capability to produce both hydrogen-free and hydrogenated DLC films allow good
control over the mechanical properties important for tribology applications [21]. A com-

parison of selected properties of DLC films produced by various techniques is presented
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in the review article by Voevodin and Donley [22].

Based on the widely accepted theory of the pulsed laser evaporation [23,24], the
physical model of the laser ablation can be explained as follows. In the initial stage the
interaction of the laser beam with the bulk target results in the evaporation of the surface
layer. Following this, the interaction of the laser beam with evaporating material leads to
the formation of isothermally expanding plasma and this persists until the termination
of the laser pulse. In the final stage, adiabatic expansion of the plasma in the forward
direction takes place when the target is irradiated under vacuum. Several spectroscopic
studies of graphite plasma have been carried out using a variety of laser wavelengths
such as 193, 248, 308, 532 and 1064 nm [25]. It has been shown that shorter wavelengths
are more effective for penetration into the sample, mainly because of large ablation rates
possible at these wavelengths [26]. However, the main advantage in the use of NIR low
energy photons is that, they are less likely to invoke photochemistry into the ablation

phenomenon.

High quality DLC films are obtained at low laser irradiances where the molecular C,
emission is most dominant [27]. The relative population of the carbon clusters produced
in the laser ablation of graphite has been found to depend on different experimental
parameters like laser irradiance, nature of background gas and its pressure, relative
position of the plasma volume with respect to target surface etc.. The composition and
energetic characteristics of the laser-produced carbon plumes depend also on which form
of carbon is used as the target material. Plume characteristics in the laser ablation
of pressed diamond powder [28], amorphous and glassy carbon [29] or polymer carbon
[30] may differ from that of graphite. However, high-purity graphite ta}gets are most
commonly used in PLD of DLC films.

In pulsed laser deposition as the amount of ablated material increases, gas dynamic
effects are thought to play a leading role in determining the spatial and velocity distri-
bution of the vapourized material. Collisions between the ejectants during the initial
expansion are theorized to cause a Knudsen layer (KL) or unstable adiabatic expansion
(UAE) zone which results in stopped or backward moving material closed to the target
and strongly forward peaked velocity distributions away from the target surface {31-33].

Optical emission spectroscopic technique is concerned with the light emitted by elec-
tronically excited species in laser induced plasma produced in front of the target surface.

Also optical emission measurements are useful for species identification and in-situ mon-
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itoring during deposition. Useful information about the elemental composition of the
target material can be obtained from the analysis of the emissions emanating from the
plasma plume. Laser ablation has the unique advantage that most of these species are
formed in their excited states and hence spectroscopic measurements offer an excellent
means to investigate their evolution and dynamics. The carbon clusters like Cg; and
higher fullerenes are well known to be formed as a product of the laser ablation of
graphite in an ambient vhelium atmosphere. Although considerable progress has been
achieved in studies involving ablation of large carbon clusters C,(n > 10), including
fullerenes from laser irradiated carbon targets, relatively little effort has been expended

to study the production and characterization of C,, clusters with n < 10.

In this chapter, a comprehensive study of spafial characteristic emission from C, using
time resolved spectroscopy is presented. In these experiments time resolved spectroscopic
observations of the plasma plume from graphite under helium ambient atmosphere were
carried out to determine the velocities of the different ablated species inside the plasma.
Such temporally and spatially resolved high resolution spectroscopic studies are helpful
to optimize parameters of DLC film deposition and to correlate the carbon clusters with
plasma dynamics. To the best of our knowledge this is the first report regarding the
existence of triple peak in the temporal evolution of C, emission from laser produced
carbon plasma. Our results also indicate that the temporal profile of C, species produced
during laser ablation of graphite exhibits a triple peak structure only beyond a certain
spatial separation from the target (16 mm) and thereafter these propagate with three

different expansion velocities.

4.2 Experimental Setup

The experimental setup used for the present study is similar to the one described in
chapter 2. Briefly, the 1.06 um laser beam from a Q-switched Nd:YAG laser with rep-
etition rate 10 Hz was focused onto a graphite target contained in a vacuum chamber.
The graphite target was rotated by a small electric motor so that the laser pulses are
made to fall at a new spot every time on the graphite surface. The emission from the
carbon plasma was focused at right angles to its expansion direction to produce a 1:1
image on the entrance slit of a monochromator (Jarrel Ash 0.5 m) coupled to a photo-

multiplier tube. Using a number of apertures and slits emission features from various
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vertical segments of the plasma plume can be studied. The characteristic emission lines
were selected using the monochromator and the output from the PMT was monitored
using a digital storage oscilloscope with a maximum sampling rate of 200 MHz with 50
termination to record the emission pulse shapes. In these experiments spatially resolved
studies were carried out for distances up to 25 mm normal to the target surface with an

accuracy better than 0.2 mm.

4.3 Results and Discussion

The time resolved studies of emission lines from various species are carried out from
the oscilloscope traces which show definite time delays for emission with respect to the
incidence of the laser pulse. The time of flight (TOF) measurements provide excel-
lent technique to determine the velocity distribution of the plasma. Our observations
show that the emission lines from different emitting species within the plasma possess
distinctly different temporal profiles. Each temporal profile represents a complex convo-
lution of different factors that govern the temporal history of the emitting species viz.
its production mechanism and rate, its flight past the viewing region and its radiative
and collisional decay rates. Time resolved studies of various species are made at irra-
diance in the range of 10 GW cm™2 to 95 GW cm™2. Typical TOF distributions of C,
species obtained by monitoring the spectral emission from C; in electronic excited state
(d*T1,) [34,35] (at A = 516.5 nm corresponding to the (0, 0) transition d*Il; — a*II, of
C; Swan system) at distances 5 mm and 10 mm from the target for different laser irra-
diances are given in figs. 4.1a and 4.1b (helium pressure 0.05 mbar). The initial spike in
the figure is due to scattering and /or prompt emission and can be used as a time marker.
The interesting feature in TOF pattern of C, species is its double peak structure which
becomes prominent beyond a threshold laser irradiance. Below this threshold laser ir-
radiance only single peak distribution is observed. It is also noted that these double
peak structure gets modified into a triple peak distribution at distances greater than 16
mm and these results are discussed in the preceding section. For simplicity, this section
contains spatial studies up to 16 mm from the target. In what follows the first peak is
designated as P1 and delayed peak P2. Such double peak structure has already been
reported by a few of the earlier workers [36-38] even though no detailed analysis have

been attempted.
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Figure 4.1: Intensity variation with time for 516.5 nm spectral emission from C, observed
at different distances from the target surface (A) 5 mm, laser irradiance used (a) 35.4
GW cm~? (b) 74.3 GW cm™? , (c) 77.8 GW cm~? and (d) 81.4 GW cm™? and (B) 10
mm, laser irradiance used (a) 74.2 GW cm™ (b) 76 GW cm~? and (c) 77.8 GW cm™2.
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4.3.1 Salient Features of the Double Peaks Observed in the
Present Study

1. Appearance of P1 occurs only beyond a threshold laser irradiance about 74.2 GW
cm™? at 5 mm away from the target (z = 5 mm) and this threshold value increases with
increasing distance from the target. (for eg. at z = 10 mm the threshold irradiance is
increased to 75.7 GW cm™?).

2. The time delay for P1 with respect to the separation between the point of observa-
tion and the target surface varies in a nonlinear manner; the nonlinearity being more
pronounced at lower laser irradiances. As is evident from fig.4.2, the delay of P1 is al-
most constant up to 10 mm separation which is paradoxical while the delay of P2 varies
almost linearly (fig.4.3) witﬁ such separation. We do observe a pulsating nature in the
time delays for P1 with distance greater than 16 mm. |

3. The intensity for P1 is maximum at a point around z = 12 mm (fig.4.4) for all values
of irradiances while that of P2 attains maximum around z = 5 mm (fig.4.5).

4. The delay of P1 increases with laser irradiance (fig.4.6) while that of P2 (fig.4.7),
decreases sharply after being constant up to a certain value of irradiances.

5. The intensity of P1 increases from zero (at irradiances about 74.2 GW cm™?) and
saturates at higher irradiances (> 84.8 GW cm™2) (fig.4.8) while that of P2 increases up
to an optimum laser irradiance and begins to decrease thereafter (fig.4.9). This behaviour
is predominant at points having smaller separation from the target.

6. It is noted that the delay time for the P1 decreases with increasing ambient helium
pressure, whereas the delay time corresponding to P2 has been found to increase with
respect to helium pressure. Also the first peak gets narrowed while the second peak
becomes broadened as the helium pressure is increased.

7. Intensity for the P1 increases steadily with increasing helium pressure and a sudden
enhancement is observed at higher helium pressures, while for P2, it is being constant
up to a particular helium gas pressure and an enhancement in intensity is observed at
high pressures.

The above observations indicate that the plasma apparently develops fast and slow
components above a threshold laser irradiance. There are only a few reports available in
the literature which describe twin peak TOF distribution in laser generated plasma from
graphite target. Abhilasha et al [39] reported a peculiar double peak structure in the

temporal profile of C II species at 426.8 nm in a laser produced carbon plasma at various
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Figure 4.2: Variation of time delays with distance of P1 for different laser irradiances
(0) 81.34 GW cm™2, (A) 88.42 GW cm~2 and (+) 95.5 GW cm™?
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Figure 4.3: Variation of time delays with distance of P2 for different laser irradiances
(0) 81.3¢ GW cm™2, (A ) 88.42 GW cm~? and (+) 95.5 GW cm™2
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(a)

Figure 4.10: Schematic representation of laser ablation of graphite target (a) at low
irradiance levels (b) at high irradiance levels

air pressures and they proposed that, this may be due to stratification of the plasma
into fast and slow ion components at the interface where the occurrence of Rayleigh -
Taylor instability causes deceleration of the plasma front by ambient gas (In fact we also
observed the same double peak structure in the time profile of C II species at 426.8 nm).
Dixon and Seely [37,38] also observed a double peak structure in C II species and they
explain it as due to collisional interaction like resonance charge transfer which has been
shown to be a velocity dependent one. In fact the existence of twin peak structure for
the C, species from the laser induced plasma observed previously has been explained as
due to emission from the ‘shell’ (fast) and the ‘core’ (slow) components [36]. Attributing
peaks P1 and P2 solely to fast and slow components will not explain the unusual spatial
dependence of time delays as depicted in figures 4.2 and 4.3 respectively. We have also
observed a twin peak structure for Y I and YO emission in the laser produced plasma
from YBa;Cu3O-; and the twin peaks were assigned as due to species corresponding to
those generated directly/in the vicinity of the target surface and to those generated from

collisional and recombination processes [40}.

4.3.2 Formation Mechanisms

The schematic diagram of the laser ablation of graphite target at low and high irradiance
levels is shown in fig. 4.10. This figure also exhibits the effect of laser irradiance on the
size of the ablated particles. Two mechanisms could exist for the particle formation,
viz., dissociative and recombinational. Harano et al [41] have suggested the strip-off
mechanism for the formation of carbon clusters by considering the balance between the

total mass of the carbon particles and the laser irradiance used for the ablation. Most
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of the models of fullerene formation are based on the recombination mechanism, i.e,
the formation by nucleation from carbon vapour counsisting of carbon atoms and very
small carbon molecules [42]. It is well known that graphite exhibits a large difference
between the inter-layer and the intra-layer bond strengths. It is expected that at low
laser irradiance levels, graphite will be ablated layer by layer producing large particles
which in turn get dissociated to form C, species [43]. The dissociative mechanism can
further be supported by the observation of long duration of Swan band emission at low
irradiances. At low laser irradiance levels only a slowly propagating component with low
kinetic energy is observed. The larger masses of C, will result in longer delays which
are observed in the C, emission (P2) occurring at the lower laser irradiances. Above
a distance ~ 6 mm from the target, the plasma is colder compared with the same in
core region and collisional effects become insufficient to cause dissociation of C,,. The
dominant mechanism for the production of C; Swan band emission at low irradiances is
the electron collision with C,, cations and neutrals (n > 2) followed by dissociation where
one of the fragments is an ejected C, molecule [43]. As the laser irradiance is increased,
clusters with lower values of n will be ejected directly from the target. Above a threshold
laser irradiance, temperature of the plasma becomes so large so as to dissociate C,, to
neutral and ionized carbon atoms just outside the target. At higher irradiance levels
Swan band formation is mainly due to electron-ion and ion-ion recombination. It is
observed here that at .high laser irradiances, after a threshold, an emission peak showing
a faster component with higher kinetic energy for C, molecules begins to appear.
Spectral analyses show that at low irradiance levels, the emission spectrum is domi-
nated by C, molecules whereas at higher irradiance levels the plasma emission is mainly
due to ionic species of carbon up to C IV along with C, species. It is also observed
that the ions have higher velocity as compared to neutrals and molecules because of
the Coulomb fields which are generated by negatively charged electrons escaping from
the plume. It is in fact observed that the emission intensity of the ionized species does
increase drastically above this threshold laser irradiance. Once ions and electrons are

produced, one can have neutral carbon atoms by three body collision processes like

C +et+e—-C+e (4.1)

Collisional ionization is also possible through processes like
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C+e—-C +e+e (4.2)

In the vicinity of the target, (4.2) may be predominant over (4.1) so that we get excited
state C, formation slightly away from the target, giving emission peak P1. The threshold
like phenomenon in the case of P1 also shows the initiation of production of ionized
species so as to open the channels (4.1) and (4.2) at higher laser irradiances. As the
laser intensity is increased beyond 74.2 GW cm™2, the probability of cluster formation of
the type C,, (n > 2) in the plasma diminishes, thereby causing a drastic decrease in the
intensity of P2. Moreover, as the laser irradiance is increased, the trailing edge of the laser
pulse will enhance the dissociation of C,, by multiphoton absorption through laser plasma
interaction. This could cause the formation of C; nearer the target surface. Koren and
Yeh [37] also have observed such double peaks in the case of C; from polymide target and
their interpretation in terms of the fast and slow components does not completely explain
our observations. We are therefore compelled to attribute the double peak formation
due to the delays inherent in the distinctly different formation mechanisms of C, in the
plasma.

Figs. 4.6 and 4.7 give respectively the variation in time delay for P1 and P2 with
laser irradiance for different distances from the target. From fig. 4.6, we see that the
time delay for P1 increases with respect to increase in laser irradiance which is against
the normal observation where velocity usually increases with the intensity of the incident
laser pulse. By considering the velocity distribution, this anomaly can be explained only
if one can have some type of a "negative diffusion" or anomalous diffusion of C, towards
the target. Similar observations by one of the previous workers have been explained
as due to selective depletion of high velocity C; species [44]. However, one can have
slightly different scenario as explained below. As the laser irradiance increases, the
electron, atom and ion number densities of the plasma and plasma temperature are
also increased. This may cause larger probability for events (4.1) and (4.2) indicated in
the previous paragraph. It is also believed that ions are accelerated by Coulomb fields
generated by fast moving electrons escaping from the plume. One should also consider
the multiphoton dissociation of C,, by the trailing edge of the laser pulse so as to produce
C, nearer to the target surface. Due to these processes C; may thus be formed at points
nearer to the target surface by recombination processes, but with more than usual delay

in the appearance of P1. In other words, decrease in delay with laser irradiance compete
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with the increase in delay due to shift of "formation site" of C; nearer to the target
surface. Therefore, as far as P1 is concerned, delay due to the location of formation site
is more predominant in the range of laser irradiances considered here thereby causing
the observed enhancement in the delay on increasing the laser irradiance. This is further
born out by the fact that there is a perceptible increase in the half width of peak P1 as

the intensity of the laser pulse is increased.

Similar érguments can be made in the case of the measured time delays corresponding
to P2. Contrary to the case of P1, delay of P2 remains almost constant up to a threshold
laser irradiance and thereafter it decreases. As noted earlier P2 is found to be formed
due to dissociation of carbon clusters C,, (n > 2). As the laser irradiance is increased
the formation of C, through dissociation of C, will occur nearer to the target surface,
thereby causing an increase in the delay as opposed to its decrease due to enhancement
of kinetic energy of the species with laser irradiance. Up to a threshold laser irradiance,
these two time delays are more or less balanced to give an effectively constant time delay
as observed in fig. 4.7. Above this threshold irradiance, enhancement in kinetic energy

becomes so large that there will be a notable decrease in time delay for P2.

The nature of variation of delay with distance also exhibit certain peculiarities in
terms of the behaviour of peaks P1 and P2 (figs. 4.2 and 4.3). Beyond a distance of
8 mm there is a sudden enhancement in delay for P1 especially at comparatively lo.wer
levels of irradiances but well above the threshold. The unusual spatial dependence of
time delay is observed only for P1 and the variation differs widely as the laser irradiance
is changed. However for P2 the nearly linear spatial dependence of the delay is observed.
The intensity variation for the peaks P1 and P2 withurespect to distance is shown in figs.
4.4 and 4.5. The spatial maximum (the distance at which the intensity of the peak is
maximum) of P1 is at about 12 mm while that for P2 is at 6 mm. It is also clear from
fig. 4.9 that the intensity of P2 decreases after the threshold laser irradiance whereas
intensity of P1 increases from zero (at 74.2 GW cm™2 for z = 5 mm) and saturates at
higher irradiance levels (fig. 4.8). It indicates a decrease in the population of C, (n
> 2) when irradiance is increased (fig. 4.9). The saturation effect of plasma emission
can be explained as due to the absorption of the trailing part of the laser radiation by
the plasma. This absorption will be more pronounced at higher plasma densities so that
effective laser power reaching the target will be reduced. Such "shielding effect" of target

from the laser radiation will result in the observed saturation effect.
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Figure 4.11: Dependence of time delays of first peak on ambient helium pressure (%) 5
mm and (O) 8 mm (laser irradiance 81.34 GW cm™2)

4.3.3 Effect of Helium gas

In order to understand the mechanism more clearly, experiments were carried out by
varying the helium gas pressure in the plasma chamber. Variation of time delay for the
peaks P1 and P2 with respect to helium ambient gas pressure is shown in figs. 4.11
& 4.12 receptively. It is interesting to note that the delay for ghe first peak decreases
and for the second peak it is increased with increasing helium pressure. The presence
of helium gas helps cooling of plasma so as to reduce the plasma temperature. It is
also supported by the fact that the increase of helium pressure decreases vibrational
temperature of C, species [45]. The enhancement of delay time with the increase in gas
pressure for P2 in the temporal profile is, therefore, due to the reduction in the velocity
of C, species. However, the time delay dependence on helium pressure corresponding
to P1 cannot be explained easily as in the case of P2. Decrease in time delay of P1
with increase in pressure can be understood, at least qualitatively, as follows. Presence
of helium gas reduces the plasma temperature [46] so that the formation of bulk of C,

through recombination process shifts towards the target surface. This reduction in time

-~
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Figure 4.12: Dependence of time delays of second peak on ambient helium pressure (x)
5 mm and (O) 8 mm (laser irradiance 81.34 GW cm™2)

delay due to shift in formation site will exceed the enhancement in time delay due to
reduction in velocity of C; species. This is in conformity with the observation of increase
in delay with laser irradiance.

Figs. 4.13 and 4.14 give the intensity variation for the P1 and P2 respectively with
helium gas pressure. From fig. 4.13, it is clear that the intensity of the P1 increases
steadily with increase in helium pressure. But in the case of P2, the intensities are almost
constant up to a pressure of 1.3 mbar, then it enhances. The helium serves to cool the hot
electrons by collisions leading to a more efficient electron impact excitation and plasma
recombination, leading also to the plasma confinement near to the target which enhances
the emission from these species. Fig. 4.15 gives the temporal profile of C; species for
different helium ambient pressures, from which it is clear that with increasing pressure
P1 becomes more and more narrow with decreasing time delay, while P2 broadens with
increasing time delay. The increase in helium pressure improves the spatial confinement
of the plasma which in turn increases the collisions. The kinetic energy distributions
are more sensitive to collisions because elastic scattering cross-sections are usually con-

siderably larger than the cross-sections for rotational or vibrational energy transfer [47].
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Figure 4.15: Intensity variation of spectral emission with time for C, observed at 8 mm
away from the target at different ambient helium pressures (laser irradiance 81.34 GW
cm™?) (a) 0.065 mbar, (b) 1 mbar and (c) 10 mbar

Collisions make kinetic energy distributions more narrow, but with large peak velocity.
In addition collisions can cool the rotational and vibrational energies of the molecules
in the expansion. With sufficient number of collisions the energy initially stored in the
rotational and vibrational degrees of freedom can be converted into direct translational
energy of the species [48]. The broadening of P2 especially at high pressures is because

of high cooling by the helium gas which improves the clustering of molecular species.

