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PREFACE

Plasma created by intense radiation from a focussed laser
source was first observed with the advent of “gaint pulse”
Q-switched Ruby lasers by Maker et al in 1960. When the 1laser
pulses of moderate power are focussed on an opaque surface they
can produce high heating rates and very high temperatures. At
lower laser energies heating without phase change occurs, whereas
with higher intensity pulses, ionization occurs which leads to the
plasma formation. Spectroscopic studies of optical emission of
a laser induced plasma is the most effective method for
characterizing both the laser target interaction and the resulting
plasma. The generation of the plasma from a solid target by
irradiating it with laser pulse is an interesting problem from the
point of view of not only the plasma physics but also of the
practical application of it to spectrochemical analygis. Plasma
produced by this method is important for several applications as
in the surface microanalysis, fabrication of materials, deposition
of thin film, ion source for beam lines and in controlled fusion
devices, in addition to it use as tool for plasma diagnostics.

The work presented 1in this thesis concerns with the
experimental studies on the plasma produced with moderately high
povwer lasers. The characterization of laser induced plasma from
different so0lid target materials 1like metals (Aluminium and
Copper), polymers (Polytetrafluoroethylene), graphite and high Tc
superconductors (YBaZCuao7 & GdBaZCu307) using pulsed Q-switched
Nd:YAG laser has been carried out. Here the spectroscopic as
well as time resolved analysis of the plasma obtained from the
above materials is reported. The spectroscopic study of 1laser
induced plasma 1is a very convenient method to 1identify the
neutral, ionic and oxide species in the plasma. Identification
of these species is important in understanding the complicated
ablation and deposition processes. In order 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 spectral emission from the plasma
offer the most logical approach.

The present thesis is organized into nine chapters. A brief

description of the contents of each chapter is given below.

The chapter I is divided into two sections A & B. Section
A includes, general introduction and the basic theory underlying
the processes of interactions of laser beam with materials which
leads to the formation of plasma. In the second section
different techniques used in the diagnostics of laser induced
plasma and their applications are described.

A brief overview of the some of the important previous work
in the field of laser induced plasma is attempted in the chapter
II. The emphasis is given to the characterization of the plasma
rather than its applications.

The chapter III outlines the general experimental methods
followed in this study. Details of the experimental set up used
for the measurement of spectroscopic as well as time resolved
analysis are discussed separately. The various subsystems 1like
plasma chamber, spectrograph, monochromator, microdensitometer,
boxcar averager and storage oscilloscope used for the above
neasurements and their specific features are also discussed.

Chapter 1V presents the spatial and temporal analysis of
laser induced plasma from polymer sample Teflon
(Polytetrafluoroethylene). Detailed study of the spatially
resolved emission spectra corresponding to different regions in
the plasma at various distance from the target shows distinctly
different characteristics. The emission 1line due to higher
ionization states of carbon (CI,CII, CIII and CIV) are clearly
seen in the core and mid region of the plasnma. Molecular bands
of 02 (swan bands) and CN are predominant in the spectrum of
extended region of the plasma. From the relative intensities of
the above bands the vibrational temperatures of these species are

calculated and their wvariation with laser energy are also

II



obtained. From the time resolved analysis of the different
species in the plasma and from the variation of the time delay as
well as decay time of emission at different regions of the plasma,
several interesting conclusions related to the structure and
composition of the plasma have been obtained.

As in the case of Teflon target, the spatial variation of the
spectroscopic features and time resolved analysis of plasma
obtained from the carbon (graphite) plasma are described 1in
chapter V. The plasma emission spectrum shows somewhat similar
characteristics as that obtained from the Teflon plasnma. The
plasma emission spectrum in the central core region of the plasma
is found to be dominated by the higher ionized state of carbon
lines (up to CV), while the spectrum in the extended region is
dominated by the molecular bands of C2 and CN molecules. From
the time delays measured for different species in the plasma the
expansion velocities of the various species are calculated and
their variation with respect to laser energy is also obtained.
Fromn the relative intensities of the molecular bands, the
vibrational temperature of the above molecules are obtained and
these are found to be in good agreement with each other.

The results obtained from the analysis on the characteristies
of plasma from high Tc superconductors are presented in the
chapter VI. Most of the earlier spectroscopic studies do not
clearly reveal the presence of Cu and Cu0. But here, the
characteristics spectral emissions from GdO, YO, BaO, Cu0O along
with the emission lines of ions and neutral atoms from these
samples are clearly observed. The time resolved spectroscopic
studies on these species have also been done. Important
parameters such as electron temperature and velocity of the 1ionic
species are evaluated from the ion probe technique.

The spatially resolved plasma emission spectra of metal
targets (Aluminium and Copper) are discussed in the chapter VII.
The plasma emission spectrum at various regions of the plasna
shows distinct characteristics. The spectrum of Aluminium plasma

in the outer region of the plasma plume is dominated by Al1Q0 bands
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with Av = +2, +1, 0, -1,and -2 due to the transitions from the
BZZ———> XZZ. The vibrational temperature of these bands are
calculated and their variation with laser energy 1is discussed.
From the Langmuir probe studies of the Aluminium plasma the
parameters such as probe characteristics, plasma temperature, and
the velocity of positive as well as negative ions are calculated.
An experimental set up for the preparation of the thin films
by the laser ablation technigque is described in the chapter VIII.
As a preliminary study, metal films kAluniniun and Copper) have
been prepared by this technique and the optical transmission
characteristics of the films thus obtained in relation to
different parameters such as laser energy, number of pulses,
substrate temperature and the distance between the target and the
substrate are investigated. In order to obtain a better and
oniform film a modified substrate heater has been used and the

design details of this set up have been discussed in this chapter.

Chapter IX gives general conclusions obtained from the
present investigations which have been carried out by the author
during the past five years 1in the 1laser division, at the

department of physics, Cochin University of Science & Technology.
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CHAPTER 1

INTRODUCTION TO LASER INDUCED PLASMA

ABSTRACT

This chapter is divided into two parts. Part A includes,

general introduction and the basic theory underlying the processes
of interaction of laser beam with materials which lead to the
Part B presents the different techniques
in the laser plasma diagnostics.

plasma formation.
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PART A
THE FOURTH STATE OF MATTER - PLASMA : AN OVERVIEW

1.1. GENERAL INTRODUCTION, HISTORY

Matter manifests itself generally in three distinct states viz,
solid, liquid and gaseous. In recent years, however more and
nore attention has been directed to the properties of matter in a
fourth and unique state, which 1is called plasma. In solid

bodies, atoms and molecules are arranged usually in a regular

order and are constrained to a rigid order. In 1liquid states,
they can move, but their freedom of movement is limited. In =a
gas, molecules and atoms move freely. But in the case of plasnms,

the electrons are liberated from the atoms and acquire complete
freedom of motion. With the loss of some of their electrons,
atons and molecule acquire a positive electric charge, and they
are then called ions. Thus a plasma is a gas consisting of
positively and negatively charged particles in such proportions
that the total charge is equal to zero. Freely moving electrons
can transport electric current and thus, plasma is a conducting
gas.

In a plasma, the electrons are separated from atoms or
nolecules by forces produced by the fast motion of hot particles,
the action of 1light or an electrical discha:ge. The special
properties of plasmas give some scope for technological
applications both as electrical conductors as well as a possible
high temperature medium. In electrical applications, plasma has
an advantage over metals in the sense that it is about a million
times lighter. The electrons within the atom perform a harmonic
dance whereas in a plasma they exist without any order, 1like the

molecules in a gas. It is an important property of plasmas that

their motion can be ordered. The particles can be forced to move
in a regular fashion. The agency that forces the free electrons
to submit to rigid discipline is the magnetic field. Unlike

atoms or in a solids, electrons and nuclei move collectively in



cohesive groups. The motion of plasma particles 1is constrained

in a magnetic field. In a hot plasma, the particles pass each
other quickly without much interference. Such a plasma offers
virtually no resistance to electric currents since its
conductivity 1is very high. In a cold plasma with low

conductivity on the other hand, interactions between particles due
to collisions allow the magnetic field to leak through the plasma.
In a "cold” plasma, the temperature will be of the order of
electron volts, where as in a "hot” plasma, the temperature is of
the order of a few hundred electron volts. If the plasma
particles do not hit the walls they must move in a regular manner
within the magnetic trap. But due to some instabilities, the
ions and electrons move around in all directions and strike the
walls and thus waste their energies. Plasma in a magnetic field
is capable of a large variety of modes of oscillations, with
enissions from x-rays to radio-waves. Random oscillations which
we call noise have also been observed. Plasma resonators and
wave guides can be constructed which can force the plasma to
oscillate at predetermined frequencies.

Plasma can be considered as a dielectric mediun whose
dielectric éonstant is a function of frequency, wavenumber and
direction of propagation. A plasma can be thought of as any
collection of charged particles sufficiently dense that
space-charge effects can result in strongly coherent behaviour.
The chargded particles in a plasma interact with each other in a
coherent way by long range forces. The electric field due to a
point charde decreases only as a inverse square of distances,
whereas at a given density, the total number of charges increases
as cube of linear dimension. Thus it is possible for an electric
field, an assembly of charged particles to add together in a
coherent way. This feature give rise to collective modes of
plasma behaviour which do not exist in ordinary gases, where
molecules interact with short range force. Plasma physies is
thus a many body problenm.

Consider two parallel plane conductingd surfaces which are



separated by a distance 2x and are held at the same potential ¢o.
Let the space between these surfaces be occupied by a uniform
number density n of particles carrying an identical charge q each.
The potential at the middle plane is ¢m = ¢o+ 2nnq2x2 so that
energdy required to transfer a particle from the surface to the mid
plane is g (¢m—¢o)= 2nnq212. The particles have thermal motion
characterized by a temperature T. The collective motion effects
then dominate over the particle’s random behaviour if the above
energdy is larger than the one dimensional mean energy of the

particles random motion, 1/2 AT ie, if

1/2

kT _
x > [——4nqzn ] = 2p L.(1.1)

The quantity RD is the most fundamental unit length in plasma
physies. As it appeared in the theory of electrolytes developed
by P Debye, it has been given by the name Debye length. It is
then obvious that an ionized gas can be called a plasma only if

its dimensions L are much larger than Debye length.

L > AD (1.2)
when q = e, the electron charge,

A, = 740 [—5]1/2

D - (1.3)

where KT is the energy of random motion in eV, n 1is the
electron number per cn3 and kD is independent of particle mass.

The Debye length can also be expressed in thé following manner,

ch 1/2
A = S (1.4)
D BnN;e

where No’ Tc and e are the equilibrium concentration,

temperature and charge of electrons and k is the Boltzmann



Constant.

When charges of both signs were present in the plasma, these
are strongly attracted to each other and are forced to intermix
intimately. This tendency drow towards neutrality is
particularly striking in all ionized gases which are satisfied by
the condition (equation 1. 2) in which the charged particles do
not deviate drastically frgm statistical equilibrium. In all
such cases the difference in potential energy of particles at
different points in the space charge field can at most be of the
order of the mean random energdy. In a plasma, the electrons and
ions are constrained to move without separating appreciably and
they are bound to each other collectively by space charge forces.

If there are large number of charged particles in the Debye
sphere, ND and if the plasma description is to be statistically

peaningful, we must require that,

3

_ 4nn
N (RD) (1.5)

D - 3
The above equation can be written in terms of the mean kinetic and

inter particle potential energy as,

Al A
o =
o3| b
viwv

2 1739

n [‘ﬂ'_] - 4,,;% n2/3 - (3gn)y"? (uD)”' >> 1 (1.8)
Q' n

If the ionized gas is not to recombine, then we must have K.E.
> P.E. Introducing the critical distance r, = qz/kT, ie, the
distance at which the potential energy equals to kinetic energy
and the simple Rgtherford scattering path Kc = (4nrzn)_ﬂ then the
Debye length is given by,

AD = XA r (1.7)
So generally, a gaseous plasma will have,

r << n_l/3 €< A, << X (1.8)

c D c
So that
A = xD/rc = xc/xD (1.9)



¥hich is a dimensionless parameter describing the statistical
quality of the plasma.

we can construct a fundamental frequency,

wp = v/)xD (1.10)
241/2
o = [4"n9_] (1.11)
P n
This the so called plasma frequency. This quantity is the
characteristies oscillation rate for electrostatic disturbances in
the plasma [1]. In the 1laboratory plasmas, this frequency
usually lies in the microwave region. The plasma frequency is of

such fundamental importance that the plasma density is frequently
described by the quantity wp rather than n itself.

In order to convert a gas in to a plasma state it is necessary
to remove at least some of the electrons from the atoms, thus
converting these atoms into ions. This detachment of electrons
from atoms is called ionization. In a dense plasma, 1ionization
oceurs through electron collisions, whereas in a rarefied plasnma,
ionization occurs by the action of radiation (UV to X-ray).
Ionization can also be accomplished by atom-atom as well as
atom-ion collisions, but considerable energies are then necessary.
The inverse process to ionization is called recombination, which
is essentially the combining of ions and electrons to form neutral
atoms or molecules. Of the various elementary processes in
plasmna physics, the charge exchange is one of the most important
processes. In this case, an ion colliding with an atom acquires
electrons from the atom so that the ion becomes an atom and the
atom an ion. In a dense, partially ionized plasma, an atom can

capture an extra electron and be converted into a negative ion.

1.2. DIFFERENT TYPES OF PLASMA

In nature and in the laboratory, ionization can be produced by

various methods. The most important of these are,



1. ionization by heat
2. ionization by radiation
3 ionization by electric discharge
Based on the method of ionization, plasma can be divided into
the following different types [2].

1.2.1. NATURAL PLASMA

All naturally occurring plasmas are produced by heating. All
substances become ionized if they are heated to sufficiently high
temperatures. This process is called thermal ionization. It is
necessary that the temperature be close to that corresponding to
the energy of the most weakly bound electrons, ie, the 1lowest
ionization energy of the atom or molecule. The most weakly bound
electrons are in the case of alkali metals and the most firmly
bound electrons are in the case of inert gases. In order to
obtain a fully ionized plasma by thermal means, it 1is necessary
for the temperature to reach several tens of thousand degrees.
Stars consist entirely of thermal plasma. Weakly ionized
plasmas with high densities and relatively low temperatures can be
obtained thermally through the use of easily ionizable additive.
The electrical conductivity of the plasma enhances with the
presence of the alkali-metal additive. Ionization by radiation
becomes significant in a very tenuous gases, where any significant
density collisions between particles are not much important than
the action of radiation. This means that ionization is important
in astrophysics, the UV radiation from hot stars causes ionization
in the surrounding gaseous vapours and interstellar gas. The
radiation of sun gives rise to ionization in the outer layers of
earth’s atmosphere. Attempts to use radiation ionization in
technology have not been very successful because typical densities
are such that inverse processes of recombination of electrons with
ions proceeds very rapidly and leads to condition of equilibrium.

In nature, plasma produced by electric discharge is in

lightning. In technology, typical examples of gas discharge



plasmas are electric sparks, electric arcs, gaseous flash lamps
and other gas discharge devices.

i.2.2. ELECTRODE PLASMA

Ionization in a discharge tube provided with electrodes
(cathode and anode) depends on the production of avalanche. In
order to produce avalanche it is necessary that the electric field
to the gas be larde enough to so that enerdy imparted to the
electrons in their mean free paths is sufficient to knock out at
least one electron from an atom on impact. These secondary
events are sufficient even if there is only a small number of free
electrons since they can 1liberate new electrons after being
accelerated by the field. In this way electron multiplication
proceeds in a geometrical progression. The electrodes establish
an electric field in the plasma. The charge separation caused by
this field produces polarization of the plasma. In order to have
stationary current flow through the plasma the space charge that
arises in the plasma must be compensated by electrons that come
from external sources.

Since the negative electrons are much more mobile than that of
the positive ions, in the presence of applied field, they move to
the positive electrodes (anode) and the plasma columns between the
the electrodes become positively charged. In order for the
current flow to occur under these conditions, it is necessary that
negative electrode 1inject electrons into the plasma. The
injection of electrons by a solid body 1is called emission.
Special means for exciting cathode emission must be employed in
order to obtain a discharge at low voltage. It is possible to
shine light with a sufficiently short wavelength on the electrode
for knocking electrons out of it (photoelectric effect), or
cathode can be heated to a high temperature (thermal emission).
Such a discharge maintained by external means is called a
nonself-sustaining discharge. If the voltage between the

electrodes is high enough, then the cathode can emit electrons



without any external agency. This type of discharge 1is called
self-sustaining discharge.
There are a variety of emission mechanisms. In a dense gas,

at very high voltages the cathode is simply heated by ions that

strike its surface. In this case the emission is thermal, as in
the nonself-sustaining discharge with a hot cathode. Such =a
discharge are called arcs (electric arecs). In rarefied gas at

noderate voltages, various forms of cold or glow discharges are

possible. Here cathode emits electrons by a mechanism called
field emission. The electric field near the cathode surface
extract electrons directly from the metals. An additional role
can be played by secondary electron emission. If the emission is

unlimited, the plasma polarization can be completely cancelled by
the electron current from the cathode. In a self-sustained
discharge this emission is not unlimited so that the plasma column
far away from the cathode retains a positive charge. It is
called the positive column. The application of voltage primarily
affects the region near the cathode, where it facilitates electron

enission. This region is called the cathode fall.

1.2.3. INDUCTIVELY COUPLED PLASMA (ICP)

In a direct current (de) arec or in an inductively coupled
plasma (ICP), the energy is absorbed through ohmic heating
produced by the low frequency or direct current flowing in the

plasma. The electrical conductivity of an ideal plasma is given
by,
2 .
o = _he v-iw (1.12)
n o2y o2

Where n is the electron density, e the electronic charge, m the
nass of electron, w the radiant frequency of the applied electric
field, v the effective collision frequency for electrons and i the
square root of -1. In the inductively coupled plasma the

currents are induced into the plasma from alternating currents



flowing in the surrounding solenocidal coil. The arc is sustained
within a container that determines the plasma diameter, where as
the length of the plasma is determined by the 1length of the
solenoid.
The inductively coupled plasma operates at frequencies
well below the plasma frequency
© = (neZ/me )'? (1.13)
P o
where €0 is the permitivity of free space. In this frequency
rangde, the electromagnetic field does not propagate as a wave
within the plasma, but is attenuated as an evanescent wave over
distances of the order of skin depth,

o - ° (1.14)

[ “p wZ] E

Where ¢ is the speed of the light. Thus plasma 1is sustained
by energy absorbed within a small layer near 1its outer surface
that produces a rather flat temperature profile within the plasma

and limits the maximum temperature that can be obtained.