4.3.4 Plume Dynamics

The presence of helium gas during the ablation process has dramatic consequences on
the expansion dynamics. The present results show that laser irradiance and pressure
of the ambient helium gas have opposite effects on the plasma expansion processes. As
irradiance increases, time delay for P1 increases while time delay for P2 is more or less
constant up to a threshold irradiance and then decreases. Similarly increase in helium
gas pressure decreases the time delay for P1 and in the case of P2, time delay is being
constant up to a particular pressure and then increases. This can be explained by

assuming a simple adiabatic model.
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The plume length L can be estimated if it is assumed that at the end of the laser
pulse the ablation products occupy a volume V, at high pressure and subsequently expand
adiabatically. Assuming adiabatic expansion model [49-51], the ablated material pushes
the gas species until the plasma and gas pressures equilibriate. Then the length of the

plasma is given by [49]

L = Al(y = V) E|Prpy Py (4.3)

where A is the geometric factor related to the shape of the laser spot at the target
surface, v is the specific heat ratio (C,/C,), E is the laser energy density, Py is ambient
gas pressure, V; is the initial volume of the plasma (V; = vy7i.s-w, vy being the initial
species velocity, T, is the laser pulse duration and w, the laser spot size at the target
surface). The factor A depends on the expansion geometry and for a conical plume with

a spherical tip (inset of fig. 4.16) and expansion angle 8 (for circular laser spot)

(4.4)

3tanf 13
7+ 2rtanf

A=(1+ 1/tan9)<

From eqn.(4.3), it is clear that E/P, is the parameter controlling the length of the
plasma if the experimental geometry remains constant; therefore, E and Py have opposite
effects as experimentally observed in the present work. According to this model, the
length of the plasma L is expected to increase as the laser energy density is increased or
ambient gas pressure is decreased. Considering the experimental parameters used in this
work, evaluating eqn. 4.3 with 6 = 35° (then A = 1.6), v = 2.56 [47], E = 270 mJ, v,
= 4-8 x10%cms™!, Tiaser ~ 9 s, gives a straight line as shown in fig. 4.16 corresponding
to the present experimental pressure range. In our experiments, the estimated length of
the plasma at a helium pressure of 0.05 mbar is 25 mm. Both the predicted pressure
dependence and absolute value of L are seen to be reasonably in good agreement with
experiment. The small error occurring in these calculations is mainly due to uncertainties
in the value of v and 8. It must be noted that the deposition rate and kinetic energy of
ablated species will fall into a very low value for substrates located beyond L because
of the subsequent cooling which tends to pull the material back to the target {52]. The
dimension of the plasma, which is closely related to density, the excitation temperature
and the coupling of laser radiation, are influenced by the atmosphere through eqn. (4.3).

The pressure of the ambient atmosphere is one of the controlling parameters of the
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Figure 4.16: Estimated length of the ablation plume L as a function of helium pressure,
laser irradiance 81.34 GW cm™2

plasma characteristics, as well as factors related to the laser energy absorption [53].

4.3.5 Spatial Analysis at Greater Distances - Triple Peak Struc-
ture in TOF Distribution

In this section, a comprehensive study of spatial characteristic emission from C, using
time resolved spectroscopy is given. In these experiments time resolved spectroscopic
observations of the plasma plume from graphite under helium ambient atmosphere were
carried out to determine the velocities of the ablated C, species. Such temporally and
spatially resolved high resolution spectroscopic studies are helpful to optimize parameters
of DLC film deposition and to correlate the carbon clusters with plasma dynamics. Our
results show the existence of triple peak in the temporal history of C; emission from
laser produced carbon plasma. It also indicates that the temporal profile of C, species
produced during laser ablation of graphite exhibits a triple peak structure only beyond
a certain spatial separation from the target (16 mm) and thereafter they propagate with
three different expansion velocities.

The typical temporal profiles for emission from C, species (choosing A = 516.5 nm
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corresponding to (0,0) band of Swan system) at a laser irradiance of 81 GW cm~2 for
different axial distances from the target are shown in the figs. 4.17(a-f). The time
resolved observation presented here characterizes the axial expansion of the plasma i.e,
strictly along a direction perpendicular to the target surface. Figs. 4.17 (a) and (b)
represent the oscilloscope traces of TOF distribution of C, molecules at distances 5 mm
and 10 mm from the target. At these distances, there exists a double peak structure. The
emergence of the new peak occurs only at distances greater than 16 mm from the target.
Fig. 4.17 (c) shows the formation of the new peak in between the aforesaid twin peaks.
Figs. 4.17 (d-f) show the triple fold TOF distribution of the C, species at distances 18
mm, 20 mm and 22 mm away from the target surface. The time evolution of the spectral
emission obtained in the present work clearly reveals that the C, species ejected from
graphite target has a twin peak distribution up to a certain distance from the target (16
mm) and at farther distances the TOF pattern shows a triple peak structure. It has also
been found that there is a well defined threshold irradiance to observe this triple peak
structure in the TOF distribution.

There are only a few reports which describe the triple fold TOF distribution in laser
generated plasma from graphite target. Lowndes et al [6] recently observed three ‘modes’
of incident species in the TOF profile using ion probe method and they attributed it to
scattered ions, ions that are slowed by gas phase collisions and slow moving clusters
formed through collisions respectively. Tasaka et al [54,55] observed triple fold plume
structure during Nd:YAG laser ablation of graphite in helium ambient atmosphere. Dur-
ing optical emission studies using streak camera they found that, the fastest component
is composed of carbon ions, second fastest component is due to compressed neutral
molecules and the slowest component is the radial vapour from the graphite target.
Bulgakov and Bulgakova [56] made a theoretical model for the plume expansion into
ambient gas and have shown that the pulsating character in the velocity distribution can
be explained using back and forth shock wave propagation and they also indicated that
ionization and recombination processes have no significant effect on these pulsations.
But they could not succeed in explaining the triple structure for BaO molecule during

mass spectroscopic studies [51] using cloud ionization model.

TOF distributions give the time of arrival at a certain point in space with a known
flight length and these can easily be transformed into velocity distribution. Variation of

time delay with distance for P1 and P2 are given in figs. 4.18 and 4.19. It is seen from
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Figure 4.17: Intensity variation of spectral emission with time for C, species (516.5 nm)
at different distances from the target. Distances are (a) 5 mm, (b) 10 mm, (¢) 17 mm,

(d) 18 mm, (e) 20 mm and (f) 22 mm. These TOF spectra are recorded at a laser
irradiance 81.3¢ GW cm™2.

122



340 ' ]
' a3 3
780 + 0 2 i
— - 2 > 5 S A >
\‘U:’/ - a Oooo
>~ 220} 2 ? : «
T ==
[} Q
U -
L
E 160 a s
= a
| o]
Aéggooééea
100 | =
(o]
. 1 . L . 1 . 1 . |
0 ) 10 15 20 25

distance (mm)

Figure 4.18: Variation of time delay in the peak intensities with distance for the P1 of
C, at different laser irradiances. (o) 81.34 GW cm™2 and (A) 88.4 GW cm™2.
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Figure 4.19: Variation of time delay in the peak intensities with distance for P2 of C; at
different laser irradiances (o) 81.34 GW cm™ and (A) 88.4 GW cm™2.
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Figure 4.20: Expansion velocities as a function of distance for P1 of C, for laser irradiance
(o) - 81.34 GW cm™2 and (A) - 88.4 GW cm™2,
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Figure 4.21: Expansion velocities as a function of distance for P2 of C, for laser irradiance
(o) - 81.34 GW cm™? and (A) 88.4 GW cm™2.
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Figure 4.22: Variation of delay time with distance for newly generated peak of C, at
different laser irradiances (o - 81.34 GW cm™ and A - 88.4 GW cm™?)

fig. 4.18 that the time delay for the faster peak is constant up to 10 mm from the target
and then increases. It is also noted that after 17 mm the delays for P1 decreases sharply.
From the plots of delay time vs distance, one can obtain instantaneous velocities for C,
molecules and these are given in figs. 4.20 and 4.21 respectively. It may be noted that
the velocities are not constant and tk}ey vary with distance from the target. From the
mean velocity distribution of these sﬁecies it is clear that the velocity of P1 increases
with spatial separation from the target up to z = 10 mm. The sudden decrease in the
velocity of these species after 10 mm shows the deceleration of the C, species. However
at distances greater than z = 15 mm, the velocity of the particles again gets enhanced.
In the case of P2 (figure 4.21) the velocity increases with spatial separation from the
target until it reaches 6 mm and then the expansion velocity is found to be somewhat
constant (8 Km s™!) up to z = 20 mm and then decreases. The intensity variation of
these peaks with spatial separation shows different spatial maxima for faster (z = 12
mm) and delayed peak (5 mm). The variation of time delay for newly generated peak
beyond z = 17 mm is given in fig. 4.22 from which it is clear that the time delay is

increasing with increasing distance in this case.

125



4.3.6 Time Resolved Studies of Ionized Species

In order to identify whether the multiply ionized carbon species have any role in this
peculiar appearance of three peaks in the C, emission spectrum, optical emission analysis
from carbon ions were also carried out. Emission originating from ionic species appears
when the laser irradiance is sufficient to create a predominantly ionized plasma medium.
Temporal profiles are recorded for the ionized carbon species, at 426.7 nm of C II (3d?D—
4 F%), 569.5 nm of C I1I (3p! P —3d' D) and 580.1 nm of C IV (3525—3p? ) for different
distances from the target. The ionic species are characterized by faster and narrower
TOF distributions in comparison with atomic or molecular species. We observed a
peculiar double peak structure for C* emission at 426.8 nm similar to the one observed
by Abhilasha et al. [39]. They attributed it to stratification of plasma into fast and
slow ion components occuring at the interface where fast component penetrates the
ambient gas and slow one decelerate and consequently gives rise to a distinct double

peak structure [57].

The time delays observed for different ionized species with respect to the axial dis-
tance from the target is given in the figure 4.23 at an irradiance of 70.7 GW cm™2. The
inverse slope of the curve drawn through the points gives their instantaneous velocities
of these ionized species at a given time and distance. The expansion velocities of the
ionized species are found to be increasing with degree of ionization. It is noted that the
maximum expansion velocities of C II (taking the case of faster peak), C III and C IV
are found to be at 40 Km/s, 58 Km/s and 80 Km/s respectively. The maximum spatial
range for the ions were limited by the exponential drop in recorded intensity with dis-
tance (fig. 4.24) and the time. When ablation takes place in a gaseous environment at
relatively high pressure (> 0.05 mbar), the ablated material acts to sweep-up and drive
the back ground gas at supersonic velocities as it expands outwards [58]. A shock wave is
produced in the undisturbed gas, with the shock front being separated from the contact
surface (boundary of the ablation products) by a layer of shock heated, compressed gas.
In the early stages of expansion, the motion is unaffected by the gaseous background due
to the high pressure of the ablation products [59]. However, as the plume expands and
encompasses more gas, its velocity falls and, over a restricted range, the motion can be

described by an ideal blast wave for which the shock boundary varies as [60,61]
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Figure 4.23: Variation of time delay in peak intensity with distance for different
ionic species of carbon at a laser irradiance of 70.7 GW cm™2. & - C II transition
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Figure 4.24: Change in intensity with distance for different ionic species of carbon. 4 -
C 11 transition (3d*D — 42 F°) at 426.7 nm, o - C III transition (3p! P — 3d' D) at 580.1
nm and A - C IV transition (3s2S — 3p* ) at 569.5 nm.
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z = e(E/Py) /545 (4.5)

where ¢ is a constant of order unity, E is laser energy density absorbed and Py is
the ambient gas pressure. This equation is valid only if, the pressure of the ablation
products greatly exceeds the ambient pressure Py. Distance (z) - time (t) plots for
different ionic species in the laser produced carbon plasma is given in fig. 4.25, these
measurements are carried out at an irradiance of 70.7 GW cm~2. Good agreement with
t%4 dependence for R has been seen at the later times at a modest ambient gas pressure
of 0.1 mbar. Therefore these results agree fairly well with the blast wave over most of
the range observed. At distances close to the target, fits of the form R = at™ suggest
that exponent n > 1; not agreeing with this model. Blast wave interactions occurring
in the presence of background gas may play an important role in multiple peak. But we
do not observe such a t®* dependence for the multiple peaks of the C; species. If it is
assumed that the terminal stage of the plume can be modeled as a free expansion into

the vacuum, the expansion velocity V can be written as [31,47]

[2nkT
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Figure 4.26: Change in intensity with laser irradiance for different ionic species. & - C
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where M is the mass of the species, 7 is the number of internal degrees of freedom which
varies from 2.53 to 3.28 associated with ionization and excitation, T is the temperature
of the plasma and k is the Boltzmann constant. The above equation shows that the time
delay of the plasma species depends upon the temperature and dimensions of the plasma
along with mass of the concerned species. According to eqn. (4.6), due to identical
masses, different ionic species of carbon should have identical time delays. However,
in actual practice, it is observed that the species with higher degree of ionization have
higher velocities because of the Coulomb fields which are generated by negatively charged
electrons escaping from the plume. These results are in consistent with our earlier
observations suggesting the occurrence of faster peak in the temporal profile of C; above
a certain threshold laser irradiance is caused by recombination of these ions. It is also
supported by the fact that the molecules giving rise to these recombination peaks have

almost identical kinetic energy distribution in comparison with highly energetic ions.

Another important observation is that the intensity of the ionized species increases
with laser irradiances but get saturated at higher irradiance levels as is given in fig. 4.26.

There is a laser intensity threshold for the appearance of multiply charged ions and this
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threshold increases with degree of ionization. It is also noted that the expansion velocities
of these ionic species increase with increasing laser irradiance. The exponential increase
in the intensity of emission of positive ions with irradiance is in accordance with the
Richardson-Saha laws [62]. The saturation in intensity at high laser intensities is due to
a change in the efficiency of laser coupling to the target by increased absorption and/or
reflection from the laser induced plasma, a process known as plasma shielding [63, 64].
The increase in ionization and intensity saturation with varying laser irradiance also
seem to suggest strong interaction of the laser pulse with the dense plasma formed near

the target within the pulse duration.

4.3.7 Expansion Dynamics

From fig. 4.17, it is seen that at higher spatial distance from the target (> 16 mm), the
recombinational peak splits further into two forming a three fold TOF profile for the
C, species. The reason for the occurrence of twin peak structure in the recombination
emission intensity profile can be attributed to delays caused by different recombinational
formation mechanism of C, species in the plasma. It is also seen from fig. 4.22 that the
time delays for these newly generated C, species are increasing steadily with increasing
distance from the target.

From fig. 4.20, one sees an anomalous variation of expansion velocity of the C,
species with axial separation from the target. Gas dynamic effects are thought to play
a major role in determining the spatial and velocity distribution of the vaporized mate-
rial. The velocity at any point inside the plasma depends upon the spatial separation
fro;rl the target surface. The atoms, molecules and ions undergo collisions in the high
density region near the target forming the so called Knudsen layer, to create a highly
directional expansion perpendicular to the target [65,66]. The density of the plasma will
be maximum near the target due to collisions and hence the mean drift velocity normal
to surface will be a minimum at very close to the target. The plasma expansion in a
direction perpendicular to the target surface can be written as [24]

12 £2) _6kT,
2t dt  d2| M

Z(t) [ (4.7)

where dZ/dt is the expansion velocity of the plasma in the Z direction, k, the Boltzmann
constant, Ty the isothermal temperature of the plasma and M is the molecular weight

of the particle. The above equation evidently shows that the expansion velocities are
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low and acceleration is very high during the initial stages of expansion. But when the
expansion velocities increase, acceleration starts to decrease. The laser pulse being short,
the plasma cloud within the pulse duration has a minimum size in the direction normal to
the target surface. A dense plasma can absorb strongly the trailing part of the laser pulse.
Thus the absorption of the laser radiation by the plasma increases the velocity of the
species inside the plasma and the hydrodynamic expansion is directed right angles to the
surface of the target. This is found to be true as seen in figs. 4.20 and 4.21 respectively at
distances near the target where expansion velocities increase very rapidly with respect to
the spatial separation from the target. During the initial stages of the plasma expansion,
the velocity in the direction perpendicular to the target surface is very high as a result
of the small dimension of the plasma in that direction. It is reported that [67,68] during
shorter time intervals the expansion of the plume is one dimensional while for longer
time scales the expansion is essentially three dimensional. This has also been supported
by ultrafast photography of laser ablation plumes [69]. The dimensionality of the laser
generated plasma, may deviate from these values depending several factors including
laser irradiance, plasma temperature, irradiated spot shape, mass of the species etc.
After the termination of the laser pulse, adiabatic expansion of the plasma begins.
During this process, the thermal energy is converted to kinetic energy with the plasma
attaining high expansion velocities. The adiabatic expansion of the plasma in the Z

direction can be written as [24]

dzz] _ 6kT0[ Zo)]"‘ (4.8)

) [ @ | = M |26
where Z; is the edge of the plasma at which the laser pulse is terminated and a, the
maximum attainable particle velocity. In the adiabatic expansion region, the acceleration
depends on the initial temperature and the mass of the species.

From fig. 4.21 it is seen that, the velocity of P2 is constant (8 km/s) after the
initial expansion of the plasma. The velocities of these are found to be decreased at the
boundary of the plasma which is in accordance with drag model [70] which predicts that
the plume eventually comes to rest due to resistance from collision with background gas.
For low pressures, when the driven mass of the background gas is small compared with
the driver mass of the expanding vapour, the drag force model can be applied. In this
case the viscous force is proportional to the velocity of ejected material and the plasma

propagation can thus be written as
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where vy is the initial expansion velocity and Zg = ug/3 the so-called stopping distance.

Fig. 4.20 shows that between distances 10 mm to 15 mm from the target surface,
the expansion velocity decreases for P1 while it increases again at farther distances.
This peculiar velocity pulsations can be explained as follows. During the adiabatic
expansions, the thermal energy is rapidly converted into kinetic energy, thereby attaining
high expansion velocities. It has been reported that for spherical plasmas, temperature
drops off as the square of its radius {71]. A rapid drop in temperature occurs when the
spherical plasmas expand. This may be the reason for the decrease in kinetic energy
for P1 in the region between 10 mm to 15 mm. However the temperature drop will not
continue with respect to square of the radius of the spherical plasmas indefinitely, because
cooling due to expansion will be balanced by the energy gained from the recombination

processes of the ions.

4.4 Conclusions

A graphite target was ablated by 1.06 um radiation from a Q-switched Nd:YAG laser
in ambient helium atmosphere. Time resolved spectroscopic analysis of emission from
C, species was carried out. The present work has differentiated the various mechanisms
of the formation of C, species in the laser produced plasma from graphite in a helium
gas atmosphere. Measuzements of spatial dependence of the TOF emission intensities
are made up to 25 mm away from the target. An oscillatory behavior is observed in
the TOF distribution of C, species and this is observed only above a certain threshold
value for irradiance. At distances greater than 16 mm from the target surface, a three
fold TOF distribution is observed and the reason for the formation for these peaks is
discussed. The peak due to low kinetic energy component which is observed at all levels
of irradiance is formed as a result of dissociation of higher clusters. The departure
of single peak velocity distribution at higher laser irradiances is due to processes like
recombination of the high energetic particles. The energy released on recombination is
converted into kinetic energy of the molecules, atoms and ions, which may give rise to
a group of relatively faster C, species. It is found that at farther distances from the

target the recombinational peak gets modified in to two due to inherent delays caused

132



by different recombination and excitation mechanisms. It is also found that these results
are consistent with kinetic energy distribution of ionic species. The different expansion
dynamics of C, species in the ambient gas are also discussed. The velocity pulsations
in the faster peak during expansion into ambient gas are attributed to nonequilibrium
kinetic energy transfer because of many body recombination.

A blast wave model appears to be in good agreement in considering the expansion
dynamics of ionic species. But in the case of C, species, this model does not succeed.
A simple adiabatic expansion model appears to provide a good description of the plume
range and this may prove useful for scaling deposition experiments in terms of pressure,
laser irradiance and deposition range.

Finally, the present work clearly points to the existence of the various mechanisms of
the formation of C; species in the laser induced plasma. Analysis of these data provides
a fairly clear picture of the evolution and dynamics of C; species in the laser induced

plasma from graphite as well as the role of carbon clusters in the same.
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Chapter 5

Dynamics of Laser Produced Carbon
Plasma

Plasma produced by fundamental radiation from a Nd:YAG laser focused cnto a graphite
target is studied spectroscopically. Measured line profiles of several ionic species were
used to infer electron temperature and density at several sections located in front of
the target surface. Line intensities of successive ionization states of carbon were used
for electron temperature and electron density calculations. Stark broadened profiles of
singly ionized species have been utilized for. verifying electron density measurements.
Electron density and temperatures were studied as functions of laser irradiance and time
elapsed after the incidence of laser pulse. The effect of different background gases on the
dynamics of laser produced plasma also have been studied in these investigations. The
validity of the assumption of local thermodynamic equilibrium is discussed in the light

of the results obtained.