1.2.4. LASER INDUCED PLASMA (LIPD

Plasma generated by radiation from focussed 1laser beams were

first observed with the advent of "giant pulse” Q-switched ruby

lasers by Maker et al [3]. A laser pulse focussed on an opaque
surface can produce high heating rates and high temperatures. At
low laser energies heating without change of phase occurs. With

higher intensity pulses, 1ionization occurs which 1lead to the
plasna formation. The optical emission from a laser induced
plasma (LIP) is useful in characterizing both the laser target
interaction and the resulting plasma [4]. Plasma produced by a
focussed laser beam on a solid surface evolves in two phases.
During the first phase, a plasma is initiated at the surface and

in the surrounding medium. If the surrounding medium is air, the

10



plasma grows rapidly generating either a laser supported
detonation wave [5] or a 1laser supported combustion wave ([6],
which absorbs the incident 1laser radiation and influences the
coupling of incident laser energy to the surface. The nature of
interaction depends on the incident laser irradiance and several
possible regimes have been identified [7]. The second phase of
the plasma evolution occurs after the laser pulse 1is over, when
the plasma begins to expand and cool.

Several parameters of lasers 1like wavelength, pulse width,
pulse rate and irradiance will effect the ablation process. Most
frequently used lasers for plasma production are so0lid state
lasers like the ruby (695 nm), Nd:YAG or Nd:Glass (1064 nm) and
das lasers like CO2 (10.86 um), nitrogen (337 nm) and excimer
lasers (x 300 nm) and dye 1lasers (220 nm-740 nnm). Results
suggest that among these lasers, those having shorter wavelength
produce more ablated material [3]. The dependence of wavelength
on the absorption coefficient is given by,

K = 4:# (1.15)

where K is the surface absorption coefficient, X the wavelength
and ¢ the solid state absorption index [4]. When the repetition
rate of the laser increases, greater amount of material is ablated

which reduces the sample inhomogeneities and the effect of laser

energy variation between the pulses. When the 1laser irradiance
is greater than 109 H/cnz, and the pulse width > 100 nsec, the
laser vapourization of the material takes place. Figure (1.1)

shows the dependence of the laser absorption as a function of
wavelength and irradiance. The wavelength of the 1laser often
controls the mode of evapouration. Long wavelength lasers
usually induce a thermal evapouration process, in which the

evapourated materials exhibit well defined translation and

internal temperatures in equilibrium with local surface
temperatures [5]. Operation of the lasers at short wavelengths
initiates processes that are non-thermal in nature. The
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conparison of the laser interaction with the solid targets at
different wavelengths show that short wavelengths are favourable
for energy penetration in the solid because there will be 1large
ablation rate at short wave 1lengths. The absorption also
increases at short wavelengths. So short wavelength 1lasers are
nainly used for fusion experiments.

High power lasers are now widely used as energy sources to
change the thermodynamic state of matter over wide range of
tenperatures. The advantage of laser source over the other
conventional sources like electric discharges is its high speed of
introducing a quantity of energy at desired time into matter at
the selected location. Therefore lasers are used in experimental
investigations such as plasma physics, thermonuclear physics,
isotope separation, thermophysics, spectroscopy, surgery and
industry. Melting, evapouration and ionization of matter by
lasers has many practical applications.

The temporal coherence of the laser, which is related to
nonochromaticity of the laser has got application in spectroscopy
and in optical fiber communications. The property of spatial
coherence which is related with directionality of the laser is
useful for focussing the laser in to a very small volume = 1 um,
wvhich produces very high energy density at the solid surface.
The force due to electric field of lasers is comparable with the
electric field that prevails inside the atoms resulting in the
nonlinear response of the medium, whereas force due to electric
field of conventional source is very weak compared to inter atomic
fields and this leads only to a linear response of the mediunm.

The advent of laser has produced a light source of high enough
powver that considerable heating effects may be generated when the
light is absorbed. Some of these phenomena have aroused
considerable interest in effects which involve a change of phase
of the absorbing material and the luminous plume of vapourized
paterial blasted from a metallic surface [8,9]. However in most
cases surface heating without phase change is of interest, as in

studies of thermionic emission produced by the laser radiation
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[10]. In treating the changes of phase, it will appear that
different approaches should be invoked for ordinary laser beanms
and §-switched beanms. For ordinary lasers, vapourization appears
to be described by conventional processes of boiling. But the
vapourization produced by Q-switched 1lasers, depends on the
thernal properties of the absorber and the parameters of the laser
pulse [11]. At higher 1laser power densities, the surface
temperature of the metal rapidly rises to its vapourization
temperature. For example in the case of at a power density of =
109 H/cnz, the vapourization temperature of any metal will be
reached in less than 1 nsec. At this point the input energy
begins to supply the latent heat of vapourization to a thin 1layer
of material at the surface.

In the case of laser induced plasma. different regimes are
13_1016 '/cnz’

which are applicable for laser fusion studies. When the laser
12

identified when the laser irradiance is between 10
irradiance is < 10 H/cn2 low temperature plasmas are obtained,
vhich have got applications in material processing, chenical
analysis and also for producing plasmna reconbi_nation lasers.
I-ray emission from LIP is not only of considerable interest for
inertial-confinement fusion application, but is also of importance
to a number of other applications. The increased absorption and
the reduced electron generation observed with short wavelength
laser radiation have also led to increased conversion efficiency
of laser 1light to X-rays at short wavelength laser-matter
interaction. It was shown that the efficiency of conversion of
the absorbed laser light to soft X-rays should vary as )\L—z {121.
At shorter wavelengths, the increased conversion efficiency is due
to the higher level of collisional absorption and the high coronal
electron density. Figure (1.2) shows the X-ray conversion
efficiency at different wavelength of the laser. The physical
reason for the increased conversion at 1low intensities is that
under these conditions, the plasma can radiate the energy fast
enough to maintain a relatively cool coronal absorption region

Rith a long scale length absorption and emission region. At high
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laser intensities radiational process cannot cool the plasma fast
enough and consequently, much of the energy is 1lost in the 1low
density plasma blowing off the target and in energy transport to

the denser region of the target.
1.3, LASER BEAM INTERACTION WITH MATERIALS

ABSORPTION OF LASER LIGHT

Laser light, in order to cause any lasting effect on a
naterial, must first be absorbed. This absorption turns out to
be the most critical step in laser processing of materials. This
process can be considered as a secondary source of energy inside
the material. It is this secondary source, rather than the laser
bean which determines as to what happens to the irradiated

naterial.
1.3.1. FUNDAMENTAL OPTICAL PROPERTIES

PLANE WAVE PROPOGATION

The simplest form of 1light 1is a monochromatic, 1linearly
polarized plane wave. The electric field associated with the
laser beam propagating in a homogeneous and non-absorbing medium

can be represented as,

E = E exp[.i[ f’_'jt]] (1.18)

where, z is coordinate along the direction of propagation, « the

angular frequency and A the wavelength of radiation is given by,

N = 27 (1.17)

¢ is the speed of the light and n the refractive index of the

naterial. The electric and magnetic fields are related by,
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Ho = Eonlsoc (1.18)
where, €, is the dielectric constant in vacuunm. The force

exerted by the electromagnetic wave on an electron is given by,

f:-e[E-&[—:’i] [qu]] (1.19)

The contribution due to magnetic field is smaller than that due to
the electric field by a factor = V/c, where, V 1is the electron
velocity.

The energy flux per unit area is termed as irradiance and is

given by,
I=|ExH| = n,e_cE> (1.20)
1 oo :
vhere I corresponds to a photon of energy hw/2n. The irradiance
is maximum near the optical axis and falls of laterally. The

lateral distribution of a cylindrically symmetric Gaussian beanm
can be represented as,
2

I(r) = I exp[——§—] (1.21)

Io is the irradiance on the axis (r=0) and w is the beam radius.
This applies to a laser operating in 1its fundamental resonator
node (TEHOO). The wave front of a freely propagating Gaussian
beam can always be taken as close to planar. In a first
approximation, where the diffraction effects are ignored, this
holds for a focussed beam in the vicinity of the focal spot [13].

The total power of the beam is given as,

P = nwzlo (1.22)

In an absorbing media, the real refractive index 4 must be
replaced by a complex index 7n = 771+ 1'772 . The electric field
propagating over a distance z now decreases by a factor

exp (wnzz/c), indicating that some of the light is absorbed. The
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absorption coefficient for the irradiance I is given by,

- 1 dI _ 2w _ 4n
a=- [I] [dz] =6 T2 T X "2 (1.23)
where the inverse of a is the absorption length. The reflectance

and absorption coefficients determine the amount of beamn power
absorbed within the material. The power density deposited at a
depth =z by a perpendicularly incident beam of irradiance I is
given by,
z
J_(2) =I(1-R) a [l—exp[— I a(z')dz'] ) (1.24)
o

This expression represents the secondary source and the integral
in the exponential function 1is the optical thickness of the
naterial between 0 and =. In opaque materials (z >> 1/a), the
fraction of the energy absorbed is determined by 1-R, the

absorbance of the material.

1.3.2. MACROSCOPIC MATERIAL PROPERTIES

A relation between the refractive index and the properties of
the medium of propagation is given by the Maxwell s equations so
that,

The wave equation can be written as,

- (2]

C

K o 3E
+ -— (1.25)
at? [s c’] ot

o

The complex refractive index can be written as,

=& = & ie
£ W 1""l

2 (1.26)

¢ is the complex dielectric function, which 1is the gdeneralized

response function of the material to weak electromagnetic
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radiation. It depends on the frequency of 1light in a manner

determined by the microscopic structure of the material.

(a). NON-METALS

Insulators and semiconductors in the absence of excitations
have only bound electrons and are basically transparent, except in
the vicinity of the resonance region. The dielectric function is
the ratio of the total field (wave plus polarization) to the field
of the wave alone. In quantum mechanics, a resonance corresponds
to the transition of an electron between two states, the energy
difference AE of which determines the resonance frequency w =
AE/ h. For a non-metal with Ne bound electrons, showing one

single resonance, the dielectric function is given by.

(wz—w‘z) + ifw )
=14+ ( Ne/me )t
e e o’ osc [(wz_(%)z_rzwz ] (1.27)
Here fosc’ the oscillator strength, is a measure of probability

of transition, while the damping constant I' describes the width of
resonance that arises from the finite width of the 1initial and
final electron states. The optical effects using as a
consequence of a resonance are shown in the figure (1.3). A peak
in the absorption coefficient due to resonance 1is invariably
accompanied by a peak in the reflectance. The most important
resonance arises from the transitions of valence - band electrons
to the conduction band (interband transitions). To induce an
interband transition, the incident photon must have an energy at
least equal to the band gap energy Eg' The free carriers
(electrons and holes) created in pairs in interband transitions
can, if present in sufficient numbers, influence the optical
response of the material. Insulators have band gaps
corresponding to the light frequencies in the wvacuum ultraviolet
and carrier excitations in the sun light illumination is small.
Semiconductors on the other hand, have band gaps in the visible or

IR part of the spectrum. Free carriers (optically or thermally
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generated) contribute measurably to the metal like reflectance of
pany semiconductors in the visible region.

Most non-metals show in addition to electronic transitions,
resonant coupling to high frequency optical phonons located in the
NIR region of the spectrum. Phonon coupling can be described by
resonance terms, but with masses and damping constants
characteristics of the lattice vibrations rather than electronic
vibrations. The absorption of the material increases as the
photon energy approaches the band gap.

In the case of an 1inhomogeneous non-metals the optical
absorption is modified by 1light scattering at the drain
boundaries or inclusions. This results in strong absorption even
in the case of materials which are intrinsically transparent
(ceramics). This effect can be due to multiplication of the
light path inside the material caused by the 1large number of

scattering events.

(b) METALS

The optical response of a metal is dominated by the conduction
electrons. Since the electron gas is degenerate, only electrons
in the states close to the Fermi level referred to as “free
electrons”, contribute to the optical properties. There 1is no
resonance frequency for a free electron, and its only interaction
with the lattice is by collisions. The dielectric function of
the free-electron metal can be obtained from (equ 1.27) by
formally replacing the damping constant T by the inverse

collision time 1/‘re and setting the resonance frequency equal to

zero and fosc equal to 1. So the resulting expression will be,
£:1+w;[—‘r:+1"re/w][1+wz‘r:] (1.28)
N e 1/2
Where, w = .._e?‘ (1.29)
P e o
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wp is the electron plasma frequency. At w = wp (which 1is in
the vacuum UV for most metals), both €4 and " vanish. The
variation of £ and associated quantities with light frequency is
shown in the figure (1.4). The plasma frequency is seen to
separate into regimes of rather different optical properties.
ie, large R and a for w < wp and small R and o« for w > wp.

The optical properties of a free-electron metal for w <« wp are

related to the DC conductivity % through the Drude expréssion
[14],

o = -——‘;—— - w €57 (1.30)

useful approximate expressions for the optical parameters can be

obtained. For the range w << 1/‘re (far IR region), equation
1.30 gives
% Te
51 o - -5— (1.31)
o
and o,
£, = 20 (1.32)

fromn which it follows that

o
_ _ o
ny =My = [—25_06] (1.33)
8£°w 1/2
1-R = [ p ] (1.34)
(o]
2wo 172
o = [__0] (1.35)
£ C

For the range 1/‘!'e << w < wp (NIR and visible regions in the
case of most metals), so that,
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N, = =0 (1.36)
1 szr
e
and 7)2 = wp/w (1.37)
which gives,
2 2sowp
1 -R-= o T - o (1.38)
P € o
and a = 2wp/c (1.39)

The optical properties predicted in the(fig.1.4)corresponds to
bulk materials. Metal surfaces show lower reflectances than the
bulk due to contamination (adsorbates, oxide 1layers etec.) or
nacroscopic defects. Deviation from bulk behaviour may also
arise from the intrinsic surface effects such as plasmon
excitation or diffuse electron scattering particularly in thin
films. The optical behaviour becomes dominated by the surface
effects when the dimension of the metal becomes of the order of
the absorption length, such as in extremely thin evapourated films
or in aggregate structures consisting of small insulated metallic
particles [1.15].

1.3.3. MODIFIED OPTICAL PROPERTIES

When the low intensity light is incident on the material, the
states of the atom or the electrons are not perturbed. But
powerful laser irradiation can alter the optical properties of
pany materials so that coupling is then not characterized by =a
static dielectric function but it becomes a dynamical processes.

All laser -induced changdes in the optical properties of the
material can be described by the one of the three following

mechanism, which are in the sequence of irradiance.

(L) Heat production and resulting changes in the density or

electronic characteristics of the material. Prominent
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effects include thermal self-focussing in transparent media
as well as thermal run-away phenomena in semiconductors and
netals.

(2) Optical generation of free carriers by interband
transitions or impact ionization 1in semiconductors and
insulators. As 8 result, the absorption coefficient
increases dramatically, possibly causing explosive material
damnage.

(3) Non-linear distortion of electron orbits or whole molecule
by the electric field of an intense bean. A host of
non-linear optical phenomena, including self-focussing and

nultiphoton absorption are due to field effects.

Apart from these “intrinsic effects’, beam-solid coupling salso
tends to be affected by the laser induced changes in the shape of

the material usually in connection with melting or vapourization.

10 3. 3. 1 . SELF-FWUSSI NG
NON-LINEAR EFFECTS IN LIP : SELF FOCUSSING PHENOMENON

The self-focussing occurs when the refractive index of a medium
varies with laser irradiance. Extensive reviews on this topic
have been made by several authors [16,17,18]. The intensity of
the laser beam near the axis is large compared to that of the away
from the axis, an irradiance dependent refractive index has an
effect somewhat similar to a lens placed in the laser beam path.
As illustrated in the figure (1. $), this 1is converging if the
refractive index nl increases with laser irradiance and the phase
velocity decreases towards the beam axis causing the plane wave
front to become concave and eventually to collapse. The lens 1is
diverging if the 4 decreases as a function of irradiance. This
self-defocussing is inconsequential as far as energy deposition is
concerned, but self-focussing increases the effective irradiance
and reinforces other irradiance dependent phenomena. The

variation in refractive index can 1itself be thermal or field
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induced.
The temperature dependence of refractive index can be taken as

consisting of two parts
dny/dT = ( én,/8T) p + ( 60,/6pP) do/dT (1.40)

This first term accounts for the temperature dependence of
electronic or molecular polarizability due to shifts in the
absorption bands. Thus in materials with band-gap energies in
the ultraviolet region that decreases with temperature, this ternm
tends to be positive in the visible spectrunm. The second ternm
connected to thermal expansion is usually negative since 6n1/6p >
0 and dp/dT < O. So the first term favours the self-focussing
and the second tends to oppose it. These two contributions will
have different relaxation times and there may be transient
self-focussing for short pulses even if the steady state value of
dnl/dT is negative.

Electric field induced self-focussing, unlike 1its thermal
counterpart is a high irradiance effect relevant only for powerful
nano or picosecond pulses. The root of the field induced changes
in the refractive index is the anharmonicity of all interparticle
potentials. The intensity dependent refractive index can be

written as

_ ,(0)
"= 0y + rI (1.41)
where ngo)is the linear refractive index and y = ¢ (2)/20805(0)

In the case of transparent medium with y > 0, the effect of self
focussing on a Guassian beam can be described in terms of field

induced thin lens with a focal length that depends on irradiance
(173,

]1/2

YA = w [2771/?’1

nl (1.42)

The lens exactly balances diffraction if an = ZO. This holds,

independently of the incident beam radius, if the power 1is equal
to the threshold value,

22



_ 42
Ptr = A7/ Zﬂrnl (1.43)

With the availability of high power laser beam a large number
of interesting non linear phenonena havev been studied both
theoretically and experimentally. Here we will consider a
particular phenomenon viz, the self-focussing of powerful laser
beans in dielectries. This phenomenon is due to the dependence of
the complex dielectric constant, Eopp ON the intensity of the
propagating wave.

Consider a beam propagating in a non-linear medium. As the beam
gets focussed due to non-linearity, the intensity increases
causing further enhancement of nonlinearity and hence the extent
of non-1linear focussing.

In regions near the focus the present theory based on the WKB
approximation is indeed not expected to be valid on account of
high light intensities in these regions and also the occurrence of
optical break down in the conversion of the state of the material
into the plasma state. It 1is observed that 1light 1is finally
focussed in filaments of diameter 3 to 5 wum ({19]. An
electrostriction mechanism for filamentary track formation in
transparent optical glass has been reported by Kerr E L [20].

The nonlinearity on the refractive index of a dielectric
paterial arises due to the nonlinear relationship between the
displacement vector D and the electric vector E. The two main

pechanism for this nonlinearity are

(1) Rlectrostriction :- This the force which a non-uniform
electric field exerts on a8 material medium (solids). The
paterial tends to be drawn 1into the high field region. The

electromotive force proportional to the gradient of the square of
the electric field ie, the gradient of intensity. This force
affects the density of the material, which in turn modifies the
dielectric constant.

(2) Kerr Effect e If nolecules of a liquid have
anisotropic-polarizability tensor, an intense light wave will tend

to orient the allot;opically polarized molecules such that the
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molecule by an absorption of a photon (b) 1localized
multilayer ablation by a single laser pulse



direction of maximum polarizability is along the direction of the
electric vector. This changes the dielectric constant of the
nedium.