5.1 Introduction

Pulsed laser induced plasma has a short temporal existence and is transient in its na-
ture, with a fast evolution of the parameters that are heavily depend on the irradiation
conditions such as incident laser intensity, irradiation spot size, ambient gas composi-
tion and pressure. It is also true that these parameters vary drastically with axial or
radial distance from the target surface. Detailed investigation of the optical emission
of the plasma plume gives the information on the spatial and temporal evolution of
transient species produced during laser-target interaction, such as excited atoms, ions
or molecules. The spectroscopic studies made on spatial volume elements in the neigh-
bourhood of the target surface in the early stages of the plasma evolution give direct
information about the laser-target interaction as well as laser-plasma interaction. Inves-
tigations on optical emission at comparatively larger distances from the target surface
result in yielding information on the plasma species reactivity, which is an important
quatity needed to maintain quality of thin films, prepared using pulsed laser deposition
technique. It also reveals the dynamics of the ablated material before collision with a

substrate surface [1,2].

Experimental studies show that pulsed laser evaporation of a solid target with in-
tensities well above the vapourization threshold is generally accompanied by plasma
formation. Actually the formation mechanism of this laser produced plasma is fully not
understood yet [3-5]. The plasma initiation in the case of pulsed CO, laser irradiation
of metals in an ambient gas at atmospheric pressure shows that an avalanche ionization
can occur in the ambient gas even for laser intensities lower than the threshold for the
bulk material vaporization [6]. Primary electrons coming from vaporization of surface
defects were able to initiate the plasma formation in the surrounding gas. Due to the
high absorption coefficient of infrared radiation in the plasma, it was not possible to
couple laser energy efficiently to the target and the ablated vapour remained low even

at high laser irradiance levels [7].

Pulsed laser deposition is increasingly being utilized for thin film preparation [8].
Among the parameters involved in pulsed laser deposition process, laser irradiance, laser
wavelength, background gas pressure, distance at which the substrate is placed seem to
be more relevant in order to the control the film growth. Spectral analysis of light emitted

from the plasma produced in the process of target ablation and material transport in
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laser deposition of thin films gives information about plasma composition, the energy
content of ablation products and the dynamics of the different species in the plume [9-16].
In addition, the evolution of the plume can be theoretically predicted with models that
refer to the initiation mechanism, kinetic processes and other important parameters like
electron temperature, electron density, ionization stage etc. Richter [17] demonstrated
the peculiarities of the pulsed laser plasma method for the deposition of thin films by
estimating the evaporation threshold as well as the electron temperature and density of
the absorbing laser plasma. The energy content of the plasma varies with the kind of
laser light. The degree of vapourization of a plasma generated by a CO; laser is higher

than that produced by an excimer laser [17].

The interaction of pulsed laser irradiation of nanosecond duration with a metal sur-
face was studied by numerical stimulation by various authors [18-20]. During the stage
of interaction between the incident laser beam pulse and the solid target, part of the
laser beam is reflected back to the ambient and part of the energy is absorbed within a
short penetration depth in the metal. The macroscopic picture at low laser intensities
implies that skin depth absorption and surface heating eventually drive heat conduc-
tion into the material. The mechanisms of energy transfer from the laser beam to the
metal were described in one of the earliest reports in the field by Ready [21]. The laser-
plasma-target interactions may strongly affect the energy delivered to the target surface.
The coupling of the laser radiation with the target may be substantially different from
that due to surface absorption alone. This phenomenon, called, thermal coupling, has
been observed by previous researchers [19,22]. The mechanism for enhanced thermal
coupling are not fully understood yet, although it is believed that coupling is caused by
high-temperature plasma formed in the vapour phase above the target surface. There-
fore thermal coupling has been called plasma-enhanced coupling by some researchers.
Energy can be transferred from the plasma to the target by one or combinations of the
following mechanisms: (i) normal electron heat conduction; (ii) short-wavelength ther-
mal plasma radiation which is absorbed by the target surface; and (iii) condensation of
the vapour forced back to the target surface by the plasma pressure [18]. These three
mechanisms provide additional heat flux contributions to the target surface, which may
or may not exceed the loss of the incident light flux due to plasma absorption [23].
Singh and Narayan [24] proposed a theoretical model for simulating laser-plasma-solid

interaction, assuming that the initially formed plasma undergoes a three dimensional



isothermal expansion followed by adiabatic expansion. Aden et al [25-27] dealt with
the laser induced expansion of metal vapour against background pressure. The inverse
bremsstrahlung mechanism was used to model the plasma laser light absorption. The
thermal ionization was modeled by the Saha-Eggert equation [28]. Erpelding et al [29]
calculated the radiation loss by the stationary plasma above the target surface and dis-
cussed the thermal coupling due to plasma absorption and heating. Further research is
needed to understand the dynamic formation of plasma in the ejected vapour phase and

its interaction with the incoming laser pulse.

Laser induced graphite plasma has got several applications. Carbon thin films have
been attracting both intensive theoretical and experimental investigations due to their
diamond-like properties. This technique is also utilized for fullerene sysnthesis in an
ambient gas. It is potential method for many possible new, yet to be defined technological
applications. While this strong interest leads to intense research work on the physical
and chemical properties of these classes of carbon, the precise nature of its formation

remains controversial.

Usually plasmas are characterized by their electron temperature (T.) and electron
density (n.). There are several diagnostic techniques employed for the determination of
electron density which includes, plasma spectroscopy [30, 31], Langmuir probe [32-34],
microwave and laser interferometry [35-38], and Thomson scattering [39-42]. Thomson
scattering is probably the most direct and least theory-dependent, while spectroscopy
is the simplest as far as instrumentation is concerned. Plasma density determination
using Stark broadening of spectral lines is a well established and reliable technique in
the range of number density 10 to 10'*¢im™ [43-45]. The electron temperature is an
equally important plasma parameter. Knowledge of the electron temperature is vital to
the understanding of the dissociation, atomization, ionization and excitation processes
occurring in the plasma. It can be determined spectroscopically in a variety of ways:
from the ratio of integrated line intensities, from the ratio of line intensity to underly-
ing continuum, and from the shape of the continuum spectrum (bremsstrahlung) (30].
Irons and co-workers [46-48] have reported detailed studies on the temporal, spatial and
spectral characteristics of ryby laser- produced carbon plasma. They deduced electron
density by line intensity measurements and Stark broadened wavelength profiles of the
carbon VI and carbon V lines in high density plasma produced by a 5 J Ruby laser

irradiation of a polyethylene target in vacuum.
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In this chapter, the studies on plasma parameters such as electron density and electron
temperature and their dependence on factors like incident laser irradiance, time after the
elapse of laser pulse, spatial separation from the target surface and pressure and nature
of the ambient gas will be discussed. Temperature and density of the plasma have been
evaluated using the relative line intensities of successive ionization states of carbon atom.
The determination of electron density is also carried out using the Stark broadened profile

of singly ionized carbon atom. The details of these are given in the following sections.

5.2 Experimental

Details of the experimental technique are given in chapter 2. Briefly, plasma was gen-
erated by laser ablation of the high purity polycrystalline graphite sample using 1064
nm radiation pulses from a Q-switched Nd:YAG laser with repetition rate 10 Hz. The
target in the form of a disc (20 mm diameter and 5 mm thickness) was placed in a evac-
uated chamber provided with optical windows for laser irradiation and spectroscopic
observation of the plasma produced from the target. The target was rotated about an
axis parallel to the laser beam to avoid nonuniform pitting of the target surface. The
bright plasma emission was viewed through a side window at right angles to the plasma
expansion direction. The line-of-sight intensity of the plasma is collected from a cross
section of area 0.01 cm?. The section of the plasma was imaged onto the slit of a 1 meter
Spex monochromator (with entrance and exit slits are parallel to the target surface us-
ing appropriate collimating and focusing lenses so as to have one to one correspondence
with the sampled area of the plasma and the image. The scan of the monochromator
was controlled using Spex CD2A compudrive arrangement. The recording was done by
using a thermoelectrically cooled PMT, which was coupled to a boxcar averager/gated
integrator. The averaged output from the boxcar averager was fed to a chart recorder,
which for the present study averaged out intensities from 10 pulses. For Stark broaden-
ing studies, the resolution of the monochromator was kept at its maximum by keeping

the slit width at a minimum (3 pm, 6 pm).

5.3 Relative line intensity measurements

One of the simplest methods for the determination of electron temperature is by using

relative intensities of lines of the same element and ionization state. This is one of the
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earliest method for the determination of temperatures in Local thermodynamic equilib-
rium (LTE) plasmas, which is based on the the fact that densities in various excited
states are proportional to the product of statistical weights with the exponentials of the
negative ratios of excitation energy and the thermal energy kT. The temperature is ac-
cordingly inversely proportional to the logarithm of the ratio of the total intensities of
lines arising from different upper levels, provided that none of these lines is affected by
self absorption. The electron temperature 7T, can be determined using the eqn. [30]
T F-F
In(IN3¢ £ /T Xgf)

where I, A, g and f are the intensity, wavelength, statistical weight of the lower state

(5.1)

and oscillator strength of the one line and E its excitation energy. Primed quantities
represent corresponding constants for the second line.

Relative line intensities from the same element and ionization state usually do not
provide accurate temperatures. The principal reason for this is the relatively small
separation between the upper levels of two lines. This renders the line intensity ratio
rather insensitive to temperature changes. Considerable improvement in sensitivity can
be obtained by selecting lines from successive ionization states of the same element,
because the effective energy difference is now enhanced by the ionization energy, which

is larger than the thermal energy. In LTE, the ratio of such line intensities is given
by [30],

I [fgx]: , 1 [kT, ] E+E.-E-AE
= = 225 | [4n¥ae®n, : - = x 5.2
i [fg,\ﬂ‘[7r a'n.| Ey| P kT (52)
where the primed symbols represent the line of the atom with higher ionization stage;
f, is the oscillator strength; g, statistical weight; ag, Bohr radius; Ey, ionization energy
of the hydrogen atom; E, excitation energy and AE, is the reduction to the ionization
energy F., of the lower ionization stage.

The correction factor in the ionization energy is given by [30]

AE, =3z

¢ [‘me] " (5.3)

3

4teg

where z = 2 for the lower ionization state.
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The correction factor in the ionization energy for different values of electron densities

obtained in our studies are given below.

For N, = 10%e¢m ™3 AE, =13eV
for N, = 10""em ™3 AFE, =0.6eV
for N, = 10%ecm™  AE, =0.3eV

During the spectral studies of laser produced carbon plasma, we have observed ionized
species up to C IV along with molecular species like C,. We have not observed any line
of considerable intensity corresponding to excited carbon atom in the wavelength region
studied. Intensities of the successive ionized lines of carbon viz, C II, (C*) and C III
(C**) are used for these calculations. There are two unknown quantities (T, and n.) in
eqn. 5.2. We can have two equations by taking intensities corresponding to two lines
each from the same ionization stage, from which T. can be deduced.

For the given plasma temperature, we can qualitatively evaluate the variation of
plasma density. The plasma density is related to the emission intensity and the plasma
temperature by eqn.(5.2).

For the evaluation of T, and n, we make use of line intensities corresponding to the
lines at 464.7 nm and 569.6 nm of C III and 392 nm and 407.4 nm lines of C II. The
spectroscopic constants of these spectral lines are given in table 5.1.

Table 5.1. Spectroscopic data of the lines selected [30]

Lines | Wavelength (nm) | Excitation energy (eV) | g f
Ccu 392.07 1941 410.134
Ccu 407.49 27.30 210.797
CII 464.74 32.05 31 0.423
CIII 569.60 34.13 3 | 0.407

5.3.1 Spatial dependence

It is possible to distinguish between two phases in the time and space evolution of the
laser induced vapour plasma [5]. The first one is the ionizing phase characterized by
laser heating of the target and the dense ionized vapour in the vicinity of the surface.

The second one is the recombining phase of the expanding plasma. The first phase is not
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accessible for optical emission spectroscopic observation because of the reduced dimen-
sion of the dense ionizing vapour layer and its high optical opacity. The only indicator
of the ionizing phase is the continuum emission which is very intense in the vicinity of
the target surface. Due to high density of particles in the initial stages of the plasma
expansion, there are numerous collisions lead to free-free (bremsstrahlung) and free-
bound (recombination) transitions and plasma behaves as a continuum of compressible
fluid [24,49]. This plasma represents a heated high pressure gas kept in a region of small
dimensions which later on, is allowed sudden expansion into the sorrounding vacuum.
In a laser produced plasma the preferential vapourization of the evaporated material is
always found to be in a direction perpendicular to the target surface, irrespective of the
angle of incidence of laser beam. The estimations of electron temperature and density
of the laser produced carbon plasma were carried out here for distances up to 12 mm
from the target surface in a time integrated manner. When the laser is focused onto the
carbon target [which is placed in a vacuum (2 x 10~° mbar)], due to density gradients in
the plasma a rapid expansion takes place.

The spatial dependence of electron temperature of the carbon plasma deduced from
line intensity measurements is given in fig. 5.1. The spectra are charted at a pressure of
2 x 107° mbar and at an irradiance of 50 GW cm™2. The temperature shows a steadily
decreasing behaviour with distance. With increasing separation from the target surface,
the electron temperature falls from 2.43 eV to 1.6 eV. The variation of electron tem-
perature with distance (z) perpendicular to the target surface shows a z7%! dependence.
For these studies time integrated intensities were used and the value of T, presented
in different distances from the target should be regarded as indicative of the average
conditions occurring in an Nd:YAG laser induced carbon plasma, rather than defining
the conditions at a particular stage of its evolution.

The density of the plasma at a point z, at any time t can be expressed as [49]
¢
-

ne(2,t) = no(t) (1 - E%) (t < 7) (5.4)

where ng is the density at the center of the laser irradiated spot (z = 0) at time t; t/7
takes into account of the injection of particles into the plasma (7, pulse width of the
laser); the z coordinate is directed perpendicular to the target and Z(t) refer the spatial
coordinate of the leading edge of the plasma. The above equation shows that the number

of particles of the plasma increases linearly with time (for ¢ < , isothermal expansion)
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Figure 5.1: The variation of electron temperature as a function of distance from the
target surface (laser irradiance used 50 GW cm™2 and pressure 2 x 10~° mbar)
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Figure 5.2: Electron density of the graphite plasma as a function of distance from the
target surface (laser irradiance used 50 GW cm~? and pressure 2 x 107° mbar)

147



during the incidence of the laser pulse due to constant evaporation from the target. In
the adiabatic expansion there is no increase in the number of particles (¢ > 7), the density

gradients can be expressed as [49]

z

n(z,t) = no(t)(l - %) (t> 1) (5.5)

According to eqns. 5.4 & 5.5, the density decreases linearly with distance from the target
surface. The spatial dependence of electron density of the carbon plasma is given in fig.
5.2. With increase in separation from the target surface, the electron density decreases

from 7 x10}cm 3 at 1 mm to 3x10%cm ™3 at 11 mm.

5.3.2 Time dependence

The temporal evolutions of electron temperature and electron density are of prime im-
portance, since many kinetic reaction rates depend directly or indirectly on these param-
eters. The experimentally measured variations of temperature and density of the laser
generated carbon plasma with time are given in figs. 5.3 and 5.4 respectively. For these
studies the boxcar gate width was set at 10 ns. An initial electron temperature of about
3.6 eV and density of about 4 x10%¢m = were observed.

At shorter times (< 100 ns), the line to continuum ratio is so small and the temper-
ature measurement is very sensitive to errors in setting the true continuum level. This
problem is particularly acute for times up to 50 ns. For time interval > 100 ns, the
line to continuum ratios are within reasonable limit, interference with the continuum
measurement is not severe and the vales of T, shown in the figure should be reliable.

Initially the plasma expands isothermally within the time of the duration of the laser
pulse. After the termination of the laser pulse, the plasma expands adiabatically. During
this expansion the thermal energy is converted into kinetic energy and the plasma cools
down rapidly. An adiabatic expansion of the plasma occurs, when the temperature can

be related to the dimensions of the plasma by the adiabatic thermodynamic relation
TIX(2)Y(t) Z(t)]"* = constant (5.6)

where 7 is the ratio of specific heat capacities at constant pressure and volume, X(t), Y(t)
and Z(t) are the dimension of the expanding plasma in the three mutually orthogonal

directions.
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Figure 5.3: Electron temperature of the expanding plasma as a function of time (distance
3 mm; pressure 2 x 1073 mbar, 50 GW cm™?)
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Figure 5.4: Electron density of the expanding plasma as a function of time (distance 3
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It is noted that within 300 ns after the laser pulse the temperature drops from 3.6 eV
to 2.1 eV while the density falls from 4 x10®%cm™3 to 1 x10'cm 3. In the early stage of
plasma evolution the electron temperature is high and it varies very rapidly. When the
time is greater than 300 ns, the electron temperature (kT) of the plasma is reduced to
about ~ 2 eV. But afterwards the temperature gets stabilized for a period up to ~ 2000
ns.

As seen from the adiabatic equation of state, the rate of decrease of temperature
strongly depends on the specific heat ratio 4. However, in actual practice (as shown in
fig. 5.3) the temperature decreases more slowly than predicted by the adiabatic equation
due to preferential expansion of the plasma in one dimension during initial stages and due
to recombination effects. But, 300 ns after the initiation of the plasma the temperature
begins to decrease more slowly due to the energy released by the recombinations which
compensate the cooling due expansion processes. The variation of electron temperature
with time (t) for 1.06 um radiation show ¢=? dependence which is in accordance with
the theoretical adiabatic expansion model by Rumbsy and Paul [50].

The variation of n. with time can be explained as follows. During initial times, when
t < 7, plasma expands isothermally and when t > 7, it expands adiabatically. In the
adiabatic regime, according to eqn. 5.5, the density decreases linearly with time. But in
actual practice the density varies exponentially with time because of the high expansion
velocities of the leading edge of the plasma which makes the plasma transparent the laser
beam. The electron temperature has been found to decay with a dependence T, o ¢~2
rather than the reported theoretical T, ox £~ [50]. Such discrepancies from the ¢t has
been noted by others also [50].

5.3.3 Dependence on Laser Irradiance

The nature and characteristics of the laser produced plasma strongly depend on the laser
irradiance. Figs. 5.5 and 5.6 give variation of electron temperature and density of the
laser produced graphite plasma with respect to laser irradiance (3 mm, 2 x10~° mbar).
Time integrated line intensities were used for these calculations. As laser irradiance
increases from 21 GW cm™2 to 64 GW cm™2, the electron temperature increases from
1.29 eV to 2.15 eV, and saturates at higher irradiance levels while electron densities

varies from 5 x10%¢m™2 to 2 x10cm ™3 and then saturates. The saturation in T,

and n, at higher irradiance conditions is expected to be due to plasma shielding, ie.,
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Figure 5.5: The variation of electron temperature with laser irradiance (distance 3 mm)
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absorption and /or reflection of the laser photons by the plasma itself [51]. The reflection
of the incident laser beam depends on the plasma frequency v,, which should be lower
than the laser frequency. For Nd:YAG laser with its fundamental wavelength (1.06 um)
corresponds to a frequency v; = 2.828 x 10'* Hz. The plasma frequency is given by
v, = 8.9 x 10°n2°, where n, is the electron density. Calculations show that, with n,
~ 10em™3, v, = 6.5 x10'? Hz, which is much smaller than the laser frequency. So the
energy losses due to reflection of Nd:YAG laser beam from the plasma can be assumed to
be insignificant. An expression for the plasma absorption coefficient k, which depends

on the plasma and laser light frequencies can be written as [52]

_ 21/1 Vlz, 172
"= ?’m[(l - ) } o0

where 7,; is the electron-ion collision time. The above equation is derived considering
electromagnetic wave propagation in plasma, and is valid when the quasistationary ap-
proximation is satisfied, ie, when the amplitude of the electric field varies slowly with
time. Since, v, in our case, is much larger than v,, this approximation is valid. From this
expression it follows that the absorption coefficient for laser radiation is approximately
proportional to the square of the electron density, the square of the light wavelength and
to T3/, Essentially the same result is obtained by treating absorption as due to inverse
bremsstrahlung [53]. This expression also reveals that the plasma absorption coefficient
has a pronounced maximum when the laser frequency is in the vicinity of the plasma .
frequency.

When the vapour initially becomes slightly ionized, it absorbs part of the incident
laser radiation. The energy is converted into internal energy of the plasma. With increase
in plasma temperature, the degree of ionization of the vapour is also increased., thereby
further enhancing absorption of the incident laser radiation. As the plasma density and
temperature rise, the vapour phase progressively behaves like an optically thick medium.
The plasma effectively shields the target surface from the trailing part of the laser pulse.
The energy in the plasma is then transferred away by thermal radiation or converted
into hydrodynamic motion. Due to lateral expansion of the plasma, the energy radiated
from the plasma to the target is often distributed over an area significantly larger than
the laser beam spot.