In the case of absorbing medium, an intense light beam, with a
radial distribution of intensity causes a radial gradient of
temperature and hence the dielectric constant. This leads to the
focussing and defocussing of the laser beam depending on the
nature of variation of dielectric constant with temperature. 1If
de /dT >0, self focussing occurs, whereas 1if de /dT < o,

defocussing of the beam occurs.

1.3.3.2. FREE-CARRIER EFFECTS

Free carrier generation is the most important self-induced
coupling effect in non-metals. In order to consider the impact
of free carriers, on the optical properties of a non-metal, the
simplest approach is the total material polarization and hence to
take the dielectric function as a sum of lattice and the carrier
contributions.

In semiconductors, holes tend to be mobile and contribute
significantly to absorption. Since electrons and holes come in
equal numbers, it is convenient to treat them together and the

total absorption coefficient can be written as,
o= o + Neh Zeh (1.44)

a is the lattice absorption coefficient, Neh = Ne = Nh is the
density of the carrier pairs and zeh is the absorption cross

section of a carrier pair which is defined as.

o e R ol M e I

e

where n: and Tx , (x = electron/hole) are the effective masses and
collision times of the electron and holes respectively f211. zeh
varies with 7\2, making free carrier absorption relevant for
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infrared beanms.

1.3.4. DESORPTION AND ABLATION

Pulsed laser induced desorption offers ways of studying the
dynamics of surface processes. The monochromaticity of the laser
radiation allows a selective excitation of defined states and in
ideal cases it may be possible to confine energy to the substrate,
adsorbate or multilayer film covering the substrate.

Desorption is the processes by which mono or submono layer
amounts of molecules leave the substrate surface, whereas in the
ablation processes many layers leave the condensed systen
irrespective of the forces holding the condensed phase together
(Vander Waals or exchange forces) and irrespective of the energy
of the photons of the laser pulse (UV or IR photons). Figure
(1.6(a) and (b)) dive the schematic representation of the
desorption processes and ablation.

(A. RESONANT IR AND UY EXCITATION

Transitions between vibrational levels of isolated molecules
are usually described by simple models such as the harmonic
oscillator or the anharmonic oscillator. In order to explain the
behaviour of polyatomic molecules under high power laser
irradiation, the two ladder three region model has been introduced
[22,23]. This models assume that the first few photons are
absorbed in one vibrational mode in high order multiphoton
processes defining region 1. At higher 1levels of excitation,
rapid intermolecular energy exchange will occur with other
vibrational modes. Optical pumping in this second region, called
the "quasicontinuum”, is stepwise and incoherent. At even higher
energdies in region three, the possibility of dissociation exists.

In the region 1, a mode selective laser excitation is possible,
which is destroyed by the efficient intermolecular energy transfer

in the quasicontinuum. So IR multiphoton dissociation is
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nolecule selective, but not bond selective under collision-free
conditions.

In a condensed phase polyatomic molecules due to intermolecular
enerdy exchange, it is difficult to accumulate 20 or 30 IR photons
in one molecule and to achieve multiphoton dissociation. So
there is no selective coupling between an excited vibrational mode
and adsorption potential, as indicated in the figure (1.7),
leading to nonstastical desorption. On the otherhand it has been
suggested that the surface phonons may communicate well with the
low frequency mode of the adsorption potential but a bottleneck
exists for the flow of energy into the chemical bonds of the
desorbed molecule [24]. This effect would also allow a non
statistical behaviour in the case of energy flow from the
substrate to the adsorbed molecules.

Figure (1.8) shows the three examples of the 1laser induced
photon dissociation processes. The first one is the coupling with
a repulsive upper state possessing no energy minimum, the second
one shows a transition to an upper bound state with slightly
larger internuclear distance, leading to dissociation by internal
conversion and the third case illustrate the direct dissociation
into electronically excited products by excitation of bound state

with energy excess of the dissociation energy.

(B). ENERGY CONSIDERATIONS

One may make a comparison of photon energy with the
corresponding binding energies in the molecular system in order to
see whether the quantum processes is energetically possible at a
considered wavelength. In the case of molecular system, weak
Vander Waals bonds and /or chemical bonds hold the condensed phase
together. Typical Vander Waals energies are in the 0.3 eV range
and therefore an IR photon may have enough energy for single
photon processes. With UV photons, on the otherhand not only the
Vander Waals bonds but also chemical bonds can be broken from the

energetic point of view. In this case the quantum yield
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represent the fraction of the absorbed photons 1leading to
photolysis and this fraction essentially heats the sample and
finally breaks the Vander Waals bonds. In the 1latter case,
quantum yields greater than one may be observed whereas in a
chenically bonded network, the quantum yields are considerably
lower. Figure (1.9) shows the comparison of the energy for
typical IR and UV photons with the interaction energy of =a
chemical bond and a Vander Waal bond.

1.3.5. PHASE TRANSITION AND SHAPE EFFECTS

Powerful laser beams not only affect the intrinsic properties
of the material, but alsoc the shape of an irradiated material.
This influences solid—bgan coupling in various ways. Shape effects

are related to melting and evapouration.

1.3.5.1. EYAPOURATION AND PLASMA EFFECTS

The vapours formed by the intense irradiation can play
important role in beam -solid coupling, particularly for IR beanms.
The level of irradiance at which the evapouration takes place
ranges from 103 H/cn2 to the highest irradiance 1015 H/cn2 or
pore. It is clear that many physically distinct regimes are
found in this enormous range.

At relatively moderate irradiance (below 106 H/cnz), the vapour
is tenuous and essentially transparent, but with increasing
irradiance it tends to become supersaturated as it evolves from
the surface. The vapour cloud is a medium of refractive index
different from its surroundings and hence distorts the incident
wavefront.

Between 107 and 10

becomes partially ionized and absorbs substantial fraction of the

10 H/cnz, depending on the wavelength, vapour

laser energy. The black body radiation emitted by the vapour

plasma tends to be absorbed by the solid more efficiently than the

laser radiation particularly for IR lasers. If the plasma stays
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close to the surface, it may actually enhance the fraction of beanm
enerdy absorbed in the solid. At irradiance somewhat higher
than those producing ionization of the hot vapour, ionization may
occecur in the ambient gas due to optical breakdown. The breakdown
plasma typically propagates as a supersonic absorption wave
against the incident beam and shields the material completely.
This effect seriously limits the energy deliverable by the IR
beams to targets at atmospheric pressure.

At still higher irradiance (above 10°-10}

0 H/cnz), plasma owing
to its high temperature, becomes transparent and 1light is again
transnitted to the dense surface. The ablation pressure drives a
shock wave 1into the material which may alter its optical
properties. Finally at the highest irradiance any sharp boundary
between the condensed material and the plasma disappears. Light
is absorbed at the surface where the electron density makes the
plasma frequency equal to the 1laser frequency. Additional
absorption and reduced reflectance arise in the plasma fron

turbulent collective motion of electrons.

1.4. CREATION AND FEATURES OF A PROPAGATING PLASMA

The interaction of the hot vapour plasma with the surrounding
atmosphere in the two ways is explained in the figure ((1.10)), (1)
the expansion of the high pressure vapour drives a shock wave
into the atmosphere and (2) energy is transferred to the
atnosphere by a combination of thermal conduction radiative
transfer and heating by the shock wave. The relative importance
of these processes in determining subsequent plasma evolution
depends on irradiance size of the vapour plasma bubbles, 1large
vapour composition ambient gas composition and pressure, and laser
wavelength. At low irradiance, conduction dominates the early
stages of plasma development in the surrounding gas, the vapour
plasma is too thin spatially and optically to transport energy
efficiently by radiation. At high 1irradiance, shock heating

dominates.
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In the initial stages, the absorption wave is characterized by
high temperature and also by high pressure caused by the shock
wave driven of the target surface during the initiation process.
The subsequent evaluation of the plasma follows three major paths
depending on irradiance, spot size and ambient gas conditions.
The radiative transfer surface pressure, plasma velocity and
plasna temperature are strongly influence by the nature of the
plasma. ’

The three major types of laser absorption wave are
(1) Laser-supported combustion (LSC) waves
(2) Laser-supported detonation (LSD) waves
(3) Laser-supported radiation (LSR) waves

The main difference between the waves arise from the different
vechanisms used to propagate the absorbing front into the cool
transparent atmosphere. The characteristics difference which
distinguish the above three waves are velocity, pressure and the
effect of radial expansion on the subsequent plasma evolution.

The general configuration of the absorption wave 1is described
in the figure (1.11). This will illustrate the zones that mnust
be considered to describe the class of the waves and their
development with respect to the time. The 2zones are the

precursor shock, absorption region and plasma left behind the

propagation region. The shock and the absorption wave are
propagating away from the larger surface, whereas the plasma
behind the wave is expanding radially. The range of irradiance

at which the absorption wave propagate with subsonic velocity
with respect to the gas (ambient atmosphere or vapour) 1is called
LSCH . At low irradiance, LSCW are produced, which consists of a
precursor shock that is separated from the absorption zone and the
plasma (figure.1.11). With further increasing irradiance the
tenperature, pressure and velocity of the absorption wave
increases. At the same time wave becomes more absorbing and
consumes larger fraction of beam flux. Compression rather than
heat conduction becomes the dominating propagation mechanisms.

The velocity in this region is supersonic with respect to the gas
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ahead of the wave and hence the wave is a shock wave, which is
called LSDW. At sufficiently high irradiance, the plasma
radiation is so hot that prior to the arrival of the shock wave,
the ambient gas is heated to the temperatures where the laser
absorption begins and the absorption wave formed in this condition
is called LSRW.

1.5. PHENOMENA AT VERY HIGH IRRADIANCE

Here the light flux exceeding from 10° W/ecm? or 100 wW/cn?,
where the plasma produced are dense and hot enough to achieve
thermonuclear fusion. The practical application of the use of
the plasma as pulsed sources of X rays or fast ions. In the low
irradiance region, the optical density of the gdaseous plasma
increases with irradiance. But in the case of high irradiance
the plasma is fully ionized and the above processes are reversed
since the degree of ionization cannot be further increased. The
temperature at which this processes happen to be depend on the
atonic number of the material. In the case of 1lightest metal
which are of interest in laser fusion and where the full
ionization can be achieved.

In this irradiance regime even non-metals can be considered as
strongly absorbing, because the breakdown will occur within a
fraction of pulse duration. At highest irradiance (1015 H/cn2 or
pore), ionization occurs by multiphoton absorption. The specific
energdy acquired by the material exceeds the heat of evapouration
and even the dense phase can be treated as ideal gas. But a
strong non-equilibrium exist between the electrons and 1ions will
prevail when such pulse lasts.

Consider a dense and strongly absorbing material, in the first

few tens of nanometer, the energy at a rate of 1020 H/cn2 is
liberated. Part of this energy 1is converted into direct
kinetic energy by thermal expansion of the heated layer. In =a

redime of characteristic nanosecond (Q-switched) pulses, which is

doninated by the expansion and ablation of material and a second
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regine, characteristic of psec (mode 1locked 1laser) pulses, in
vhich heat conduction dominates, as the hydrodynamic motion.

The thermal pressure of the heated layer, orders of magnitude
greater is sufficient to cause significant compression to the
underlying target material. If we consider different =zones
Figure (1.12), the undisturbed solid (denoted with subscript o),
the compressed layer (subsecript 1) and the vapour (subscript 2).
Various models have been considered which differ mainly in the
tregtment of light absorption in the regionl 1 and 2. A model
appropriate for intermediate fluxes (between some 109 and 1014
H/cn2 for light targets) is based on the idea proposed by [25]}, of

a self regulating plasma.
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PART B

PLASMA DI AGNOSTICS

1.6. LASER PLASMA DIAGNOSTICS

1.6.1. INTRODUCTION

The interaction of intense laser light with matter has been an
active topic in the fields of atomic and plasma physics for more
than two decades. During this period, an amazingly rich
diversity of plasma conditions have been investigdated. As an
indication of interesting range of parameters, the following
conditions have been encountered, viz., (1) electron temperatures
(Te) fron 10 eV to many keV, (2) Scale lengths (Te/ATe), as short
as few microns, (3) Self generated magnetic fields of more than
pegagauss orders, (4) Particles accelerated to energies as high as
megavolt/amu (5) Imploded compressed densities of > 30 g/cn_3
(while keeping Te ~ 1 KeV) (B8) Ionization stages as high as those
of helium-like krypton.

In discussing the diagnostics of laser plasmas, it is very
useful to consider the spatial structure involved. This
structure is illustrated in figure (1.13 & 1.14), starting from
the absorption and scattering of incident 1laser energy and
proceeding through the transport of this energy to denser regions
and the resulting ablation pressure which can be used to drive
implosions. The structures indicated in the above mentioned
figures and their characteristic parameters (temperature, density,
gradient, scale lengths etc) are evolving in time scale varying
from tens of picoseconds to many nanoseconds. The basic
progression of interaction (from absorption through compression)
is however preserved. In recent years, it was revealed that
there exists a strong dependence of absorption and scattering

processes on the laser wavelength [26,27]. In the case of laser
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fusion applications, short-wavelength 1laser interaction studies
are mainly considered. The density and temperature profile are
shown in figure (1.15). It was seen that the density and
temperature gradients become much less steep as the irradiance is
reduced .

With reference to the figure (1.15), laser 1light is often
absorbed by the collisional processes of inverse bremsstrahlung up
to a region near critical surface (where the plasma frequency =
Laser frequency), where it is reflected and absorbed by the
parametric processes. From the critical surface towards the
laser, scattered harmonic light offer a rich source of information

on both local absorption processes and local plasma conditions.

Table 1.1 Critical densities of some important lasers
Laser Wave length (vm) nc(cn—a)
co, 10.6 10 18
Rd glass (o) 1.08 1021
21

Nd glass (3w, ) 0.35 8.0 x 10
KeF 0.25 1.6 x 1022

. . . 12 16 2
In spanning the range of irradiance from about 10 to 10 W/cm™,
the background Te varies from few hundred eV to several keV. The

critical (electron) density for a given laser wavelength is given
by ncz 1021/>~2 cn8 (A is in microns). The above mentioned trend
towards short wavelength lasers thus implies the investigation of
plasma processes at a higher density where collisional effects
will be emphasized. The critical densities of some common laser

vavelengths are shown in Table (1.1).
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1.6.2. INTRODUCTION TO OPTICAL DIAGNOSTICS.

Optical plasma diaénostic techniques can be separated into two
pain categories. (1) Those involving the analysis of the
enission spectrum from the plasma and (2) Those analyzing the
changes underdone by the radiation introduced into the plasma in
the fornm of a probe beanm.

In a laser-produced plasma, we have two main contribution to
the emitted spectrum. One contribution consists of the emission
from the self-luminous plasma itself, ie, the continuum and 1line
radiation. The analysis of this radiation has been an important
diagnostic tool in laser plasma physics. However, for 1laser
plasmas in the range 100 eV to 1000 eV (in the case of 1laser
fusion studies), most of the emission will 1lie in the spectral
region randing from the vacuum UV to X-ray redion. In
application such as chemical analysis, temperatures are usually
below 100 eV. In such studies the ion and continuum emission is
in the optical and ultraviolet regions. A second contribution to
the radiation emitted from the plasma is the emission associated
with the scattering of the incident laser light by different modes
in the plasma. This emission occurs through parametric processes
and the generation of harmonics as well as fractional harmonics of
the incident laser light.

Another optical diagnostic technique is to use a separate laser
beam as a probe beanm. Information about the plasma can be
obtained from the changes in the optical properties of the probe
bean. One example for this 1is interferometry by which the
electron density, spatial distribution and gradients are commonly
derived by measuring the change in the phase front of the probe

bean.

(AD. PLASMA DIAGNOSTICS BY SCATTERED LIGHT

(I>. PARAMETRIC INSTABILITIES

Intense laser light can excite a collection of instabilities in
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the under-dense plasma (28]. From the point of view of plasma
diagnostics, there are two areas of interest related to parametric
instabilities, one of which is the study of the parametric
instabilities themselves. The mostly used diagnostic for the
study of parametric instabilities in laser plasma has been the
scattering of an electromagnetic wave (the laser radiation itself)
froo one of the longitudinal waves resulting from the decay.
Typical examples are scattered light associated~ with instabilities
such as SRS (Stimulated Raman Scattering) and stimulated Brillouin
scattering (SBS) [29]. Another example 1is the 3w0/2 emission
[30] resulting from the scattering of laser electromagnetic wave
frop plasma waves .produced by the decay of the 1laser 1light into
tso plasma waves [31].

A second area of interest in the parametric instabilities is the
use of the scattered light as a diagnostic of the plasma itself.
This is an important diagnostic tool to characterize the temporal

evolution of the plasmas.

(I1>. HARMONIC EMISSION

When laser light is incident on a target, the reflected 1light
is found to contain the second harmonic component of the incident
laser light [32] and also higher harmonics {33,34]. Harmonic
generation in laser plasmas is very closely related to the process
known as resonant absorption. The measured efficiency of
harmonic production and the polarizations of the harmonic wave can
provide insight into the general properties of the plasma. Two
aspects of the plasma response are possible contributors to the
production of harmonics ie, (1) steep density gradient arising
from the radiation pressure and (2) self-focussing originating
from the intensity modulation of the laser beanm.

In resonant absorption, laser 1light incident on a plasma
density dradient at an oblique angle can excite resonant plasma
oscillations near the critical density region as shown in figure
(1.16). At the turning point, the electric field of the laser
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light is parallel to the electron density gradient. Electrons
oscillating under this field will be moving into the region of
higher and lower electron density, and thus harmonic components
will be superimposed on their oscillations and also similarly on
the electromagnetic wave they radiate. The number of harmonics
will be a function of the intensity of the 1laser 1light and the
steepness of the electron density gradient.

(B). OPTICAL PROBING OF LASER PLASMAS

(I>. BASICS OF OPTICAL PROBING

Optical probing of plasma is an important and mature area of
plasma physics. Optical interferometry has been used for
peasuring electron density. In recent times, Thomson scattering
has been one of the most important diagnostics to characterize the
density and temperature of electrons in Tokamak machines.

The application of optical probing to laser plasma is somewhat
difficult due to the relatively higher densities encountered in
the plasma. Because the probe pulse is 1limited to electron
densities less than the critical density (ne < nc) at which
plasna frequency equals to laser frequency, a laser probe with a
short wavelength is required to propagate through the high
densities encountered in these plasmas so that the interaction
with the plasma will be weak and the plasma conditions will not be
disturbed.