A radiating gas may be composed of molecules, atoms, ions and electrons. These

particles have various energy levels associated with them. In accordance with the gen-
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Figure 5.7: The estimated absorption depth (at 1.06 um) of graphite vapour plume for
inverse Bremsstrahlung

eral scheme of allowed energy states of an atomic system, the electronic transitions ac-
companying absorption and emission of light are subdivided into three types: free-free,
bound-free and bound-bound transitions. From an energy point of view on continuous
spectra, bound-free and free-free transitions are of primary interest. The reason is that
the radiant energy losses by distinct spectral lines usually represent small part of the con-
tinuous spectrum {53]. In this study it is assumed that the evaporated particles are either
in atomic form or ionized states. The two dominant mechanisms responsible for plasma
absorption at these laser irradiance levels used in our work are inverse bremsstrahlung
and photoionization. Inverse bremsstrahlung absorption a;, via free electrons is approx-
imated by [53]

agp(em™!) = 1.37 x 1073 \3p?2T1/2 (5.8)
where A is the wavelength of the laser photons in pm. The absorption due to inverse
bremsstrahlung at different laser irradiance levels is shown in fig. 5.7. It is noted that
the absorption due to inverse bremsstrahlung is negligibly small at low irradiance levels

and increases with increasing laser irradiance.

Absorption via photoionization can be estimated with Kramer’s formula and absorp-
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tion coefficient {53, 54]

i = an 7.9 x 10" [f—;]s [Ei] llzn" (5.9)
where E, and n, are the ionization energy and number density of the excited state
n; h, Plank’s constant; v, laser frequency; I, ionization potential of the ground state
atom. The absorption coefficient of photo ionization is obtained by summing up all the
excited states whose ionization energy are smaller than the laser photon energy. Since
the excitation potentials of atomic transitions of carbon atoms are much greater than
the photon energy of the pump used (1.17 eV), direct photoionization by the absorption
of a laser photon is ruled out. The only possibility for this type of ionization to happen
is by the simultaneous absorption of number of photons.

The ionization rate in the case of photoionization is given by [55]
P
W, = won’/? [57} (5.10)
where p = I;/hwy is the number of photons absorbed and &, is the electron oscillation
energy which is given by
£,s = 0.093)%I(eV) (5.11)

where I is the power density used for the ablation (W cm™2). Since the ionization rate
depends on number of absorbed quanta p and the laser irradiance through &, the slope of
the log — log plot between laser irradiance and emission intensity will be a direct measure
of number of photons involved in this process. Fig. 5.8 gives such a plot for C II and C
III ionic species from the laser produced carbon plasma. One can see that the intensity of
the line grows as [P where p = 10 for C II and p = 9 for C I1I, which are in good agreement
with the photon energy used in the present experiment and the first ionization .potential
of carbon atoms (11.3 €V). The mismatch observed in the case C III ions implies that
along with photoionization, other processes like impact ionization and direct generation
of the species at higher energy states also take place. At higher irradiance levels exponent
is close to unity and obviously the multiphoton ionization is not a dominant process in
this regime. Besides photoionization, other mechanisms especially impact ionization,
thermal ionization etc. may also affect the absorption coefficient of the plasma.

The saturation in T, and n, at higher irradiances cannot be explained by considering
only the prominent absorption mechanisms via, inverse bremsstrahlung and photoion-

ization. Such temperature behaviour can be explained by assuming the formation of a

154



3.5 ' I , ,

29 + v 4

2.3 F v |

1.7 F -

log intensity

1.1 F -

0.5 [~ 1 . 1 X [
10.1 10.3 10.5 10.7 10.9
log laser irradiance

Figure 5.8: Variation of logarithm of the ion emission intensity of singly and doubly
ionizes species of carbon with laser irradiance (+ - CII, V - C III)

self-regulating regime at higher irradiances. During the incidence of the laser pulse on
the target surface, we can have four separate domines which include, (i). unaffected bulk
target, (ii). evaporating target surface, (iii). area near the target absorbing the laser
beam, and (iv). rapidly expanding outer edge of the plasma which is transparent to the
laser beam. During isothermal expansion a dynamical equilibrium exists between the
plasma absorption coefficient and rapid transfer of thermal energy into kinetic energy,
which controls the isothermal temperature of the plasma. At high irradiance levels, when
an appreciable amount of energy is absorbed by the plasma, a self-regulating regime may
form near the target surface. If the absorption of the laser photons by the plasma be-
comes higher due to high plasma density, the evaporation of the species from the target
becomes less, which in turn decreases density of the charged species. This consequently
increases the absorption of the laser photons by the target, which in turn increases the
temperature of the plasma. On the other hand, when the absorption of the laser energy
is less, the process is reversed, with similar results. It has been theoretically proved
that the density, temperature and dimensions of the plume adjust in such a manner

that the plasma absorbs same amount of laser radiation to maintain a self-regulating
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regime [56]. This assumption was found to be valid in laser generated plasma, where
thermalization time is significantly less than the plasma expansion time, resulting in
an establishment of uniform temperature in the plasma. The thermalization time T,; of
energy exchange between electron and ions/neutrals during collision can be estimated

from the relation [57]

__ 252MT 519

* 7 In(A)n, (5.12)
where ’
3(kT)3 2

= _4(7me)1/263 (5.13)

where In A stands for the Coulomb logarithm, which involves dynamical information
about ion-electron collisions, M is atomic weight. With n, = 10*" cm™3, T, ~ T (vapour
temperature) = 22000 K, the relaxation time is ~ 3 fs, which is much smaller than
the expansion time or pulse width of the laser beam which is of the order of few of

nanoseconds.

5.3.4 Pressure dependence

The formation and role of a plasma resulting from the interaction between a laser beam
and solid target in an ambient gas are reviewed extensively by various workers [7,58-63].
Kagawa et al. [72] have studied the effect of surrounding gases like helium, argon, nitrogen
and carbon dioxide on the emission characteristics of the nitrogen - laser induced plasma.
Piemeir and Osten [73] have discussed the influence of the atmosphere on Q-switched
laser sampling and the resulting plumes. They have also pointed out the importance of
laser energy absorption by resulting plasmas. Laser induced fluorescence studies {74, 75]
have indicated that the ambient atmosphere acted not only as a buffer to increase the
residence time of the ablated atoms, but also helped to atomize ablated droplets. Some
reports have also discussed the effect of ambient atmosphere on the improvement of
the analytical performance of atomic emission spectrometry using laser induced plasmas
(76,77]. Lida [78] investigated the atmospheric effects on the laser vapourization process.
Time-resolved spectroscopy and direct measurement of vapourized sample mass revealed
that the atmosphere present during the vapourization phase was very important for both
the effectiveness of the vapourization and the subsequent plasma emission measurement.
Ownes and Majidi [79] studied the effects of increased pressure of buffer gas on the

laser-induced plasma emission.
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The three different laser intensity thresholds for plasma initiation in the presence of
an ambient gas can be distinguished as the surface vapourization threshold, the target
vapour plasma threshold and the ambient gas plasma threshold. These threshold values
for vapourization, vapour plasma and gas breakdown strongly depend on experimental
parameters like target material, wavelength of the laser radiation, nature of the ambient

gas etc.

One of the important applications of laser produced plasma from graphite is the
preparation of diamond-like carbon (DLC) films. Despite the considerable success that
have been achieved in making DLC thin films by using laser ablated carbon plasma
[64-66], dynamics of laser induced plume expansion into an ambient gas are not fully
understood. Ablation into high pressure ambient gases results in shock waves and ex-
pansion fronts propagating through the background gas. With increase in background
gas pressure, the fluorescence from all species increases as a result of increased collision
rates on the leading edge of the expansion, slowing down of the plume boundary and
the attenuation of the material penetrating the background gas [4]. Compared to the
expansion into vacuum, the interaction of the plume with an ambient gas is a far more
complicated gas dynamic process which involves deceleration, attenuation, thermaliza-
tion of the ablated species, and the formation of the shock waves. Recent measurements
performed over wide range of expansion durations have demonstrated a complicated gas
dynamic picture of plume ambient gas interaction which is characterized by different
propagation phases and is accompanied by plume oscillations at rather high background
pressure [10-12,67]. Due to the complexity of the ablation dynamics, an appropriate the-
oretical description of plume expansion for a wide range of ablation conditions is lacking.
In low gas pressure, the plume propagation could be described by Monte Carlo Simu-
lation [68]. In moderate or high pressures, which is typical for thin film preparation, a
blast wave model is found to describe accurately the plume propagation distance during
the early expansion stages, whereas a shock layer model and an empirical drag model

predict the maximum plume length with considerable accuracy [69-71].

We have studied the effects of atmosphere on the laser vapourization and excitation
processes were investigated with spectral measurements. The spectral intensity measure-
ments are carried out in a time integrated manner and these are used for the estimation
of electron temperature and electron density. Studies were made by keeping the graphite

target in three different atmospheres viz. air, helium and argon from 1 mbar to a pres-
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Figure 5.9: Photograph of the laser produced plasma emission from graphite target in

kelium atmosphere (0.1 mbar)

igure 5.10: Photograph of the laser produced plasma emission from graphite target in
agon atmosphere (0.1 mbar)




sure reduced to 107° mbar. Helium and argon gases are used as buffer gas for industrial
applications such as welding. These rare gases avoid chemical reactions of ambient gas
with targets.

The emission spectra, electron temperature and density are found to be significantly
influenced by the ambient atmosphere. The addition of an ambient gas enhances the
emission from all species. The relative enhancement depends on the gas pressure, the
nature of the gas, and also the excitation energy of the electronic transition responsible
of the line. The life time of all the transitions studied is of the order of few nanoseconds,
while the observed increase of the emission occurs at a time in the order of few tens
of nanoseconds [80], the increase in intensity should be due to species that have been
excited during the plasma expansion. The two main processes invoked in the excitation
are the particle collision excitation and electron impact excitation.

The shielding effect, ie. the absorption of the laser energy by the plasma strongly
depends on nature of the background gas used. Ambient gas breakdown will profoundly
influence the laser energy coupling to the target surface. If gas breakdown occurs before
laser light reaches the sample surface, major part of the energy will be absorbed by the
resulting plasma formed from the gas. The laser irradiance used in these studies is 50
GW cm™2. The breakdown thresholds of helium and argon reported using Q-switched
ruby laser are 3x10'! and 1x10*Wem =2 at atmospheric pressure and increase gradually
with decrease in gas pressure [81]. In the present experimental 'work,. the pressure range
used for Ar and He are well below atmosphere pressure and one may safely predict that
gas breakdown will not occur.

A cascade growth of the electron number density and absorption coefficient of the
plasma will be greatly influenced by the nature of the background gas. A cascade like
growth of electron density is an important process because of the absorption of the laser
radiation by the plasma with increase in ambient gas pressure. The condition necessary

for the development of cascade like growth is given by (82]

de 471'262Illefj 2meueffE'

dt ~  m.cw? M

>0 (5.14)

where € is the energy of the free electrons; e and m are the charge and mass of the electron;
M, mass of the background gas neutral particle; E, the energy of the first ionization stage
of the gas; v.ss, the effective frequency of & - neutral collision; 1, radiation intensity and

w, the cyclic frequency of radiation. The first term on the right hand side of the eqn.
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5.14 expresses the rate of growth of energy by the absorption of laser photons, and the
second term gives the maximum rate of energy loss due to elastic and inelastic collisions
with neutral gas particles.

According to the classical electrodynamics, the spectral absorption coefficient (k;)

due to inverse bremsstrahlung is given by [83]

k=1~ ezp(—hw/k'[)][ 16eén2 ] [ 2m

1/2

3homow? 3m,kT} " 2 Zinig (5.19)
where k is the Boltzmann constant, h, Planck’s constant, T temperature, n; and n,
represent the number of ions and electrons per unit volume, Z; stands for the charge of
ions and g;, the Gaunt factor which corrects the semiclassical expression for quantum
effects. In the above expression, the inverse bremsstrahlung contribution stemming from
electron-neutral interaction has been neglected. This equation indicates that higher
the electron density and degree of ionization, the more effectively the laser radiation is
absorbed by the plasma.

When the plasma medium absorbs a significant fraction of laser energy, a laser sup-
ported detonation wave will be formed. Under this condition the length of the plasma

can be written as [84]

1/5
M) $3/5 (5.16)

pB
where Ef is the electric field strength; -, specific heat ratio; p, density of the ambient

z2= const(

gas; B an absorption factor expressed partly by eqn. 5.15; and o, the high frequency
conductivity which is given by [83]
en.v
o= —7——
me(1? + w?)

where v is the electron collision frequency.

(5.17)

At moderately high pressures, the plasma expansion can be modeled as a blast wave,

1/5
z=(%§ 23 (5.18)

where W is the total energy absorbed. The dimension of the plasma, which is closely

which is represented by [84]

related to the density, temperature and coupling of laser radiation is influenced by the
surrounding gas through eqns. 5.16 and 5.18. In our present work, the axial spread
length of the plasma is considerably larger in helium atmosphere in comparison of argon

and air, since density of helium is less than that of air and argon (fig. 5.11).
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Figure 5.11: Approximate plume length of the laser produced graphite plasma at different
background gas pressures

To get a clear idea about the background gas effect on the nature of the plasma,
the physical processes of the ambient gases should be studied in detail. Some physical

properties of the gases, which are related to plasma generation processes is given in the
table 5.2.

Table. 5.2 : Physical properties of different ambient gases used [85]

He Ar | Air(N,)
Atomic/molecular weight 4 40 28
Ionization energy (eV) 246 | 15.8 15.6
. 167 | 1.67 | 1.40
Density (at 760 torr)(g/litre) 0.1785 | 1.784 | 1.251
Thermal conductivity (10 %cals~'deg~'cm~!) | 360.36 | 42.57 | 62.4

In comparing argon and helium atmospheres the cascade condition (eqn. 5.14) is more -
favoured for argon (M = 40, E = 14.5 ¢V) than He (M = 4, E = 23.4 V). The plasma
formed in Ar atmosphere are more absorptive than He atmosphere which directly in-
fluence the value of T, and n,. We have observed that the temperature and density of

carbon plasma is higher in argon compared to the presence of helium or air. Further-
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Figure 5.12: Variation of electron temperature as a function of pressure of the different
ambient gas used

more, the pressure of the ambient gas is directly related to the plasma density so that

the absorption coefficient increases with increase in ambient pressure.

Figs. 5.12 and 5.13 give the variation of time integrated electron temperature and
electron density of the carbon plasma with pressure at different ambient atmosphere
(Air, He and Ar). The plasma temperature T, and density n, show a some what similar
behaviour for helium and argon ambient atmospheres. Despite the large difference in
atomic mass between the two inert gases (=~ 4 for He and =~ 40 for Ar) the temperature
profiles in these two atmospheres are very similar. It can be seen that the electron
temperature and density attains a maximum value at ~ 1072 mbar for argon and He
ambient atmospheres, then decreases with change of pressure on either side. The de-
crease in electron temperature and density at pressures < 1072 mbar is presumably due
to less efficient confinement of the plasma, so that plasma energy is distributed over a
large volume. As the pressure of the ambient gas increases, confinement of the plasma
takes place, which improves the elastic and inelastic collisions and thereby recombina-
tion processes. The increase in temperature with pressure is therefore due to the energy

gained by the recombinations superseding the cooling due to increased intraplume colli-
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Figure 5.13: Variation of electron density as a function of pressure of the different ambient
gas used

sions. At still higher pressures (pressures > 1072 mbar), the confinement of the plasma
nearer to the target surface takes place, which in turn increases the effective frequency
of electron collisions with background gas atoms. The cascade condition is not favoured
at high pressures because of the energy loss due to elastic collision of the electrons with
the neutral particles of the gas which supersedes the rate of growth of energy of free

electrons via inverse bremsstrahlung and hence T, and n. decrease.

The temperature and density profiles in air is different from the profiles in helium and
argon particularly at higher pressures (> 1072 mbar). T, can be affected by chemical
reactions in the plasma as well as by simple hydrodynamic expansion of the plasma.
Higher temperature was obtained in 1 mbar air than was obtained with a similar argon
and helium atmospheres. The nitrogen and oxygen present in air atmosphere influences

the temperature through exothermic reactions [86].

The rate of change of electron temperature in the plasma is the sum of three terms
viz., elastic collision, electron heating due to collisional deexcitation of metastable ions

and recombination of ions. The rate of loss of electron energy at short times is mainly
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dominated by elastic collision term Qa., given by [50]

(5.19)

where o,, represents elastic scattering cross-section between electrons and atoms; ng and
Mp are the density and mass of background gas atom. It is clear from the eqn. 5.19
that, the cooling is inversely proportional to Mg and hence lighter gases are efficient for
rapid cooling. Helium being the lighter gas compared to argon or N; (air) gives rise to
rapid cooling as is observed in the present experiment. The cooling effect by the high

thermal conductivity of helium can suppress the background continuum.

5.4 Condition for LTE

The calculations of T, and n. were carried out under the assumption that the plasma
is in LTE. In a transient system, such as the plasma formed by a pulsed laser beam,
LTE is said to exist if the time between collisions of the particles in the plasma is small
compared with the duration over which the plasma undergoes any significant change (8].
In LTE plasmas, the populations of atomic and ionic excited states are maintained by
electron collisions. Since the collision frequency is proportional to the electron density,
a lower limit for the electron density given in eqn. 5.20 has been determined that will

maintain the populations to within 10

ne > 1.4 x 10MTY2(AE,,,)3em™3 (5.20)

AE,, is the energy difference between the upper and lower states and T, is the tem-
perature. Using AF,,, = 3.16 eV, corresponding to the largest energy gap of the four
transitions (392 nm) used for temperature measurements, and the highest temperature

~3_ Qur observed values of n, are

3.6 eV, the lower limit given by eqn. 5.20 is 8.4 x10%cm
always greater than this limit implying that LTE approximation assumed for our analysis
is valid. However, it should be remembered that laser produced plasma is a transitory

phenomenon, LTE applies only to a limited time interval and spatial positions.
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5.5 Determination of Electron Density using Stark
Broadening method

One of the most powerful spectroscopic techniques to determine the electron density is by
the measurements the Stark broadened line profile of an isolated atom or singly charged
ion with reasonable accuracy [30,31,87,88]. The broadening of emission lines here is
caused by the interactions of radiating atoms or ions with perturbing electrons or ions.
In dense plasmas with temperatures in the 1-10 eV range, the dominant line broadening
mechanism is Stark broadening. Stark broadening is principally a density effect and
does not depend sensitively on the temperature or on the electron velocity distribution.
Stark broadening is thus essentially independent of the assumption of LTE [89,90]. It
follows that the Stark broadening measurements will give reliable electron densities even
in cases where the existence of LTE is doubtful, whereas some other methods would then
become invalid.

In Stark broadening method absolute photon intensities are not required, and merely
the relative line shapes and widths are sufficient to calculate electron density. Here, full
widths at half maximum (FWHM), ie., wavelength differences between two points where
the intensity has fallen by a factor of 2 from that at the maximum, should be used.
Their measurements require some relative intensity calibration or test of linearity of the
detector, but background corrections are not essential, as long as intensity maximum of
the line is well above this background. In order to estimate the electron density, the
Stark broadened profile of C II transition at 392 nm (3p?p® — 4s25) is charted keeping the
monochromator at its maximum resolution. The full width at half maximum (FWHM)
of the lines AJ,; is related to the electron density by the expression [30]

Ne

1016

1/4
Ady = 2W[ T ] [1 - ZNBW} W["—] A° (5.21)

] +3.5A 1ot To%

where W is the electron impact parameter which can be incorporated to different tem-
peratures [30]; A, ion broadening parameter and N the number of particles in the Debye

sphere defined as [88]

Np =1.72 x 1012% (5.22)

The first term in the right side of eqn. 5.21 represents the broadening due to electron
contribution and the second term is the ion correction factor. For nonhydrogenic ions

Stark broadening is predominantly by electron impact. Since the perturbations caused by
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ions is negligible compared to electrons, the ion correction factor can safely be neglected.

Therefore eqn. 5.21 reduces to

Ay = 2W[ I'S;GJA" (5.23)

Stark shift measurements can also yield electron density measurements. The shift in
the Stark profile AAin by the field contributed by electrons and ions and is given by
the expression [30, 88|

Ne ne 1/4 3 1/3 N,
Mhn = D(g55) +24(5)  [1- 30 | w(w) e 20

where D is the electron impact shifts which can be incorporated to different temperatures
[30]; The first term in the right side of eqn. 5.24 represents the shifts due to electron
contribution and the second term is the ion correction factor. The minus sign in the shift
formula applies to the high temperature range of those few lines that have a negative
value of D/W at low temperatures. A comprehensive list of shift parameters D, A and Np
is given by Griem [30] for numerous lines of different atoms and singly ionized ions. But
the shift measurements will yield electron densities with a precision that is, in general,
inferior to that of width measurements [91,92]. The major disadvantage of this method
is that the calculated shifts, particularly the smaller ones, are not too reliable. Shifts
measurements should be employed only if the cases in which the lines with ratios of shift
to half-width of the order of 1 or larger [87].