(II>. ELECTRON DENSITY MEASUREMENTS

Optical interferometry is a well established technique Ffor
peasuring the refractivity of plasmas by directly comparing the
phase of a wave front passing through the plasma with that of a
reference beam [35]. Interferometry can be used to determine the
electron density distribution because in highly ionized plasmas

the refractive index u is related to free electron density. The
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refractive index in a plasma is given by

_q 1172
] ] (1.48)

where w is the frequency of the probe and @ is the electron

8|8
Q

n
C

n
w(e) = |1- —2-[1 +

cyclotron fregquency.

In laser plasmas, the limited size of the plasma permits the
use of single beam interferometer arrangement in which plasma is
placed off axis, thus using half of the laser beam as the probe.
This arrangement permits to use the other half of the beam as the
reference. Folding the wave over itself or splitting the beam in
to two and shifting one component allows for a compact and stable
arrandement . Further improvement 1is to use the holographic
interferometry {36] because of its reduced requirements on the
quality of some of its optical components and improved spatial
resolution. Because all phase information is recorded, the
focussing of the interferometer is not important. One important
consideration of utilizing interferometry for density distribution
preasurements in laser plasma is to have a probe pulse that is
sufficiently short in time to freeze the motion of the plasma.
Because the plasma density contours move outward with high
velocity, the probing pulse 1length 7 must be, to first
approximation,

required spatial resolution
veloecity of density contour

(1.47)

For greater probe pulse durations, the interferometric fringes
will smear and loose contrast, and eventually disappear. For
electron density contour velocities of the order of = 106 cm/sec
and spatial resolution of = 1um and probe pulse duration = 100

psec is reguired.
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(ITI>. MAGNETIC FIELD MEASUREMENTS

In the presence of strong anisotropy, the polarization vector
of a probe beam can suffer a rotation and c¢can be used as a
diagnostics itself. If the anisotropy is produced by strong
pagnetic fields, the rotation of the electric field of the probing
pulse (Faraday rotation) provides the basis for measuring these
fields. The 1linear polarization is decomposed into two
oppositely rotating circular polarizations. In a magnetized
pedium, one of these rotates in the direction of the electrons,
vith the other rotating in the opposite direction. The
dispersion equation yields different phase velocities for these
tvo wave components, resulting in a rotation of linear
polarization. The polarization vector is rotated when a
component of the propagation vector is aligned with the magnetic
field vector. The rotation angle is given by,

25 )\2

¢ = 2.6 x 10 ne(r)B(r)dr (1.48)

vhere ¢ is in radiance, A is in pm and the magnetic field B(r) is

in gauss which is the component of the magnetic field in the

direction of the propagation vector. Even for 1large magnetic

fields (megagauss), the rotation ¢ is very small (a few degree).
The interest in magnetic field measurement in laser plasmas is

based on theoretical and computational evidence of spontaneous

pagnetic fields at megagauss level, which may themselves be useful

in applications. Spontaneous magnetic fields can be generated

by the following possible mechanisms.

(1) the flux of the charged particles emitted from the plasma.

(2) the electron temperature gradient having a component

perpendicular to density gradient
(3) charge separation during plasma expansion and

(4) momentum deposition by the laser beam
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(IV). THOMSON SCATTERING

A laser beam incident on a medium can be scattered by the
inhomogeneities in the medium. In a plasma, such scattering is
painly due to electron density fluctuations. Every charged
particles in the plasma is capable of scattering 1light, 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 1light, thus providing information about the
collective as well as non collective motion (velocity
distribution) of electrons. These features make Thomson

scattering a powerful disgnostic, providing direct information

about these two aspect of electron fluctuations. Although only
the electron scattering is detectable, the motion of the ion
rodifies the electron fluctuations. Thus information about the
ion motion is also obtained. Scattering from a collection of

chargded particle occurs only if there are spatial fluctuations in
the electron density. Conservation of momentum tells that the
wave number of the density fluctuation must satisfy the condition
k = (ks - Ki), where ki and ks are the wave numbers of incident
and scattered beams respectively. The magnitude k is given by

. O
k = 3T sin—o— (1.49)

where 6 is the angle between ks and ki. The vector k is fixed by
selecting a laser wavelength and a scattering angle. The

quantity k—l

is the scale length for scattering and represent the
length on which the plasma fluctuations are viewed. Fixing the k
vector selects the spatial fourier component of electron density
distribution and the frequency spectrum that will be observed.
Some fourier components correspond to the resonant modes in the
plasma, appearing as peak in the frequency spectrum. Since the
plasna resonance can exist only for modes with wavelengths 1larger

than Debye length XD’ the kind of scattering spectrum that will be
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1

observed can be characterized by comparing the k = and KD. Iif
k'l <« xD, the movement of the individual of the electron will be
observed. If k—l > )\D’ collective motion of the electrons/ions
will be observed. A convenient parameter « can be defined to

characterize the different scattered spectra which is given by,

a = -k_)\-_ (1.50)
1.7. MASS SPECTROSCOPY AND TIME OF FLIGHT ANALYSIS TECHNIQUES

(M. MASS SPECTROSCOPY

Laser vapourization is rapidly gaining popularity as a method
of sample introduction is mass spectroscopy {37,38]. Pulsed
lasers are typically used in this experiments, and sample
vapourization and ionization take place in one of the two modes.
In one case relatively high intensity pulses, I > 100 Hﬁ/cn2 are
used to simultaneously vapourize, 1ionize and in some cases
fragment the sample of interest [38]. This type of
instrumentation is often referred to as a laser microprobe or
laser ionization mass spectrometer [40]. In the second case
relatively gentle irradiation I < 10 lﬂi/clx2 is used to vapourize
intact or largely intact molecules. In this type
instrumentation, ionization and fragmentation occur by a
secondary process, typically electrons impact [41], chenmical
ionization [38] or photo ionization by a second laser [42],
subsequent to vapourization.

The common characteristics of both methods are, (1) No
background is introduced due to the bulk heating of the sample (2)
Spatial resolution can be very good, limited only by diffraction
of the incident beam (typically * 1 um in diameter) and at high
flux, cratering of the surface (typically = 10 um) occurs. This
capability can be important for small sawmples and samples

containing inhomogeneously distributed components. (3) Little
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sanple preparation is needed. (4) Sensitivity is excellent and
detection limit frequently falls in the femtogram to attagram or
sub-parts-per-billion range. (5) The possibility exists for
absolute measurements without recourse to standard samples. A
variety of laser sources have been used in the laser evapouration
pass spectrometry in which pulsed lasers are mainly used.
Irradiation of the sample may occur either from the back side or
from the front side. In the case of post ionization, pulsed dye
lasers are commonly used. Tuning capability allows the use of
resonant intermediate state in a multistep ionization processes,
thus increasing both the probability of ionization for most atoms
and molecules and the selectivity of ionization which is used in
the analysis of complex mixtures. With the use of resonant
intermediate state the ionization can be saturated within the
laser focal volume. The mass spectrometry has been used with
nultichannel detection in time of flight (TOF) techniques and also

in fourier transform spectrometers.

(b)>. TIME OF FLIGHT TECHNIQUES

The time-of-flight (TOF) technique has attracted increasing
interest recently in the study of pulsed laser ablation. Two
different types of instrument are used in the TOF nass
spectrometry as shown in (figure 1.17(a) and 1.17(b)). The first
type of instrument consists of two lasers, one for ejection of
neutrals and partial ionization and a second one for post
ionization in the gas phase to increase the number of ions.
These ions are accelerated into and separated in an ion drift tube
and detected with a channel plate detector. The advantage of
this method lies in the registration of the whole mass spectrum of
the different species ejected by a single laser pulse. This
instrument is mainly used in laser mass spectrometry specially for
organic compounds.

The second TOF method is also based on pulsed laser ablation of

neutrals. After a certain flight distance, the neutrals are
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ionized by electron bombardment in the ionizer of a qgquadrupole
rass spectrometer. An ion produced with high abundance is
selected for time resolved detection in the quadrupole mass
spectrometer. This technigque allows the accurate registration of
T0F distributions for selected mass.

The TOF method using a quadrupole mass spectrometer enables
accurate determination of transilational energies of molecules
ejected by IR or UV laser pulses. The neutral particles ejected
fromn the surface are ionized with relatively low efficiency by
electron impact. The ionized particles are extracted by ion
optics into the quadrupole mass filter for mass selection and time
resolved detection. The drift time of the ions in the analy=zer
depends on the ionizer potential and is approximately proportional
to the square root of the mass. After the subtraction of the
delay time, the TOF distribution can be transferred into a
velocity distribution. The velocity and translational energy of
a particle can be calculated from its mass, the flight time and
flight distance.

An indigenous method of attaining perfect focussing also makes
the use of ions moving in a plane perpendicularA to a magnetic
field. All such ions which originate at a point will pass
through this point after completion of circular paths in the
field, whatever their mass, direction or speed. But, while the
tine taken by an ion to complete each circular orbit will also
independent of its direction and speed of injection, it will

depend on the mass according to the equation

t = Zrm/l-le (1.51)

Thus mass may be resolved by observing their times of flight
for complete revolution in a magnetic field.

Another type of mass spectrometer is that in whiech the
time-of-flight of the ions is measured between the source and the
collector in the absence of a magnetic field, so that the ions

flow a linear path. These employ measurement of the drift time
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of a pulse of ions of known energy down a long evacuated tube.
The time interval between the arrival of masses nl and nz at the
1/

collector is proportional to (nl)‘/z—(nz) 2and the spectrum’ may
be displayed by amplifying the pulses and applying to oscilloscope

whose time base is trigdgdered by the original pulse.