The time integrated electron density measurements were made for C II transition at
392 nm. The Stark broadened line profile is approximately Lorenzian as shown in fig.
5.14 which fits fairly well with typical Lorenzian profile. Measurements were performed
at different distances and various irradiance levels. Line shape analyses were repeated
at different distances from the target surface which provide a direct indication of space
evolution of electron density giving an insight into the basic ionization processes taking
place in the pulsed laser ablation. Both emission and absorption spectroscopy measure-
ments on plasma plumes yield spectral line widths [93-95] which are markedly wider than
the corresponding natural line widths (~ 10™* A°). The line shape of the absorption or
emission lines are sensitive to local plasma conditions such as pressure and electron den-
sity, so line shape measurements has considerable diagnostic potential and provides a
spectroscopic method for determination of local electron densities from the magnitude

of the corresponding broadening. Three broadening mechanisms are likely to contribute
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Figure 5.14: Stark broadened profile of C II at 392 nm along with fitted Lorenzian curve

significantly to UV /visible line widths observed in plasmas produced during pulsed laser
deposition, viz., Doppler broadening, resonance pressure broadening and Stark broad-
ening. For ablation in vacuum, where ablated species exhibit high expansion velocities,
one of the dominant contributions to spectral line broadening (particularly at distance >
5 mm from the target surface) is motional Doppler broadening which is due to different
Doppler shifts (ie, AX = Av,/c) experienced by the species in different regions of the
plume having different velocity components v, in the observation direction. Typically
for pulsed laser deposition plasmas the velocity component v, are ~ 105cms~! [96] which,
for lines in the visible region, corresponds to Doppler line widths (FWHM) ~ 0.134°.
The resonance pressure broadening interaction occurs on strong resonance lines of and
atom/ion when excited atom/ion interacts with identical ground state atoms/ions. The
resulting broadening is proportional to the ground state number density of the corre-
sponding species and transition oscillator strength. Since the relatively small transition
oscillator strength has been reported [97] for C II at 392 nm (0.134), the resonance broad-
ening part can be safely neglected. Stark broadening of special lines in plasmas results
from collisions with charged species which Stark shifts the energy levels of the atom/ion

undergoing transition, resulting in both a broadening of the line width and a shift in the
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line centre.

The half width of the Stark broadened profile is sensitive to plasma electron density
eventhough the shape is a simple combination of Lorentz, Voigt or Stark shapes [91].
The dependence of the profile on the plasma conditions is complicated because it arises
from the separate contributions of the Stark components of the radiative transition, each
of which has an average position, width and intensity that varies with electron density
and temperature. In addition, the amplitude shifts, and the presence or absence of
fine structure and plasma induced forbidden components also contribute to the shape
of the overall spectral profile. Each particular transition, therefore will have a shape
with a specific dependence on the electron density that serves as the signature of the
plasma conditions from which the line was emitted. It is this particular dependence of
the environment of the radiating ion which enables the spectral profile to be used for

diagnostic information.

5.5.1 Spatial dependence

The broadening close to the target, where the density is highest, is predominantly Stark,
[46] and decreases rapidly with distances from the target, until at large distances only
Doppler broadenng (due to the ion streaming motions) is observed. To this end, in
our work the observations have been made at a number of distances in the range 1-12
mm. Measurements could not be made at distances < 1 mm because of strong continuum
emission. The spatial dependence of electron density of the carbon plasma is given in fig.
5.15 at laser irradiance of 50 GW cm™2. Clearly the plasma expansion is characterised by
a rapid decrease of density with distance from the target. According to the eqn 5.5, the
electron density decrease linearly with distance from the target surface. With increasing
separation from the target surface, the electron density decreases from 2.1 x10em ™3 at
1 mmto 1 x107e¢m™3 at 11 mm. The decrease of n, as a function of distance is following
approximately the 1/z law at short distances, indicating that the initial expansion of the
electron gas is one dimensional, in good agreement with the predictions of the plume

expansion model given by Singh and Narayan [49].

5.5.2 Dependence on Laser Irradiance

The nature and characteristics of the laser produced plasma strongly depends on the

laser irradiance. Fig. 5.16 gives variation of electron density of the plasma with respect
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mm). The dotted line represents the dotted Stark shift

to laser irradiance at distance 3 mm from the target surface. As laser irradiance increases
from 18 GW cm™2 to 54 GW cm™2, electron densities varies from 1.3 x107cm ™2 to 1.55
x10'7em ™3 and then saturates. The saturation in n, at high irradiance conditions are
expected to be due to plasma shielding by the plasma, as discussed in the earlier sections.

It is observed that along with the broadening of the line, there is a shift of the peak
towards the longer wavelength side (fig. 5.17). It is reported that this shift would be due
to the inhomogeneities in the perturbing electric fields [97]. Usually elements other than
hydrogen exhibit quadratic Stark effect and a line broadened by the quadratic effect
tends to be asymmetric and shifted to longer wavelength side [87]. As the excitation
energy increases, the crowding together of excited level increases, the excited levels on

balance tend to be shifted down which results line shift towards longer wavelength side.

5.5.3 Time Dependence

The electron density during the initial duration of expansion (< 100 ns) could not be

properly determined by Stark broadening because of an intense background radiation.
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Figure 5.18: The variation of electron density with time after the initiation of plasma.
(distance 3 mm, laser irradiance 50 GW cm™?%)

The variation of electron density of carbon plasma with time is shown in fig. 5.18.
The variation in electron density is similar to that of electron temperature. During the
initial times is electron density is around 3.5 x10"cm =2 which decreases to a value of 2
x10'%cem 3 within 300 ns and then remains a constant value for about 10 us after the
elapse of laser pulse. The electron density variation with time shows a t 2 dependence on
time, which is in accordance with the theoretical adiabatic expansion model developed

by Rumsby [50].

5.6 Comparison between the two ways to determine
the electron density

We have used two methods for the determination of electron density, viz., intensity
ratios of successive ionization states of carbon and by Stark broadening. The existence
of local thermodynamic equilibrium is not doubtful for the high electron densities (n. ~
107e¢m™2) and relatively low temperatures (~ 2eV) in these experiment. It is noted
that the behaviour of electron density profiles with different experimental parameters

are more or less same for these two methods. The electron density calculations show a
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good agreement especially at distances > 3 mm and at times later than 300 ns. The
margins of error for the electron density measurements using two types of experiments
are due to (a) plasma reproducibility errors (< 5 %), (b) calibration errors (< 10 %)
and (c) uncertainties in the values of constant parameters such as oscillator strength,
electron impact parameter etc. used for these calculations. The mismatch in the electron
density calculations occurred at distances very near to the target surface and at shorter
times are also expected to be due to the uncertainity in the condition for LTE at high
temperatures and the error occurred in the spectral line intensity measurements where

the plasma front is masked by continuum emission.

5.7 Conclusions

1.06 um radiation from a Q-switched Nd:YAG laser was focused onto the graphite target
where it produced a transient and elongated plasma. Electron density and temperature
measurements were carried out by spectroscopic means. Line intensity ratios of the suc-
cessive ionization stages of the carbon have been used for the determination of electron
temperature and Stark broadened profile of first ionized carbon species is used for the
electron density measurements. The dependence of electron density and electron tem-
perature on different experimental parameters like distance from the target surface, time
after the initiation of plasma, laser irradiance and pressure and nature of ambient gases
used are also carried out. At very short distances and times the intense continuum radi-
ation is emitted from the target surface. The line to continuum ratio improves as time
evolves. An initial electron temperature of about 3.6 eV is observed and it decays rapidly
to much lower values within 200 ns time. At greater times the electron température is
more or less constant. The electron density exhibit an approximate 1/z dependence with
spatial separation from the target surface.

With increase in laser irradiance, both electron temperature and density increase and
saturate at higher irradiance levels. The saturation of electron density and temperature
at these irradiance levels is expected to be due to plasma shielding. The absorption
would occur by an inverse bremsstrahlung process, which involves the absorption of a
photon by a free electron. Saturation phenomena of these fundamental parameters with
laser irradiance can be explained by assuming the formation of self-regulating regime in

the plume.
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The electron temperature and density show an abrupt change with the addition of
ambient gases and these parameters also depend on the nature and composition of the
gas used. It is noted that hotter and denser plasmas are formed in Ar atmosphere
compared to He and air as a result of difference in the efficiency of cascade-like growth
of electron number density and plasma absorption coefficient. However, the differences
between these parameter in Ar and He, and the profile in air, particularly at higher
pressures, suggest that T. and n. may be affected by chemical reactions as well as
simple hydrodynamic expansion of the plasma. Electron density measurements using
two alternative spectroscopic methods show good agreement especially at distances >
2 mm and times > 300 ns. The drawback occurred in these measurements at short

distances and short times are also discussed.
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Chapter 6

Spectroscopic Studies on Cyanogen Bands
from Laser Produced Carbon Plasma

Time and space resolved studies of emission from CN molecules have been carried out
in the plasma produced from graphite target by 1.06 pm pulses from a Q-switched
Nd:YAG laser. 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 irradi-
ance and ambient gas pressure. Evidences for nonlinear effects of the plasma medium
like self-focusing which exhibits threshold-like behaviour are also obtained. The transla-
tional temperature calculated from time of flight is found to be higher than the observed

vibrational temperature for CN molecules and the reason for this is explained.
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6.1 Introduction

The Cyanogen (CN) system is of considerable astrophysical interest because of its use in
determining the nitrogen abundance in stellar atmospheres {1]. The CN radical occurs
in a wide variety of sources. It can be observed through either the red (A%ll — X°L*)
or violet (B*L* — X?L*) emission systems [2]. In the laboratory, CN is abundant in
flames, electrical discharges of all types, plasma produced during laser ablation of any
carbon containing material in air or under partial vacuum conditions etc. CN is also
detected in a wide variety of extraterrestrial sources including sun, stellar atmosphere,
comets, red giants, interstellar clouds by techniques of microwave, infrared and ultravi-
olet spectroscopy [3-7]. In principle the two CN band systems should be an excellent
probe of the chemistry under these conditions, where direct measurements are difficult or
impossible. If the dissociation energy and transition probability of CN were known, the
observed emission intensity in the stellar atmosphere could be converted into elemental
abundance. Theoretical studies of the dissociation energy of the red and violet band sys-
tems of CN were carried out by Bauschlicher et al [8]. They reported that dissociation
energy of CN molecules to be 7.65 + 0.1 eV and the life time of the v’ = 0 level of the
violet system to be 62.4 ns. Fluorescence from the CN radical in both the A%Il and B*L*
states has been extensively studied [9,10] as a probe of primary photochemical procsses
in cyanide-containing polyatomic molecules such as HCN, CH3;CN and ICN. This has
led to detailed information of final energy distributions in the photofragments [9]. Much
effort has therefore been devoted to determine reliable radiative transition probabilities
and life times for the CN system. Knowels et al [11] reported Einstein coefficients of

spontaneous emission and oscillator strengths for CN molecules.

CN molecules have been the subject of numerous laboratory investigations. It is
reported that CN molecules produced by ablation using excimer laser are due to pho-
tochemical processes whereas if they are obtained by NIR (Nd:YAG) laser, thermal
processes might be expected to be more relevant [12]. Rotational and vibrational tem-
peratures of CN molecules produced during laser ablation of graphite target in air have
been reported by Hatem et al [13]. Atoms or ions of carbon ejected during laser abla-
tion of graphite target combine with the ambient nitrogen inside the plasma chamber
producing the excited CN molecules through recombination processes. Characteristic

spectral emission of CN bands were obtained due to B2X* — X2L* for violet system
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and A?I1 — X?%* for red system.

Irradiation of a target material with a high power laser pulse generates intense plasma
emission from the target surface. Such laser generated plasma is a rich source for atomic,
ionic and molecular species in various states of excitations [14,15]. The abundance of
molecular, atomic and ionic species in the plasma will depend on various parameters like
nature of the target, laser power and pressure of the residual gas in the plasma chamber
[16-18]. Laser induced plasma (LIP) from graphite target will contain, in addition to
different clusters, atomic and ionic species of carbon and transient species like CN in a
partially evacuated plasma chamber [19-21].

Depending on the time of observation and position of the sampled volume the features
of the plasma emission change as the plasma expands. In the case of LIP from graphite
target, the emission contain molecular band systems from different species like C;, CN
etc.. It has been pointed out that the excited diatomic species, which are sources of band
emission in the different regions of plasma, may be formed by a secondary photolysis
of the initial products. The CN violet system (B2L* — X?3*) has been studied by
a variety of techniques [22-24] since it is an important free radial occurring in many
emission sources. Even though a few studies are available in the literature related to
CN species in the plasma, a systematic investigation of spatial and temporal variations
of the characteristics of the plasma has not been reported yet. This chapter describes
the spatial, temporal, laser irradiance and ambient gas pressure dependence of the CN
species generated in graphite plasma by 1.06 um pulsed laser irradiation under partial
vacuum using optical emission diagnostics technique. Optical spectroscopy is an effective
as well as convenient tool to detect various transient species such as excited atoms, ions
and diatomic/polyatomic molecules, all of which are produced during laser ablation. The
vibrational temperature and its variations under different conditions have been evaluated

from the emission spectrum of CN violet band.

6.2 Experimental Details

The schematic experimental set-up is shown in chapter 2. Plasma was produced by
the irradiation of a high purity graphite target with 1.06 pm laser radiation from a Q-
switched Nd:YAG laser at a pulse repetition frequency of 10 Hz. The target was placed

in a partially evacuated chamber (0.05 mbar) with quartz windows. The target was
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mechanically rotated so as to minimize the surface etching and after every five minutes’
scan the focal spot was laterally shifted to different positions on the target surface in
order to provide fresh surface for ablation. In the absence of this arrangement, emission
line intensities tend to fade due to etching of the target surface.

The emission spectrum from the plasma was viewed normal to its expansion direction
by imaging the plasma plume using appropriate collimating and focusing lenses onto the
slit of a one meter Spex monochromator. The recording was done by a thermoelectri-
cally cooled PMT which was coupled to a boxcar averager/gated integrator. The total
extension of the plasma in the present set-up was about 25 mm beyond which the light
emission became very weak for effective detection. For spatially resolved observations,
different regions of the plume was focused on to the monochromator slit. In these stud-
ies, accuracy in spatial dimensions was better than 0.2 mm. The output from the gated
integrator (gate width 100 ns), which averaged out emission intensities from ten consec-
utive pulses, was fed to a chart recorder. For temporal studies the PMT output was fed

to a 200 MHz digital storage oscilloscope with 50 2 input impedance.

6.3 Results and Discussion

6.3.1 Emission Spectra

The CN emission spectra of the LIP from graphite target were recorded in the region A\
355 - 475 nm. All the emission intensities are corrected for the detector spectral response
which was predetermined through use of a standard lamp. The emission spectrum is
found to contain different vibrational bands of CN molecules in addition to atomic and
ionized species of carbon. The intensities of the band emission has been found to depend
on the delay time and distance from the target surface. Near the target surface atomic
as well as ionic species predominate while in regions away from the target, molecular
species like CN and C; dominate. In the present experiment the emission from the CN
system arises from the outer region of the plasma that surrounds the laser beam. The
atomic, ionic and molecular carbon ejected from the target due to laser ablation combines
with the ambient nitrogen resulting in the formation of CN molecules. Characteristic
spectral emission of CN molecule in the violet region is obtained due to B’L* — X*L+
transition. Well defined bands in sequences A v = 1, 0, -1, -2 are recorded, where A v

= v’-v” is the difference between the vibrational quantum numbers of the upper (B?Z*)
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Figure 6.1: Spectrum of the resolved CN violet band emission for A v =10

and lower (X2E7) electronic states. The CN (B —X) A v = 0 violet band sequence (fig.
6.1) consisted of band heads (0-0) at 388.3 nm, (1-1) at 387.1 nm, (2-2) at 386.2 nm,
(3-3) at 385.5 nm and (4-4) at 385.1 nm. For Av = -1 (fig. 6.2) band heads from (0-1)
at 421.6 nm to (5-6) at 415.2 nm are found to be predominant. We also observed the Av
= 1 CN violet sequence (fig. 6.3) with band heads of (1-0) at 359 nm, (2-1) at 358.6 nm
and (3-2) at 358.4 nm. Fig. 6.4 shows the Av = -2 violet band system with band heads
of (0-2) at 460.6 nm, (1-3) at 457.8, (2-4) at 455.3nm, (3-5) at 453.2 nm, (4-6) 451.5 nm
and (5-7) at 450.2 nm.

6.3.2 Spatial Dependence

One of the results in the present series of studies is that the spectral features are distinctly
different for the emission from different sections of the plasma plume. For spatial studies,
different parts of the plasma were imaged onto the slit of the monochromator. Fig. 6.5
gives the typical CN violet band (A v = 0) for different distances along the plasma
expansion direction at a laser power density of 35 GW cm™? (pressure 0.05 mbar). The

continuum emission intensity in the plasma emission is greatest in the region close to the
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Figure 6.3: Spectrum of the resolved CN violet band emission for A v =1
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Figure 6.4: Spectrum of the resolved CN violet band emission for A v = -2

target surface and decreases sharply within a few millimeters from the target surface.
The spectral emission intensity is very bright during the initial stages (up to ~ 100 ns)
of plume expansion due to Bremsstrahlung emission (free-free transition) from the hot
plasma. In the region very close to the target surface, density in the plasma core is so
high that much of the broadened line emission cannot be separated from the background.
Farther away from the target surface, in the case of excited carbon species, the lines
become narrower and weaker with increasing separation from the target. Spectrum
show a gradual increase in the CN emission intensity up to a distance 10 mm away from
the target and beyond this distance the intensity decreases rapidly. Contrary to this, the
singly ionized carbon (C II) line intensity decreases continuously as we move away from
the target. From this it can be inferred that CN emission arises from the outer region of
the plasma as was already mentioned. For these studies the gate width was set at 100
ns. The average velocity being 6 x10°cm/ sec [25], for an integration time of 100 ns, the
spatial distance travelled by CN molecules is 0.6 mm, which is smaller than the successive
spatial steps of 1 mm. In our present work the spatial resolution was better than 0.2
mm. Hence there will not be any significant mixing of spatial and temporal aspects of

plasma. The vibrational distribution in the excited states of CN molecules at distance
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Figure 6.5: CN violet band for A v = 0 sequence at different spatial distances from the

target (laser irradiance 7.3 GW cm™2, time delay 5 us) (a) 2 mm, (b) 6 mm, (c) 10 mm,
(d) 14 mm

10 mm away from the target is shown in fig. 6.6 at a laser irradiance 73 GW cm™2. The
inverse distribution observed for v < 1 is in accordance with the Frank-Condon principle.

Similar inverse distributions were also observed in certain other molecules {27, 28].

The band emission intensities were used to calculate molecular vibrational tempera-
ture T, details of which are given in section (3.3.1) [26]. The vibrational temperature is
obtained from the slope of the Boltzmann plot between In X.#(A\*],,») and G(v’). Typical
Boltzmann plot of the band intensities against vibrational energy are given in ﬁg. 6.7 for
various distances from the target surface. The spatial variation of the vibrational tem-
perature for 2 us and 5 ps delay times after the onset of the plasma is given in fig. 6.8.
It was found that at a particular laser irradiance, depending on the time of observation
and the position of the sampled volume, the vibrational temperature of CN molecules
varies. Spatial variation of vibrational temperature after 2 us from the onset of plasma
formation was found to peak (2.05 x10* K) at a distance 3 mm away from the target.
For 5 ps delay time, the vibrational temperature was maximum (1.96 x10* K) at 8 mm
from the target surface. The expected experimental error was +10% . These results are

also consistent with earlier reports on vibrational temperature of CN species {13,29, 30].
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Figure 6.7: Typical Boltzmann plots of vibrational band intensity vs vibrational energy
for different distances from the target
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Figure 6.8: The variation of vibrational temperature of the CN violet band with distance
from the target for 2 ps(o) and 5us(0 ) delay time

The observed spatial variation of vibrational temperature can be explained as follows.
Near the target surface the temperature is so high that collisional dissociation predomi-
nates and this causes a net decrease of de-excitation of the higher vibrational levels with
corresponding reduction in band intensity. As we move away from the target, the colli-
sional effects are reduced so that effectively the vibrational temperature is found to be
high. At distances beyond an optimal value the decrease in plasma temperature {31] will
cause a reduction in vibrational temperature. The location at which maximum occurs
for vibrational temperature was different for 2 us and 5 pus delays (for 2 ps maximum
is at 3 mm and for 5 ps at 8 mm). Such an effect takes place because different physical
processes like collision between neutrals, ions or electron capture by CN~ etc. predom-
inate at different times within the plasma and the evolutionary history of CN is fairly
complex. This causes the CN number densities to vary with respect to time as well as

space in the laser generated plasma from graphite.
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Figure 6.9: CN violet band for A v = 0 sequence at different time delays after the onset
of plasma (laser irradiance 35 W cm™2, distance 7 mm) Time delays (a) 20 ps, (b) 10
us, (c) 4 ps, (d) 2 ps (e) 1 us and (f) 500 ns

6.3.3 Time Dependence

For the time dependence studies, emission spectra were recorded by varying delay times
with respect to the laser pulse in the range 100 ns to 40 us with the gate width of the
boxcar averager fixed at 100 ns. All the spectra were recorded at a distance of 7 mm away
from the target. Fig. 6.9 gives the change in band head intensity of CN molecules (A
v = 0) at different time delays for a laser power density of 35 GW cm~2. The emission
characteristics of the plasma varied with time as illustrated in fig. 6.9. Shortly after
the plasma initiation, the dominant radiation was a continuum mixed with ionic lines.
The continuum emission is due to Bremsstralung radiation and radiative recombination.
Between 0.1 us to 1 us, both of these contributions decayed, leaving neutral lines and
molecular bands which were seen up to 40 us or longer. It has been observed that
the individual emission lines from different atomic and ionic species are highly stark
broadened [31] during the the initial stages of the plasma due to high plasma electron
densities. At later times greater than 2 us, the spectrum is found to be dominated by CN

violet system. It is to be noted that CN molecules are formed as a result of recombination
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Figure 6.11: Velocity distribution of CN molecules for v = 0 (N, number density)
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of excited carbon species with ambient nitrogen present in the chamber as the hot plasma
expands and cools. The time dependence of vibrational temperature is shown in fig. 6.10.
As it is clear from the figure there is a maximum vibrational temperature (19 x 103 K)
after an elapse of 5 us at a distance of 7 mm away from the target. For time intervals
from 1 to 5 us the intensity of the CN band are found to be increasing and thereafter
the intensity of the same decreases. Assuming that average temperature is proportional
to vibrational temperature one can evaluate velocity distribution of CN molecules from
fig. 6.11. The result of this calculation is given in fig. 6.11 which shows the variation in

number density of CN molecules with velocity.

6.3.4 Effect of Laser Irradiance

The variation of vibrational temperature of CN molecules with laser irradiance at dis-
tances 5 and 10 mm from the target surface is given in fig. 6.12. Such variation of
vibrational temperature with laser power density occurs essentially due to the fact that
comparatively large number of molecules are excited into higher vibrational levels with
increasing laser irradiance. At 5 mm axial distance from the target surface, the vibra-
tional temperature increases rapidly till laser power density reaches 60 GW cm~? and
after that it shows saturation behaviour. The saturation in vibrational temperature
at higher irradiance may be due to following reasons. At higher laser irradiance the
plasma temperature is so high that collisional dissociation/ionization predominates over
recombination causing a net decrease in de-excitation rate of population in the higher
vibrational levels and by plasma shielding which is due to the change in efficiency of
laser coupling to the target by increased absorption and/or reflection by the plasma it-
self {31,32]. At 10 mm distance from the target surface, a knee is found to occur in the
curve showing variation of vibrational temperature at 42 GW cm™2. This suggests the
onset of possible nonlinear interactions such as self-focusing of the laser beam within the
plasma medium.

The self-focusing phenomenon of laser beams in plasma will occur if the Debye length
(Ap) is less than the laser beam diameter. The Debye length which is the characteristic
screening length of the plasma is given by [33,34],

Ap = [kBTeeo}m (6.1)

nee?

where kg is the Boltzmann constant, T, is the equilibrium plasma temperature, n, is the

192



35t

30+

25t

Tyip, (10°K)

20t

a7 rA 35 49 63 77 91
. 10, 2
laser power density (10 Wcm)

Figure 6.12: The variation of vibrational temperature of the CN molecule with laser
energy at distances () 5 mm, (o) 10 mm from the target

equilibrium concentration, € is the permittivity and e is the electron charge. At 10 mm
radial distance from the target surface, using the relative line intensity measurements of
the successive ionization stages of the carbon species (as mentioned in chapter 5), the
estimated T, and n. are 19700 K and 9.6 x 10'® cm™3. Using these data, the Debye length
is found to Ap = 0.03 pm which is much less than the estimated beam diameter (200
pm). Such self-focusing in the plasma leads to a higher effective power density resulting
in an enhanced emission. Similar threshold like phenomenon is not perceptible at 5 mm
radial distance from the target. Apparently this is due to the fact that a greater laser
power density resulting from self-focusing due to large plasma density and temperature

lead to a much lower value for this threshold.

6.3.5 Effect of Ambient Nitrogen

The emission characteristics of laser produced plasma are influenced to a large extend
by the nature and composition of the surrounding atmosphere. A quantitative study
of the effect of pressure on the relative intensities of the lines in the CN bands gives

insight into the mechanism of formation of CN in its excited states and the mechanism
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Figure 6.13: The change in vibrational temperature for CN molecules with respect to
ambient nitrogen gas pressure inside the plasma chamber (distance 3 mm, 35 GW cm?)

of collisional energy transfer [35-37]. The change in vibrational temperature for CN
molecules with respect to ambient nitrogen gas pressure inside the plasma chamber is
given in fig. 6.13 at a radial distance 3 mm away from the target and 3 us after the
irradiation at 35 GW cm™2. The vibrational temperature peaks at 0.08 mbar and then
falls quickly with increase in pressure and finally levels off at slightly lower value for T,;.
Highest rate of formation of excited CN molecules occur at 0.08 mbar pressure under
the above conditions. It can be noted that at higher nitrogen pressure the confinement
of the plasma takes place. There can be competing nonradiative de-excitation processes
which will be predominant at higher pressure of nitrogen gas in the chamber. Thus
competition with collisional de-excitation results in reduced vibrational temperature as

seen in fig. 6.13.

6.3.6 Time of Flight Analysis

Time resolved studies on CN molecules were also made. In order to study the time
evolution of a particular species produced by laser ablation, the characteristic lines were

selected using the monochromator, and the PMT output with 50 2 termination was fed
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Figure 6.14: Typical CRO plot of the intensity distribution of CN molecules (388 nm,
0-0 transition)

to a 200 MHz digital storage oscilloscope. The experimental details of the time resolved
studies are described in chapter 2. Typical time of flight pattern for CN molecules
(selecting 388.3 nm corresponding to (0-0) transition of the CN violet system) is given in
fig. 6.14. The CRO trace shows a sharp prompt emission and delayed emission peaking
after few nanoseconds. The variation of measured time delay with distance from the
target surface is given in fig. 6.15. These time delays can directly be converted into
expansion velocities of these transient species and that is given in the right axis of fig.
6.15. From the figure it is clear that the time delays are found to increase with increase
in distance from the target surface, while expansion velocities of CN molecules increasing
up to a certain distances from the target surface and thereafter they slow down rapidly
attaining a much smaller expansion velocity, which corresponds to plasma cooling.

The maximum molecular vibrational temperature for CN molecules was found to be
around 2.14 x 10* K, which is much higher than the melting point of graphite (4 x10°
K) [38]. This large vibrational t:emperaturé may arise due to the direct heating of the
plasma plume. This is supported by the measurement of the temperature equivalent

of translational energy which varies from 2 x10* K to 7 x10* K at a laser irradiance
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Figure 6.15: The change in the time delay and expansion velocity of CN molecules (388.3
nm) as a function of distance from the target (o - 73 GW c¢cm~2) and A - 35 GW cm™2.
The darked symbols correspond to expansion velocity

of 73 GW cm™2. The large variation in the translational temperature implies that, the
observed time delays are not only due to time of flight (TOF) phenomenon alone but also
due to those arising from other processes like recombination/dissociation of the species,
collisional excitation process etc. Further experiments like mass spectral measurements

may shed some light on these aspects.

6.4 Conclusions

Q-switched Nd:YAG laser ablation of graphite target in partial vacuum conditions gen-
erates plasma containing CN molecules. From the spectroscopic studies of the emission
bands of the CN molecules, the population distribution and vibrational temperature at
different regions of the plasma plume have been obtained. Extensive studies on the time
and space resolved emission characteristics have been carried out. These investigations
demonstrate that the emission intensities from CN species are sensitive to laser power
density, pressure of the background gas, time after the elapse of laser pulse and spatial

separation from the target. At low laser irradiance the emission bands due to C; and
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CN predominates while at higher irradiance the multiply ionized species up to C IV have
been observed along with CN and C; species.

The vibrational temperature is found to increase with increase in laser power density
and saturates at higher power levels. The saturation of vibrational temperature at higher
power density is due to depletion of excited state population of CN molecules and by
plasma shielding. The nonlinear interactions between the laser and the plasma give rise
to phenomenon such as self-focusing which exhibit threshold-like behaviour. It is noted
that the vibrational temperature of the CN molecules varies with the position of the
sampled volume within the plasma plume, integration time after the elapse of laser pulse

and ambient gas pressure inside the plasma chamber.
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Chapter 7

Dynamics of laser produced plasma from
YBaQCu307

Spectroscopic studies of Nd:YAG laser ablated high temperature superconducting ma-
terial viz. YBa;Cu3O; (YBCO) plasma have been carried out. 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 de-
pendence of electron temperature and density on different experimental parameters like
distance from the target surface, delay time after the initiation of the plasma and nature

of ambient gas is also discussed. Finally, the LTE condition is discussed.



7.1 Introduction

Following the discovery of superconductivity in a Ba-La-Cu-O system [1], the compound
YBa;Cu30; with a high transition temperature (T. = 92 K) was synthesized [2]. Im-
mediately after this, extensive investigations were undertaken in various laboratories all
over the world aimed at improving the process of its preparation and for utilizing it in
practical devices. Most of these rare earth based ceramics are superconducting above
liquid nitrogen temperature and are expected to have tremendous applications in var-
ious devices and systems. The superconducting phase YBa;Cu3O7_s (where § < 1 is
the deficit in oxygen), labeled as 123 compound, has a perovskite type crystal lattice
comprising of Cu-O layers between which there are located Y, Ba and O atoms arranged
in a certain order (fig. 7.1). The Cu-O layers form the base for many high temperature
super conductors (HTSC) and are known to contain metals other than Cu (eg K) (3], but

oxygen is apparently a necessary element. Thin films of HTSC materials were attempted

Lo
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Figure 7.1: Unit cell of orthorhombic YBa,Cu30O7 superconducting sample

very soon after the materials were discovered. For many of the device applications, it is
necessary to fabricate HTSC materials in thin film form. HTSC films have been grown
by both physical and chemical deposition techniques. Physical deposition involves the
production of a vapour which includes only the species to be deposited (some combi-
nation of atoms, molecules and radicals), possibly mixed with an inert ambient (e.g.

argon). Chemical Vapour Deposition (CVD) involves passing a vapour of molecules con-
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taining the elements to be deposited (in addition to other elements, notably hydrogen
and carbon). Physical deposition offers the advantage of having no extraneous elements
present during film growth. Among the different successful techniques already devel-
oped for producing HTSC films, including evaporation [4-6], sputtering [7, 8], molecular
beam epitaxy [9], the laser ablation of superconducting targets appears to be one of the
most promising method. In this process, a laser pulse impinges upon the surface of a
target material. The surface of the target is heated and vapourized. The vapourized
material expands away from the target surface. Some of this material impinges upon an
appropriately positioned substrate surface where a film of the ablated material deposits.
Because of the success of this process in growing HTSC thin films, work has been un-
dertaken to characterise and model the process [10-13]). The laser ablation method for
growing epitaxial superconducting films is the only method where complex molecular
structures are transferred from a ceramic target onto a substrate. These structures are
transferred either intact or as a result of disintegration-recombination process. The tech-
nique is advantageous because of its highly directed and local nature and is capable of
giving a flexible control over the process parameters and the film composition, structure
and properties [14-22]. Its relatively low production rate (compared to that of chemical
vapour deposition or magnetron deposition) is offset by the high quality of the films it
produces, the new possibilities it offers for laser treatment, and comparative simplicity
and cost effectiveness of its equipment as compared to i:hat of molecular epitaxy process.
Laser radiation is being successfully used not only to deposit thin films on to the spe-
cially prepared substrates, but also to effect some modification and structerization of the
deposited layer, to analyze the molecular composition and velocity distribution of the
particles encountering the substrate [23,24]. Numerous experimental investigations have
shown that the threshold laser energy for ablation, and the kinetics of ablated particles

depend on the wavelength of the laser irradiation and pulse duration [25, 26).

The laser ablation of HTSC target is accompanied by the formation of brilliant elon-
gated plasma located over the target surface extending outward. The length of the laser
ablated plasma plume depends on the laser irradiance employed and the nature of the
ambient gas used [27-29]. Research into the ablation products of YBCO superconductor
shows that there exist four types of particles: neutral atoms and oxide molecules, ions
and ionized molecules, micro clusters and macro particles [30-34]. Analysis of the opti-

cal emission spectrum from the plasma plume has been used to identify vapourized and
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ejected atoms, ionized atoms and diatomic molecules, while mass spectroscopic studies
can be successfully used for the study of micro clusters and macro particles. Identifica-
tion of these species is important in understanding the complicated ablation, transport
and deposition processes. It is also reported that the size and velocity of the particles
have a material effect on the film deposition processes [35]. The velocity of the particles

depends on the laser irradiance and varies with distance z from the target surface.

An analysis of optical emission produced by laser ablation of YBCO targets using
wide range of wavelengths showed that 193 nm (ArF) radiation produced neutral atomic
species and 1.06 pm and 532 nm radiation produced mostly ionic species {36,37]. An
excimer laser with very high photon energy may causes an internal electronic excitation.
It was observed earlier that YBCO has got smaller absorption coefficient for the IR radi-
ation compared to that for excimer laser so that more thermal effects can be expected in
the latter case. An important difference between the excimer and YAG lasers is the much
greater coherence of the YAG output leading to vastly different far field characteristics
of the light source. Consequently, the YAG laser excitation of the target occurs in a far

more localized manner.

Many laser applications such as laser cutting, laser structuring, laser engraving or
pulsed laser deposition are based on the effect of a normal absorption via laser plasma. It
allows an effective caergy coupling of laser energy into the target. The other mechanism
of laser plasma interaction is the inverse bremsstrahlung [38]. The absorption coefficient
based on Drude theory and Coulomb interaction is a function of collisional frequency
and plasma frequency [39]. On the other hand these frequencies depend on electron
temperature and electron density. Many of the published works have concentrated mainly
on identification of plasma species and on parametric studies of the velocity distributions
of the species in the expanding plume [40-50]. Several authors have described the plume
expansion in terms of analytical models [51-57]. Spectral analysis of plasma- emitted light
in the process of target erosion and material transport for laser deposition of thin films
gives information about plasma composition, the energy content of ablation products,
and the dynamics of plume species. Investigation of the optical emission of plasma plume
gives information about the spatial and temporal evolution of transient species produced
during laser target interaction, such as excited atoms, ions and molecules. However,
relatively little quantitative information is available on either the fundamental plasma

parameters, like electron temperature, electron density, composition etc., on the nature
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of the dominant plume excitation processes in different spatial and temporal regions of
the expanding plasma. Such data are required in order to develop and test models of
plasma processes [58-60] and these enable us to evaluate the energy transport into the

plasma with regard to temporal and local behaviour as well as its effectiveness.

Accurate knowledge of the electron density, n, is very important when one is con-
fronted with problems of plasmas through laser irradiation of solid targets. In a sense,
the study of plasmas begins with measuring the electron density. It constitutes one of
the most fundamental parameters for plasmas. The electron temperature is an equally
important plasma parameter whose value is much needed. The various spectroscopic
techniques of determining the electron temperature T, are predicted on the stringent
condition that the plasma be in Local Thermodynamic Equilibrium (LTE).

Because of the highly transitory behaviour of laser produced plasma (LPP), it is most
important to characterize the LPP in a time- and space- resolved way. In the present
chapter, an attempt is made to characterize the YBCO plasma produced by 1.06 um,
9 ns laser pulses delivered from a Nd:YAG laser. Under the assumption of LTE, the
electron temperature was deduced from line intensity measurements. Stark broadening
method was employed to calculate the electron number density in the plasma. Also
spatiotemporal dependence of electron temperature and electron density is discussed.
Effect of different ambient gases, viz. He, Ar and air on the electron temperature of the

plasma is also given. Finally, the LTE condition is discussed.

7.2 Experimental

The schematic diagram and details of the experimental set-up are given in chapter 2.
Briefly, high purity YBa;Cu3O, pressed and sintered into a 25 mm diameter x 3 mm
thick cylindrical pellet, was placed in a vacuum chamber equipped with windows for
laser irradiation and light collection. Light from a Nd:YAG laser with its fundamental
frequency (repetition rate 10 Hz) was focused on to the target surface. Emission was
detected through a quartz window at 90° to the laser beam axis. The light collected by
the 1 meter Spex monochromator - PMT assembly is coupled to a boxcar averager. For
the time resolved studies the gate width of the boxcar was set at 10 ns. For the Stark
broadening measurements the resolution of the monochromator is set at its maximum

by keeping the entrance and exit slit widths at 3um and 6um respectively.
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7.3 Results and Discussion

7.3.1 Time Resolved Spectra

To understand the detailed aspects of laser beam interaction with the target material
and recombination processes following the laser ablation, the time resolved studies of the
emission spectra from the plasma offer the most convenient approach. The nonvasive
nature of detection suggests that using the emission as a signal source for a process
monitoring in laser ablation technique would be ideally suited for designing an automated
laser ablation superconducting thin film deposition apparatus. The well defined highly
luminous plasma plume is observed during Nd:YAG laser ablation of YBCO and this
extended normal to the target surface up to a distance ~ 3 cm from the sample. Time
resolved spectra were recorded by setting the gate width of the Boxcar averager to 10
ns and choosing a section at a distance 1 mm away from the target. Typical spectra,
as recorded under different regimes of the plasma expansion, are shown in figs. 7.2 and
7.3. Each spectrum corresponds to the average accumulated data over 10 laser shots
and it corresponds to a distance 1 mm from the target surface. For these studies the
chamber pressure was maintained at an air pressure of 1072 torr. Prominent emission
lines observed with corresponding literature values and assignments are also shc;wn in
these figures.

Laser ablation process can be classified into three regimes: evaporation of the target
material, interaction of the evaporated cloud with incident laser beam resulting in cloud
heating and plasma formation and finally expansion and rapid cooling of the plasma
[41]. During the initial stages, (< 100 ns), the continuum emission dominates over
line emission. As time evolves, the line to continuum ratio improves. The continuum
radiation or Bremsstrahlung occurs when a free electron collide with another particle
and make a transition to another free state of low energy, with the emission of a photon.
Electron-electron collisions do not produce radiation except at relativistic velocities {61,
62]. In a plasma which is sufficiently hot, most of the atoms are stripped of all their orbital
electrons and hence electron-ion recombination and bremsstrahlung are the dominant
emission mechanisms. The situation occurs typically at electron temperatures of few eV.
In general the main sources of continuum are Bremsstrahlung radiation and radiative
recombination [63].

Beyond 100 ns, the line to continuum ratio improves and finally the spectrum consists
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Figure 7.2: Plasma emission spectra in the wavelength range AA350 — 525nm at different
time delays. The spectra are charted at a distance 1 mm away from the target surface
and at a laser irradiance of 40 GWcm™2. (a) 100 ns, (b) 500 ns and (c) 5 us
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AA525 — 700 nm. The spectra are charted at a distance 1mm away from the target
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of mainly ionic and atomic lines. At shorter time delays ionic species are predominant
while at time delays > 500 ns, molecular species are also observed along with ionic and
atomic species. From these studies, it is presumed that the electronically excited states
are not produced immediately after laser irradiation. This interpretation is consistent
with the report that no excited clusters or molecules are formed at the surface of YBCO
because of the absence of the corresponding emission [3]. Generally the densities of the
particles in the laser produced plasma with similar irradiance ranges are ~ 107cm =3 and
which is enough to justify the collisional processes among the particles in the plasma.
As the velocity of the particles in the expanding plume has been found to be high of the
order of 108cms™! [23], the collision between particles which have high kinetic energy
rhay lead to electronic excitation of component atoms, ions or molecules. 1t is also noted
that the plasma emission lasts for more than 100 ps.

Although, at least qualitatively, the results confirm the presence of strong emission
lines from Y I, YII, Bal, BaIl, Cul and YO (A — X) in the plasma, features cor-
responding to Cu II, BaO and CuO, may be present, but are very weak. Since these
spectra are recorded at a distance very close to the target surface (1 mm), it is obvious
that the emission intensities due to oxide species are very weak, since they are expected
to be formed only by the recombination processes [49]. Relatively weak intensity ob-
served for the Cu II emission lines is due to higher ionization potential of Cu I(7.726 eV)
compared to Ba I (5.211 eV) and Y I (6.378 eV) [64]. Since the ionization potential of

these lines are much greater than the excitation energy of the laser photons (1.16 eV),

the mechanism of ionization is possibly by multiphoton ionization [65].

u

7.3.2 Electron Density Measurements

The Stark broadening of spectral lines by interactions of radiating atoms or ions with
perturbing electrons and ions affords a sensitive method for determining plasma densities.
Stark broadening is the dominant broadening mechanism in laser produced plasmas.
When Stark broadening dominates the Doppler broadening, the line profiles do not
depend critically on the electron and ion velocity distributions or the temperature, hence
electron densities can be inferred from line profiles without knowing plasma temperature
precisely [66]. In this technique, no assumptions are necessary as to the distribution of
atoms or ions among the various quantum states so that measurements are independent

of LTE considerations [67,68]. Determination of electron density is by measuring the
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broadening of a suitable emission line of the laser plasma spectrum. In practice the
electron density can be deduced from the full width at half maximum (FWHM) of a
line. The observed line profile is approximate Lorentzian. The FWHM A\, ); of a Stark

broadened line without ionic contribution is given by the simple relation [66, 69]

e
Ay = 2W( o) (7.1)

where W is the electron impact parameter which is a slowly varying function of temper-

ature.

We have selected line broadened profile of Ba I at 553.5 nm transition for the elec-
tron density measurements. There are three types of mechanisms that can broaden an
emission line viz, resonance broadening, Doppler broadening and Stark broadening. The
effect of resonance broadening is proportional to the ground state number density and
the transition oscillator strength. Since the reported value for resonance broadening for
Ba I at 553.5 nm is relatively small [70], the contribution due to this type of broadening
can be neglected. Doppler broadening can also be ruled out in our experimental con-
ditions, since the expansion velocities of the Ba atoms are ~ 5 x 10°cms™! [71] which
contribute a broadening factor ~ 0.1 A°. Under these conditions Stark broadening, due
to collisions with plasma electrons, is the dominant broadening process. The electron
impact parameter (W) values for the Ba I 553.5 nm transition are not available in litera-
ture, but values are available for the corresponding nsnp' P — ns?'S, transitions of the
elements Mg, Be and Ca from the same periodic group [72]. The latter values increase
approximately linearly with n? and this dependence was extrapolated to yield a W value
of ~ 1.6 x 1072 for Ba I 553.5 nm transition at a temperature of 10000 K. Since W values
are weak functions of temperature and vary by a factor less than 2 over the temperature
range 10000 K - 80000 K, the determination of electron density deduced using this W

value is reliable [69].

We have measured electron density variation using Stark broadening method as func-
tion of distance of separation from the target, time after the elapse of laser pulse and laser
irradiance. Typical Stark broadened profile of Ba I at 553.5 nm line with theoretically

fitted Lorentzian curve is given in fig. 7.4.
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Figure 7.4: Typical Stark broadened profile of Ba I transition at 553.5 nm. The FWHM
of this line is used to infer electron density. The dotted line in the figure represents fitted
Lorentzian curve

7.3.2.1 Spatial Dependence

Analysis of the plasma emission provides the electron temperature and density. At
distances of < 1 mm, the emission lines are so broad that they are not discernable from
the continuum emission of the hot target. Fig. 7.5 represents a plot of electron density
as a function of distance. The time integrated Stark broadened profile of Ba I transition
at 553.5 nm is used for these calculations. All results are obtained in a direction of
the expanding plasma axis at different distances from the target surface at a chamber
pressure of 2 x10° mbar and at a laser irradiance of 42 GW cm™2. The electron density
is found to decrease rapidly from 2.4 x 107cm =3 at 1 mm to 1.55 x107cm 2 at 3 mm
and levels off at higher distances. The electron density in the plasma core decreases with
distance because of the expansion of the plasma, and also due to recombination and
diffusion within the plasma volume. The much faster decrease near the target surface
may be caused by plasma cooling due to condensation and recombination. The decrease

of electron density as a function of distance shows a z~! dependence.
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Figure 7.5: Electron density as a function of distance. Laser irradiance used 42GWem 2

7.3.2.2 Effect of Laser Irradiance

The electron densities derived from the 553.5 nm linewidth (at 3 mm distance from
the target surface) as a function of laser intensity are shown-in fig. 7.6. The Stark
broadened spectra are recorded in a time integrated manner in which the plasma plume
is sampled at a distance 3 mm from the target surface (pressure of 2 x 10 °mbar).

As laser irradiance increases from 28 GW cm~2 to 55 GW cm ™2

electron density varies
rapidly from 1.42x10"em™ to 1.8 x10'"¢cm™ and then it remains at a more or less
constant value. As the laser irradiance increases the number of free electrons increases
and consequently the electron density too. The electron densities are essentially constant
over the laser intensity range of 55 - 90 GW cm™2. This peculiar behaviour was also
observed by Knudson et.al in laser produced aluminium plasma [73]. The saturation in
electron density at high irradiance levels is presumably due to plasma shielding. The
absorbing plasma prevents light from reaching the surface. Therefore, most of the energy
in the laser pulse will be absorbed by material in front of the surface. The surface is
effectively cut off from the trailing edge of the incoming laser pulse. Thus the given

amount of energy delivered at high power is less effective in causing vapourization than

the energy delivered at lower powers. We have also observed a peak shift in the line center
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Figure 7.6: Electron density as a function of laser irradiance. The spectra were sampled
at a distance 3 mm from the target surface ‘

with increasing irradiance. The observed asymmetry of our time integrated emission line
shapes is consistent with what would be expected for a convolution of various Stark shifts
towards the red which will arise from differing electron densities with in the plume volume

sampled, caused by different irradiance levels.

7.3.2.3 Time dependence -

The temporal evolution of electron density deduced from Stark broadening of Ba I 553.5
nm transition is shown in fig. 7.7 (distance 3 mm, laser irradiance 42 GW cm~? and
pressure 2 x107° mbar). For these studies the gate width of the boxcar is set at 10
ns. Because of the spectral line emission front is masked by the continuum emission,
the electron density for time < 200 ns could not be measured by this method. Never-
theless, we can characterize the temporal evolution of n, which diminishes répidly with
time up to 500 ns and then levels off. The fast decay rate can be attributed to the
plasma propagation while the slowing and leveling off at larger times are probably due
to recombination. It may also be noted that electron density shows a t~% dependence on

time.
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Figure 7.7: Temporal evolution of electron density at a distance 3mm from the target
surface. Laser irradiance used 42GWem ™2

7.3.3 Electron Temperature Measurements

Electron temperature was determined from relative intensities of barium spectral lines.
We have used spectral lines of successive ionization states since in this case the energy
difference between the upper levels of the lines is increased by the ionization energy of

the lower ionization state [69,74]. Electron temperature measurements were made using

I [fgN -1 [kT, ]
7= [W] [47r3/za03ne_] [E_H} eAE/KT (7.2)

-the eqn.

where AF = (E'—E+E,—AE,), the primed quantities in the above equation represents
relevant data for the spectral line emitted by the species with higher ionization stage,
Ey is the ionization energy of the hydrogen atom (13.6 eV), E_, is the ionization energy
of the atom/ion in the lower ionization state and AFE, is the correction factor of the
energy due to plasma interaction, details of which are given in chapter 5. The estimated
correction in the ionization energy AE, for an electron density of 107cm ™2 is used (0.6
eV) for these calculations.

For temperature calculations, we make use of recorded intensities for Ba II 614 nm

and 649.8 nm lines and Ba [, 577.7 nm and 553.5 nm lines. Details of the spectroscopic
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constants of these lines were taken from ref. [69].

7.3.3.1 Spatial dependence

The emission spectrum of YBCO plasma was recorded in the visible region at different
distances from the target. This was done by moving the collimating lens in a horizontal
plane in a" direction parallel to the axis of the expansion of the plasma. The time inte-
grated spectrum of the plasma produced by 1.06 um radiation at various distances from
the target was recorded with increments of 1 mm. The uncertainty in the determination
of position was about +0.2 mm. The recorded spectra were intensity normalized using
the frequency response curve of the monochromator - PMT assembly. Fig. 7.8 shows
the variation of electron temperature in space normal to the target surface. These data
were taken with a laser irradiance of 35 GW cm? and a pressure of 2 x 10~° mbar. The
electron temperature close to the target is about 1.2 eV and it decreases with increasing
separation from the target surface and at 5 mm distance, the electron temperature drops
to 0.6 eV. At distances greater than 5 mm from the target surface, the electron temper-

ature is almost constant. At distances close to the target the thermal energy is rapidly
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Figure 7.9: The variation of electron temperature with time. These spectra were recorded
at distance 3 mm and at a laser irradiance of 35 GW cm 2

converted into the kinetic energy, with plasma attaining maximum expansion velocities
and thereby causing the temperature to drop off rapidly as the plasma expands. But
at greater distances, the temperature drop is smaller and levels off because energy is
gained in the recombination of ions. The variation of electron temperature shows a z7%8

dependence with distance.

7.3.3.2 Time dependence

The electron temperature calculations were made at different instants during the plasma
evolution by keeping the gate width of the boxcar averager at 10 ns but by varying the
delays. At shorter time delays, the continuum emission occurs and the line intensity
detection is rather difficult under these conditions. The continuum emission is produced
by both the free-free Bremsstrahlung and electron-ion recombination radiation. The
intensity of the continuum decreases with increasing delay time. The calculated plasma
temperature and its variation as a function of time after the initiation of the plasma are
shown in fig. 7.9. In the early stage of plasma evolution, the electron temperature is very

high and is changing very rapidly. However, at greater duration times > 1 us, the plasma
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is found to be cooled to much lower temperatures and thereafter temperature continues
to remain very stable, around 0.6 - 0.7 eV for a long period. The electron temperature

was found to decay with a t~? dependence on time during the initial periods up to ~ 1ps.

7.3.3.3 Dependence on laser irradiance

To know more about the interaction between the plasma and the laser radiation, the ir-
radiance of the laser beam, which directly influence the fundamental plasma parameters,
was varied. The temperature and dynamics of the ablated species from the irradiafed
target depend on the nature of the interactions between gas dynamic processes and
radiative heat transfer in plasma. The laser wavelength is one of the main governing fac-
tors that determines the conditions for volume energy release in laser produced plasma.
Laser radiation is free to propagate in a cold gas along the z axis and is absorbed in the
high temperature region near the surface. Laser radiation absorption results in raising
temperature, pressure and ionization of the medium. Under the pushing-out action of
hot layers in the cold gas there appears a shock wave, whose intensity is determined
by the state of the high temperature region. The strong dependence of the absorption
coefficient on the density, temperature and frequency of radiation leads to the variations
of the optical density under the action of the gas-dynamic flow.

The dependence of electron density on laser irradiance is given in fig. 7.10 at a
distance 3 mm away from the target surface. With increase in laser irradiance, the
electron temperature is also found to increase up to a threshold irradiance and then
saturates. The saturation in electron temperature at high irradiance levels is expected
to be due to the absorption of the laser beam by the plasma medium. Details of plasma
shielding are given in chapter 5. The saturation in electron temperature can be explained

by assuming the formation of a self-regulating regime.

7.3.3.4 Pressure dependence

Pulsed laser vapourization of the target has been shown to be a powerful technique for
depositing a wide variety of thin films. In general, these films are deposited either in
vacuum or in a modest partial pressure of a background gas, viz., O,, Ny, He, Ar etc. [70].
Of the many parameters which affect the quality of the thin films, the pressure of the

ambient gas plays a key role. The gas may provide either a reactive or an inert buffer to
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Figure 7.10: Electron temperature as a function of laser irradiance (distance 3 mm)

the laser produced plasma. In each case significant partial pressures lead to collisional
processes between the plasma species and intervening gas. This is a clear example of
modifying the energetics of the nascent ablation plasma by gas dynamic phenomena.

The absorption characteristics of gases are responsible for the creation and propagation
of plasma. The ambient gas is transparent to the laser radiation, whereas the ionized gas
can absorb the laser energy strongly. The absorption of the g;ses increases rapidly as
they are heated. These changes result from the creation of free electrons. Laser ablation
experiments have shown that the plume.propagation in background gas can lead to the
stopping of the ablated materials. In some cases the material can even move backward,
and several reflected shocks within the plume are apparent (76]. Fig. 7.13 shows the
variation of electron temperature with the pressure of the ambient gas. These data were

2 and a distance 3 mm from the target

taken with a laser irradiance of 35 GW cm~
surface. The variation of electron temperature with different ambient gas pressures
show somewhat similar behaviour. Similar to the case of graphite plasma, compared
to air and He, the electron temperature is maximum in argon ambient atmosphere.

These results might indicate that the characteristics of plasma depends heavily on the
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Figure 7.11: Photograph of the YBCO plasma in helium ambient atmosphere (pressure
0.1 mbar)

Figure 7.12: Photograph of the YBCO plasma in argon ambient atmosphere (pressure
0.1 mbar)
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Figure 7.13: The effect of different ambient gases on electron temperature of the expand-
ing plasma. These spectra were recorded at a distance 3 mm from the target surface and
at a laser irradiance of 35 GW cm™?

nature of the ambient gas environment used. The electron temperatures increase with
increasing pressure up to a threshold value and then decreases. The cooling of the plasma
at pressures greater than ~ 10! mbar is due to recombination. At these pressures
a considerable part of the ionization energy is converted into hydrodynamic flow via
recombination. The decrease in electron temperature at low pressures is mainly due to

reduced confinement of the plasma.

7.3.4 Local Thermodynamic Equilibrium

The calculations of T, was carried out under the assumption that the plasma is in LTE.
In a transient system, such as the plasma formed by a pulsed laser beam, LTE is said to
exist if the time between collisions of the particles in the plasma is small compared with
the duration over which the plasma undergoes any significant change [69]. LTE will be
approached only at sufficiently large particle densities. A necessary criterion for LTE is
that [66]

ne > 1.4 x 104TV3(AE,,,)3em™® (7.3)
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For transition with largest gap (553.5 nm) AE = 2.24 eV and highest temperature 2.5

eV, the lower limit for n, is 2.5 x 10 ' ¢cm 3

. Our observed values of n, are always
greater than this limit implying that LTE approximation assumed for our analysis is

valid.

7.4 Conclusions

Spectral analysis of Nd:YAG laser-ablated plasma on YBCO target was carried out.
The present work has identified the major luminescent species in the plasma plume of
Nd:YAG laser ablated YBCO superconducting samples as neutral and ionized atoms
along with diatomic molecules. Stark broadened profile of Ba I transition at 553.5 nm
was used for the determination of electron density and its variation with distance from
the target surface, time after the initiation of plasma and laser irradiance. The electron
density variation shows z~! dependence on distance from the target surface while a t=2
type variation is found to hold good in the case of time elapsed after the laser pulse. At
higher irradiance levels, a saturation effect on electron density was also observed due to
plasma shielding.

We have estimated electron temperature of the plasma by spectroscopic means. Line
intensities of the successive ionization states were used for the determination of the
electron temperature. The relative line intensities of the emission lines of the laser
induced YBCO plasma plume depend on the incident laser intensity. Measurement of
line intensities of electronically excited Ba atoms and Ba ions were used to infer electron
temperature at several positions located away from the target surface and its variation
as a function of time elapsed after the initiation of plasma. The electron temperature has
got 2798 and ¢~? dependence on distance and time respectively. The variation of electron
temperature with laser irradiance shows a saturation at high irradiance levels and this
can be explained by assuming the formation of a self regulating regime. Irrespective of
the nature of the gaseous environment, the plasma temperature shows somewhat similar
behaviour. The temperature of the plasma is maximum in Ar atmosphere compared to

He or air.
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Chapter 8

Temporal and spatial evolution of laser
ablated plasma YBa;Cu3O-

Abstract

YBa,Cu;0; target was laser ablated, and the time of flight (TOF) distributions of dif-
ferent species in the resultant plasma were investigated as functions of distance from
the target and laser power density using emission spectroscopy. Up to a short distance
from the target (~ 1.5 cm), TOF distributions show twin peaks for atomic and molecu-
lar species, while only single peak distribution is observed for ionic species. At greater
distances (> 1.5¢m) 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 to those generated from collisional /recombination process.



8.1 Introduction

Since the successful deposition of ceramic materials like high T, superconducting films
using pulsed laser ablation [1-9], there has been intensive interest in the studies on com-
position and transport properties of laser induced plasma (LIP) [10-18]. In this technique
thin films are formed by condensing material ablated from the surface of a YBa;CuzO5
target onto a solid substrate. Ablation of the target is accompanied by the formation of
brilliantly elongated plasma located in front of the target surface and extending outward
to about 3 cm from the target surface. The pulsed laser high temperature superconduct-
ing (HTSC) film deposition can be subdivided into the following stages (i) absorption
of radiation by the target (ii) preablation processes like heating and thermochemical
reactions, (iii) ablation of the target, (iv) formation of a plasma cloud and interaction of
laser radiation with the ablation products, (v) expansion of the plasma cloud and scat-
tering of ablation products following the laser pulse and (vi) deposition. Laser deposition
differs from other thermal film deposition techniques by the non-equilibrium character
of plasma jet (non-Maxwellian velocity distribution of the particles), the directivity of
ablation products (90 % of the material is contained within an angle of +30°, and cosine

law is invalid), and a large number of ionized particles [19-21].

It is of fundamental importance to identify the different atomic, ionic and molecular
species generated from lasér induced plasma and to relate the quality and rate of thin film
growth with species present and with various transport processes occurring in plasma
plume. A full understanding of the plasma processes open up the possibility of reliable
control of the deposition processes. Some of the techniques reported by various authors
for characterizing LIP from different targets include optical emission spectroscopy [22-27],
optical absorption spectroscopy [28-30], mass spectroscopy [31-33], ion probe method
[34, 35], streak or high-speed photography [27, 36, 37] and laser induced fluorescence
[38,39].

The nature and characterization of laser produced plasma depends very much on
the irradiance levels used. At low irradiance levels, the ablation process is analogous
to the application of a thermal pulse, of several nanosecond duration, to the surface of
the target. A Knudsen layer is formed near the surface where the density of desorbed
particles is high [40]. In this region thermal energy is converted directly into translational

energy. Further from the target the plume becomes a free expansion into vacuum. This is

228



the same principle of the nozzle beam expansion used to generate supersonic beams [41].
Kelly and co-workers [42-46] have described the theoretical details of this model. At
high irradiance levels, typically used for deposition, a different model must be used. At
these irradiance levels explosive dissociation of the target material takes place. The local
pressure close to the target rises to several atmospheres and a shock wave propagates out
from the target [47]. In vacuum the shock wave rapidly becomes a free expansion. But
at moderate pressures, the shock wave acts as a piston that compresses the background
gas, building up density at the shock front, leaving a rarefied region of the gas in its
wake. At the shock front the temperature and the pressure significantly get elevated
which enhances ionization, dissociation and electronic excitation. At sufficiently large
pressures a blast wave is produced [48-50]. A blast wave is a shock wave produced by
the strong explosion. The blast wave is powerful enough to produce a luminous shock
front. A second luminous pulse is observed in the laser ablation of YBa;Cu30; [27] and
the ablation of polymers [49] at low pressures. At these low pressures reactive collisions
probably account for strong emission, ze, from the chemiluminescent reactions of the
background gas atomic species in the plume.

In spite of the large number of reports available in the literature, studies on LIP
from solid targets have not yet yielded conclusive results and this is essentially due to
the complexity of the phenomena involved. In this chapter, some new results of time
and space resolved analysis of the spectral emission due to various excited atomic (Y I
and Ba I), ionic (Y II and Ba II) and molecular species (YO) in the LIP from high T,
superconductor YBa;Cu3O; (T, = 90K, here after YBCO) using 1.06 um radiation from
a Nd:YAG laser.

8.2 Experimental

The details of the experimental set-up is given in chapter 2. The YBCO target having
diameter 15 mm and thickness 3 mm was mounted in a stainless steel vacuum cham-
ber (~ 0.05 mbar) equipped with quartz windows such that the target surface could be
irradiated at normal incidence using 1.06 pm laser beam from a Q-switched Nd:YAG
laser having repetition rate 10 Hz. To avoid errors due to local heating and drilling,
the sample was rotated about an axis parallel to the laser beam. Laser irradiance was

varied by attenuating the simmer current of the flash lamp. The plasma emission spec-
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trum for YBCO sample was viewed normal to its expansion direction and imaged using
appropriate focusing lenses and apertures onto the slit of a monochromator (Jarrell-Ash
0.5 m) which is coupled to a PMT (S20 cathode). The monochromator allowed the
measurements of individual species of atoms, ions or molecules by tuning the particular
emission wavelengths. For spatially resolved studies, the plasma plume from different
regions was focused on to the monochromator slit. The characteristic lines were selected
by the monochromator and the PMT output was fed to a 200 MHz digital storage Os-
cilloscope (Iwatsu model DS 8621) with 50 2 termination to record the emission pulse
shapes. This set-up essentially provides delay as well as decay times for emission from
constituent species at a specific point within the plasma and these are extremely impor-
tant parameters related to the evolution of laser ablated materials in a direction normal

to the target surface.

8.3 Results and Discussion

The time resolved studies of emission lines from various species were made from the
oscilloscope traces which showed definite time delays for emission with respect to the
laser pulse. The time evolution of the constituent emission from the plasma determines
the subsequent expansion and should provide the best observation for our understanding
of the plasma dynamics. Typical time of flight distributions of Y I (558.1 nm), Y II
(508.47 nm), and YO (601.9 nm) at a distance 1 cm from the target surface are given in
fig. 8.1. The initial spike (prompt emission) in the figures can be used as a time marker.
The prompt emission probably results from the laser excitation of the evaporated species.
Following are the new significant observations made from the present studies: (1) The
time evolution of the spectral emission profiles obtained in the present work clearly
reveals that the species ejected by YBCO target exhibit twin peaks for the time of flight
(TOF) distribution. (2) The twin peak distribution exists only for neutral atoms (like
Y I, Ba I) and molecular species (like YO) while this feature is absent in the case of
ionized species (like Y II, Ba II}. (3) The twin peak distribution was observed only up
to a certain distance from the target (up to ~ 1.5 cm). At farther distances only the
component corresponding to the first peaks occurs. (4) The intensity of the ionized
species drastically decreases with increasing separation from the target surface. (5) The

variation of delay time with distance is almost a linear behaviour for the delayed peak
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Figure 8.1: Intensity variation of spectral emission with time for Y II (508.5 nm), Y I

(558.1 nm) and YO (601.9 nm) observed at the 1 cm away from the target at a laser
irradiance of 62 GW cm™2.



10 I .
@
=
S 8 ]
o
)]
n
S 6 ﬁ
L
E
> 4r 1
o !
©
E2f 1
or i
L 1 A 1 i I 2 1 i |
0.1 0.7 1.3 1.9 2.5 3.1

distance (cm)

Figure 8.2: Variation of time delay vs distance for the intensity peaks I and II in the
case of Y II, Y I and YO at constant laser irradiance of 62 GW cm™2.

while a nonlinearity is observed in the case of first peak (figs. 8.2 and 8.3). (6) The time
delay corresponding to first peak decreases with respect to irradiance. However, the time
delay corresponding to second peak is constant at lower irradiances and decreases with
increasing irradiance above a threshold (fig. 8.4 and 8.5).

Similar reports available in literature describe twin peak time of flight distribution
in laser generated plasma from YBCO using optical .pabsorption spectroscopy [28] and
fluorescence technique [38]. However, using plasma emission studies, this is the first
observation of a twin peak distribution.

It is seen that, as shown in fig. 8.6, the intensity of emission from ionic species like
Y II and Ba II is very high near the target surface and decreases drastically beyond
1.5 cm and becomes below the detection limit at distances greater than 1.75 cm. The
disappearance of ionic species with distance from the target surface is probably as a
result of recombination. With reference to the twin peaks shown in fig. 8.1, the peak I
corresponding to Y I, Ba I and YO grows in intensity up to an optimal distances (~ 1
cm) and then diminishes (figs. 8.7 and 8.8). Here the intensities of the faster peaks of

these species increases with distance at shorter distances indicating it is being generated
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Ba II at a distance of 1 cm from the target.

at some distance from the target surface. The delayed peaks (peak II) of Y I, Ba I and
YO go down in intensity through out the plasma region and its range is limited up to
1.5 cm. It may be noted that the time delay for peak I of Y I is almost same as that
of Y II. The variation of time delays as a function of distance and laser irradiance for Y
based species are shown in figs. 8.2 and 8.4 respectively. The variation of time delays
as a function of distance is linear for second peak of Y I and YO, while that for first
peaks of the Y I and YO and for the single peak of Y II are slightly nonlinear showing a
saturation effect farther from target surface. Results obtained during the time resolved
study of excited neutral and singly ionized Ba species are in good agreement with the
above studies on Y based species. The variation of time delays for these species with
respect to distance from the target surface and laser irradiance are given in fig. 8.3 and
8.5. We have not studied the emission intensity from excited BaO molecules because of
very weak intensity.

Measurements of time delays yield the plasma front axial velocity defined as the
expansion velocity of the ablated species perpendicular to the target surface. A plot of

delay time as a function of position (fig. 8.2) shows that the first peak of Y I and YO
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gives a constant velocity (V, ~ (7 — 6) x 10°cms™,V, ~ (8 — 7) x 10°cms™') until it
reaches ~ 1.5 cm from the target surface after which they slow down rapidly to a much
smaller expansion velocity (V,, ~ (3—2) x 10°cmns™, V, ~ (5 — 4) x 10°cms™!). The time
of flight (TOF) analysis is strictly valid for free flight (collisionless) from a pulsed source.
In the laser ablation experiments, the plume of gas expanding from the surface is very
dense at earlier times, e, particles undergo many collisions. Thus the velocity should
be regarded as an effective stream velocity in the direction normal to the target surface.
The effective stream velocity may not, however, be identical to the actual particle stream
velocity. For eg., if optical emission arises from electron impact excitation of species in
the laser produced plasma, the excitation rate is proportional to the electron and species
densities. Thus the time dependence of the emission intensity would be affected by the

motion of electrons as well as that of particles.

The possibility of twin peak structure for Y I and YO due to radiation trapping or
self absorption [51,52] is unlikely due to the fact that the time delays between the peaks
vary with respect to distance from the target and they are of the order of microseconds.

Radiation trapping effects are expected to be more important as the plume density
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increases (Ze., closer to the target), and for strong emission lines terminating on the
ground state, since the level has the highest population of potential absorbers. Geohegan
et al [53] observed a peculiar double peak structure during ion probe studies of Y plasma.
They regarded this as due to the momentum transfer between the plume and background
gas which result into a slowed component only for a limited range and distance. Sakeek
et.al [28] also observed a double peak structure for YO molecules using laser induced
absorption spectroscopy and explained it as due to evaporation from the target is possible
for the delayed slower component of the plume. Okada et.al [38] attributed the time
delays solely to TOF arising from different velocities of the species. They assigned the
observation of twin peak to the presence of faster and slower components of same species.
If it is assumed that the terminal stage of the plume can be modeled as a free expansion

into vacuum, the expansion velocity v can be written as [50]

2 /'ykT
v= ﬁ 7 (81)

where M is the mass of the species, 7 is the specific heat ratio the value of which
varies from 1.2-1.3 to account for the degree of freedom associated with ionization and
excitation, and k is the Boltzmann’s constant. However at a given point, using above
equation, since velocities depend only on mass of the species and plasma temperature,
it is not possible to have two different velocity distributions for the same species. The
most plausible explanation is as follows. The twin peak distribution arises as due to
different origins for the same species occurring in the plasma. Species like Y I and
YO are generated directly from the target, while ionic species are produced mainly just
outside the target due to electron impact. In the vicinity of target surface, temperature
is so high that ionization of Y I and Ba I by electron collision is highly probable [54]. As
time evolves plasma temperature drops so that Y II generation decreases and collisional
recombinations of Y II with electrons result into enhanced spectral emission from Y I
apart from those directly coming from the target. At slightly later times YO is generated
from collisional recombination of Y I and O. Thus we have two types of same species
in plasma. (i) Those coming directly/generated in the vicinity of the target surface and
having larger TOF delays giving rise to second peak. (ii) Those generated away from
the target surface due to collisions and recombination process which occur earlier at the
point of observation giving rise to first peak.

It must be noted that there is only one kind of Y II viz. that generated in the vicinity
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Figure 8.9: Intensity of ionic species as a function of laser irradiance for 1 cm distance
from the target surface.

of target surface due to collisional impact in the plasma. According to eqn. (8.1), since
the masses are the same, both Y I and Y II should have identical time delays which
implies that peak of Y II should coincide with peak II of Y I. However peak of Y II is
observed earlier (coinciding with peak I of Y I) due to the fact that the velocity of Y II
is larger than that observed for Y I, because of the ambipolar diffusion process due to
space charge effect prod{lced by ion and electron densities near the target surface [55].
In this type of diffusion processes the charge separation and fields adjust to each other
that the field restrains the run-away electrons and pulls forward the heavy ions, making
them diffuse only as a team.

When the laser irradiance is increased, the emission from all species show a drastic
increase in intensity, especially at low irradiance levels, but their time history is not
significantly changed. The intensity increase with laser irradiance is more pronounced
for the ionic lines. A plot of normalized intensity vs laser irradiance (fig. 8.9) for Y II
and Ba II species show an increase in intensity with respect to irradiance and a decrease
in population at higher irradiance levels. The decrease in intensity of ionic lines at higher

irradiance levels is mainly due to two reasons. At higher irradiance levels, because of
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high plasma density, absorption of the laser beam by the plasmas takes place, so called
plasma shielding, and by collisional excitation. However, the intensity variation with
laser irradiance of the double peaks of atomic and molecular species show somewhat
different peculiarities (fig. 8.10 and 8.11). The intensity of first peak of Y I and Ba
I increases up to a threshold laser irradiances and then decreases while in the case of
the first peak of YO, it is more or less constant at low irradiance levels and increases
rapidly at higher irradiance levels. Emission intensities from the delayed peaks of Y I,
Ba I and YO show continuous increase with increasing laser irradiance indicating that,
as the laser irradiance increased more material gets ablated from the target and emit.
However the faster emission peaks corresponding to Y I and Ba I in the vapour plume

decreases relative to Pk2 of these species as the irradiance is increased.

From fig. 8.3 one can see that the delay time for the first peak of species for Y
I and YO decreases with respect to increasing laser irradiance; while the time delay
corresponding to second peak is constant at lower irradiance levels and decreases at higher
irradiances. This implies that the kinetic energy of the species coming directly/from
the vicinity of the target surface do not vary much at lower irradiance, while above a
certain threshold sudden enhancement in kinetic energy take place due to the initiation of
nonlinear process in laser-matter interaction. The nonequilibrium character of the laser
plasma and also the departure of particles from the Maxwellian velocity distribution
are expected to be associated with the mutually reversible processes of ionization and
recombination. The energy released on recombination is converted into the kinetic energy
of atoms and ions which may give rise to a relatively faster neutral/molecular particles

as observed in the case of Bal, Y I and YO.

On closer inspection, it can be seen that the species with same status, irrespective of
their atomic weight show the same properties with space and time. The delayed compo-
nent observed for atomic and molecular species, which is dominant at short distances (<
1.5 cm) is attributed to electron impact excitation of these species ejected directly from
the target during ablation. The faster component which becomes stronger at certain
distance from the target surface is identified as produced during recombination of cool

ionic/atomic species in the outer contact front of the expanding plasma.



8.4 Conclusion

YBa,Cu;0; target was laser ablated using 1.06 4 m Q-switched Nd:YAG laser. The
time of flight (TOF) distributions of different species in the resultant plasma were inves-
tigated as functions of distance from the target and laser power density using emission
spectroscopy. The present work has differentiated the type of species directly coming
from the target surface and those due to recombination process. We have observed the
twin peak structure for atomic and molecular species such as Y I, Ba I and YO at short
distances. Evaporation from the target/expansion of those generated in the vicinity of
the target leads to the appearance of the delayed component and those created by col-
lisional or recombination process apparently give rise to first peak. The complicated
interplay between laser irradiance and distance from the target surface is not yet com-
pletely understood, but data and discussion presented here do provide a good picture

regarding the YBCO plasma dynamics.
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Chapter 9

Summary and Conclusions

Laser ablation of solid materials has become an important technique in several scientific
disciplines including physics, material science, chemistry and biology. The interaction
of light with matter leads to electronic excitation by the absorption of photons. It is
well established that the absorption of laser light leads to very rapid heating of opaque
materials to very high temperatures. Melting, evaporation and high temperature and
density plasma formation may occur. The high temperature conditions may be quite
localized in space and time.

Pulsed laser induced plasma has a very short temporal existence and is transient in its
nature, with a fast evolution of the characteristic parameters that are heavily dependent
on the irradiation conditions such as incident laser intensity, irradiation spot size, ambient
gas composition and pressure. It is also true that these parameters vary drastically with
axial or radial distance from the target surface under the same irradiation conditions.
Detailed investigation of the optical emission of the plasma plume gives the information
on the spatial and temporal evolution of transient species produced during laser-target
interaction, such as excited atoms, ions or molecules. The spectroscopic studies made on
spatial volume elements in the neighbourhood of the target surface in the early stages
of the plasma evolution give direct information about the laser-target interaction as
well as laser-plasma interaction. Investigations of optical emission at comparatively
larger distances from the target surface result in providing information on the plasma
species reactivity, which is an important quantity needed to maintain quality of thin
films prepared using pulsed laser deposition technique. It also reveals the dynamics of
the ablated material before collision with a substrate surface. The investigation made
here are centered around the characterization and dynamics of plasma generated during
Nd:YAG laser ablation of graphite and YBa,Cu;0; targets.

The discovery of new allotrope of carbon, viz., fullerenes, has initiated substantial
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research into the formation, characteristics and possible applications of the graphite
plasma. While carbon is known to exist as either diamond or graphite, the third form
consists of even numbered carbon clusters which exists in hollow spheres. Laser ablation
of graphite target in the presence of an inert gas is an established method for the pro-
duction of these carbon clusters. Although considerable progress has been achieved in
studies involving ablation of carbon clusters C,, (n>10), including fullerenes, relatively
little effort has been expended to study the production and characterization of C,, with
n < 10. Here, we mainly focus into the formation, vibrational distribution and expan-
sion dynamics of the C, species produced during laser ablation of graphite target. The
band head intensities of the C, molecules were used to-evaluate the vibrational temper-
ature. These investigations demonstrate that the vibrational distribution of C; species
are sensitive to laser irradiance, pressure of the background gas, time after the elapse
of the laser pulse and spatial separation from the target. It also demonstrates different
possible routes for the formation of C; molecules. The formation of C; emission could
be observed at low irradiance due to plasma excitation and at high irradiance due to
recombination processes. The presence of helium ambient atmosphere causes the line
emission enhancement of the band heads of the C; species. This enhancement in the
emission intensity from C, is due to collisions on the expansion front and subsequent in-
traplume collisions. It is also confirmed that vibrational temperature of the C; molecules
decreases with increase in helium pressure. The addition of heli'um apparently cools and

confines the plasma causing reduction in the vibrational temperature.

Time resolved spectroscopic analysis of emission from C; species has differentiated
the various mechanisms of the formation of these species in the laser produced plasma
from graphite in a helium gas atmosphere. Measurements of spatial dependence of the
TOF emission intensities are made up to 25 mm away from the target. An oscillatory
behavior is observed in the time of flight distribution of C, species and this is observed
only above a certain threshold value for irradiance. At distances greater than 16 mm
from the target, a three fold TOF distribution is observed. The departure of single peak
velocity distribution at higher laser irradiances is due to processes like recombination
of the high energetic particles. It is found that at farther distances from the target
the recombinational peak gets modified into two distinct peaks due to inherent delays
caused by different recombination and excitation mechanisms. The different expansion

dynamics of C, species in the ambient gas are also discussed. The velocity puléat:ions

247



in the faster peak during expansion into ambient gas are attributed to nonequilibrium

kinetic energy transfer because of many body recombination.

In summary, the present work throws some light on the production and kinetics of
C, molecules in a laser generated plasma from graphite target. Analysis of these data
provides a fairly clear picture of the evolution and dynamics of C, species in the laser

induced plasma from graphite and the role of carbon clusters in the same.

Electron density and temperature measurements of the graphite were carried out
by spectroscopic means. Line intensity ratios of the successive ionization stages of the
carbon have been used for the determination of electron temperature and density and
Stark broadened profile of first ionized carbon species is used for verifying electron density
measurements. The dependence of electron density and electron temperature on different
experimental parameters like distance from the target surface, time after the initiation of
plasma, laser irradiance and pressure and nature of ambient gases used are also carried
out. An initial electron temperature of about 3.6 eV and density 1 x 10! cm™3 is
observed and it decays rapidly to much lower values within 300 ns time. At greater
times the electron temperature is more or less constant. The electron density exhibits
an approximate 1/z dependence with spatial separation from the target surface which is

in accordance with the adiabatic expansion model.

With increase in laser irradiance, both electron temperature and density increase and
saturate at higher irradiance levels. The saturation of electron density and temperature
at these irradiance levels is expected to be due to plasma shielding. The prominent
absorption mechanisms occur in a plasma such as inverse Bremsstrahlung and photoion-
ization are discussed. Saturation phenomena of these fundamental parameters with laser
irradiance can be explained by assumjng the formation of self-regulating regime in the
plume.

The electron temperature and density show an abrupt change with the addition of
ambient gases and these parameters also depend on the nature and composition of the
gas used. It is noted that hotter and denser plasmas are formed in Ar atmosphere
compared to He and air as a result of difference in the efficiency of cascade-like growth
of electron number density and plasma absorption coefficient. However, the differences
between these parameter in Ar and He, and the profile in air, particularly at higher
pressures, suggest that T, and n, may be affected by chemical reactions as well as simple

hydrodynamic expansion of the plasma. It is also noted that the length of the plasma
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plume along the expansion axis is greater in helium atmosphere compared to argon or
air atmosphere and this is presumably due to higher thermal conductivity of the helium
gas. Electron density measurements using two alternative spectroscopic methods show
good agreement especially at distances > 2 mm and times > 300 ns. The drawback

occurring in these measurements at short distances and short times are also discussed.

Laser irradiation of graphite target in partial vacuum conditions generates plasma
containing CN molecules. From the spectroscopic studies of the emission bands of the CN
molecules, the population distribution and vibrational temperature at different regions
of the plasma plume have been obtained. These investigations demonstrate that the
emission intensities from CN species are sensitive to laser irradiance, pressure of the
background gas, time after the elapse of laser pulse and spatial separation from the
target. At low laser irradiance the emission bands due to C, a.nd CN predominates while
at higher irradiance the multiply ionized species up to C IV have been observed along
with CN and C; species. The band head intensities of the different vibrational sequences
of the CN molecules were used to evaluate the vibrational temperature using Boltzmann
plot. The vibrational temperature is found to increase with increase in laser irradiance
and saturates at higher power levels. The saturation of vibrational temperature at higher
power density is due to depletion of excited state population of CN molecules and by
plasma shielding. The nonlinear interactions between the laser and the plasma give
rise to phenomenon such as self-focusing which exhibit a threshold-like behaviour. It is
noted that the vibrational temperature of the CN molecules varies with the position of
the sampled volume within the plasma plume, integration time after the elapse of laser

pulse and ambient gas pressure inside the plasma chamber.

Laser ablation and deposition of high temperature superconducting (HTSC) material
like YBa,Cu307 has recently attracted interest among researchers. The laser ablation of
HTSC target is accompanied by the formation of brilliant elongated plasma located over
the target surface extending outward. Analysis of the optical emission spectrum from
the plasma plume has been used to identify vapourized and ejected atoms, ionized atoms
and diatomic molecules. Identification of these species is important in understanding the
complicated ablation, transport and deposition processes. Most of the published works
have concentrated mainly on identification of plasma species and on parametric studies of
the velocity distributions of the species in the expanding plume. However, relatively little

quantitative information is available on either the fundamental plasma parameters, like
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electron temperature, electron density, composition etc., or the nature of the dominant
plume excitation processes in different spatial and temporal regions of the expanding
plasma. We have estimated electron temperature of the plasma by spectroscopic means.
Line intensities of the successive ionization states were used for the determination of
the electron temperature and Stark broadened profile of Ba I transition at 553.5 nm
was used for the measurement of electron density. The electron temperature has got
27 %% and t? dependence on distance and time respectively. The variation of electron
temperature with laser irradiance shows a saturation at high irradiance levels and this
can be explained by assuming the formation of a self-regulating regime. Irrespective of
the nature of the gaseous environment, the plasma temperature shows somewhat similar

behaviour. The temperature of the plasma is maximum in Ar atmosphere compared to

He or air.

A comparative study is made between the electron temperature of the graphite and
YBa,;Cu30,; plasmas. Studies show that the fundamental parameters of the plasma
varies largely with the nature and composition of the target. Compared to YBa,Cu,O-
plasmas, graphite plasmas are more hotter. The large difference in temperature may be
due to the variation in its excitation energy levels. For eg. first ionization energy for
carbon atom is 11. 3 eV, while the ionization energies for Y, Ba and Cu are 6.37, 5.2
and 7.7 eV respectively. We have seen ionic species up to C IV in the case of graphite
plasma, while only singly ionic species have been observed in YBa,;Cu,0; plasma.

Time resolved studies of YBa;Cu;0; plasma are also made. The present work has
differentiated the type of species directly coming from the target surface and those due
to recombination process. We have observed the twin peak structure for atomic and
molecular species at short distances. Evaporation from the target/expansion of those
generated in the vicinity of the target leads to the appearance of the delayed component
and those created by collisional or recombination process apparently give rise to first
peak. The complicated interplay between laser irradiance and distance from the target
surface is not yet completely understood, but data and discussion presented here do
provide a good picture regarding the YBa;Cu,O; plasma dynamics.

The present investigations clearly indicate the scope and nature of future work re-
quired to get a complete understanding of laser produced plasmas. Use of Langmuir
probe will provide considerable information especially regarding the density and tem-

perature in the plasma. Mass spectroscopic measurements will form another type of
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work which can throw much light on the nature and number of ablated species including
clusters. Use of CCD cameras can provide frame by frame imaging of plasma evolution
as a whole. All these indicate that laser induced plasma will continue to receive major

attention in recent years to come from the side of scientists and technologists.
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