1.8. FUNDAMENTAL ANALYSIS OF SOLID BY LIP
1.8.1. PHENOMENOLOGY OF LASER HEATING OF CONDENSED PHASE TARGET

The introduction of high power laser beam with a condensed
phase target leads to a wide range of linear phenomena [43,44].
This is of particular interest in the context of the elemental
composition analysis of condensed specimens in the formation of
plasma plume that grows out of the surface when the incident laser
irradiance exceeds a certain threshold value [45].

The intensity profile of a typical Q-Switched laser pulse has
an approximately trapezoidal shape in time. The slope of the
laser intensity rise in the leading edge is of the utmost
inportance in attaining a plasma plume that in both representative
of the condensed-phase specimen in its elemental composition and
robust in its emission characteristics for quantitative
spectroscopy. The leading edge must meet two requirements in
that it must be able to heat the target at a rate (1) fast enough
to renove the surface layers at a speed equal to or greater than
that of the thermal conduction front moving into the bulk and (2)
slow enough to allow continued evapouration without triggering
runaway absorption by the plasma plume prematurely. When the
plasma is near its peak density and temperature the laser plasma
interaction enters into a nonlinear regime. One of the
peasurable consequence is the generation of the second harmonic of
the incident laser beam [46].

When the plasma at different distance from the target is
recorded, the emission spectrum near to the target displays a

continuum character right at the onset of the plasma, indicating
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i extremely rapid heating. But the line emission character is
quiet pronounced. The luminosity in the region at further
distance from the target is due to fast ions and neutrals moving
ballistically away from the plasma core near the target surface.
iMfter a short period corresponding to the time delay between the
fast ion front and shock front arrival, intense emission lines
epergde. These are due to shock heating of the ambient gas and
residuals from the earlier expansion of the fast ions and neutrals
fro the plasma of the target elements. Finally, the expanding
plasma core with a full display of a rich emission 1line spectrum
is observed. The variation of emission line spectrum from one
region of the plasma to another is due to variations in the plasma
temperature. The observed temporal and spatial change of the
plasma, when analyzed by quantitative spectroscopy, give rich
infornation regarding the formation and evolution of the LIP

processes.

1.8.2. QUANTITATIVE SPECTROSCOPY

Determination of the elemental composition of a condensed phase
target by means of LIP requires the measurement of the intensities
of the spectral lines that are characteristics of the individual
species present in the plasma. The intensities must then be
related to the number densities of the species present in the
plasma and these relationships turn out to be dependent on the
tenperature of the plasma.

The plasma of depth D is in a state of thermodynanic
equilibrium at temperature T. The specific intensity at
frequency £ of an emission line is defined as the energy emitted
from the plasma per unit time, unit surface area, unit solid angle
snd unit frequency. The change in the specific intensity I(f) is

given by the equation of radiative transfer [47],

dI(r)
= K(f).[B(f,'l') - I(f)] (1.52)
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where x is the coordinate axis perpendicular to the surface area
of the plasma and B(f,T) is the Planck's black body function.

The absorption coefficient of the plasma K(f) is given by,

K(£) = hf, P(£) 0B, [1— exp(—hfolk’l')] (1.53)

h is the Planck’'s constant, n, the number density of the species
in the lower of the two energy levels between which the radiative
transition for the emission takes place and &k the Boltzmann
constant. P(f) is the line profile function of the emission line
whose central frequency is fo’ which is normalized.

¥hen Equ.1.52 is integrated with respect to x, between the two

confining planes of the plasma separated by D so that,
I(H = 1—exp[—K(t’)D] B(Ff,T) (1.54)

The product K(f)D is the optical thickness of the plasma. In the
linit K(Ff)D is increasing infinitely, the specific intensity is
given by the black body function, thus reducing the plasma to a
blackbody surface radiator at temperature T. So the specific
intensity I(f) remains constant throughout the plasma describing
the state of a blackbody in which both the particles and photons
exist in a state of conplete thermodynamic equilibrium.

The integrated intensity of an emission 1line with center

frequency fo as given by,

f°+oo
I = I(r df
f -o
o
so that,

f +o
0o

I=B(£,T) J [l—exp[—K(t’)D]]df (1.55)
S P
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This integrated intensity grows with the concentration of the
species in the plasma through the number density n, of the species
populating the lower enerdy designated by i, as contained in the
expression of K(f)D, which is a strong function of temperature and

is given by the Boltzmann distribution,

nogiexp(—Ei/kT)

n; = a (1.56)

Here, n, is the total number density of the species 1in the same
state of ionization and Ei is the energy of the ith level as
peasured in reference to the ground state level of the species in
the same state of ionization. The single particle cannonieal
partition function Q for the electronic degrees of freedom of the

species in a particular state of ionization is given by,

Q= ) 8gexp(-E /kT) (1.57)

The sum is over all allowed electronic levels.

The concentration dependence of the integrated intensity is
generally non-linear because the optical depth of the plasma
decreases with increasing concentration [48]. When the plasma is
optically thin, the integrated intensity grows linearly with the
nunber density. In this limit, the integral of equ.1.55 can be

expasnded in a Taylor series so that,

hfoD Aji gj n_ exp(-Ej/kT)
Q

(1.58)

Where the normalization of the profile function is used together
with the expression for Planck’s blackbody function.

Calculation of the intensity vs concentration relation requires
the value of line profile function, which is in general given by a
convolution integral of two or more 1line profile functions

corresponding to the line broadening mechanisms within the plasma
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{48]. For plasmas that are modestly optically thick and
therefore conveniently suitable for quantitative spectroscopy, the
degrees of ionization of constituent species are small and the
line broadening by Stark effect is modest. Then the line profile

function can be represented by the Viogot function,

+00
Af exp(-q°) dq
P(f) = 2/3L 2 - 2
n (Afy) (Afy Af’)D+ [(f-£)paf - q°)
-00

(1.59)

Here AfL is the half width at half intensity of the Lorentzian
profile representing the collisional broadening mechanisnm. Also
At‘D is the half width intensity of Guassian prof.ile function
arising from Doppler broadening. Once the line profile function
is given in some form (equation 1.53) can be used to determine the
functional dependence of the integrated intensity on the number
density of the species of interest. When the optical thickness
of the plasma increases, then the relation between the intensity
and density becomes non-linear. Another factor that affects the
optical thickness is the magnitude of the Einstein coefficient
Aij' The larger of this value, more readily the intensity and
density relation becomes non-linear.

It has been shown that the integrated intensity of an emission
line of an elemental species can be expressed in terms of atomic
and thermodynamic properties, 1including species concentration
given that the plasma is in a state of thermodynamic equilibrium.
When the intensity is measured and all other properties are known,
the nunber density of the species can be determined. The
accuracy of such measurement depends on the extend to which the

plasna is optically thin and also on the information about the
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plasma properties obtained by other measurements.

1.8.3. INTENSITY MEASUREMENTS AND ELEMENTAL ANALYSIS

The integrated intensity of an emission line can be measured by
a nunber of means. The simplest and gquite accurate method is to
set the entrance slit of the spectrograph wide enough so that its
vidth on the image plane is wider than the width of the emission
line. The image plane slit width is given by the product of
geometrical width of the slit on the image plane and the 1linear
dispersion of the spectrograph. The resultant intensity at the
line center is the integrated intensity. Such integrated
intensities of the emission lines for the plasma can be measured
by any one of several type of detectors, such as PHT, photo diodes
and spectroscopic film. For films the signals will be in the
formn of blackening as quantified by the neutral density of the
exposed area. In the case of photoelectric detectors, the
resulting signals may be handled as photoelectric current or by a
photon-counting scheme. Integrated 1intensity can be obtained
once the detector sensitivity is established, either by direct
calibration with a radiation standard or by compiling all of the
intrinsic properties of the detector’ s data chart elements. The
external optics must also be analyzed in regard to the 1light
gathering solid angle, reflective, absorptive and scattering
losses and the definition of the plasma volume contributing to the
intensity. The efficiency of the spectrograph also enters into
the analysis. Another effective approach is to calibrate the
entire detection system as a function of wavelength with a
calibrated radiation standard source placed at the plasma source.

The plasma temperature can be measured by line intensities to
varying degree of accuracy depending on the optical thickness of
the plasma. In the optically thin limit, the intensity ratio of
the pair of emission lines of one atomic species in a given state

of ionization can be written from egquation (1.55) as,
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I1 (foA:jig:j)lexp - (El;j - Ezj)/k’l'

- (1.60)
I, (£ 855850,

This equation is used for the measurement of temperature. In
general, the relative transition probabilities are much more
accurately known than the absolute values for the measurement of
temperature.

The above measurement must be repeated several times with
different pairs of emission lines from the same atomic species as
well as with those of other species present in the plasma. From
the distribution of the resultant temperature values, a
determination can be made of the degree to which the plasma has
established a state of 1local thermodynamic equilibrium. In
general, a state of thermodynamic equilibrium exists when the
collision time in the plasma is small compared with the
characteristics time over which the state of plasma changes
significantly [49]. For LIP, the characteristic time ranges from
few nanoseconds in the leading edge part of the laser pulse to a
few tens of micro seconds in the post pulse plasma after glow.

Once plasma temperature is established, and the optically thin
segnent of the laser plasma is identified, elemental composition
analysis may be carried out using the integrated line intensities.
Consider two emission lines, one from an atomic species ‘a’ and
the other from °‘b’. Then the intensity ratio 1is obtained from
the (1.60) so that,

Ia _ (foAjigj)aQbRaexP - (Ea;j - Ebj)/k‘l'
= (1.61)
I, (foAa’ig:j)b Q K

This can be used to measure the relative elemental abundance of
the element a in relationship to b. It follows that for multi-
element specimens it is desirable to choose the most abundant
species as a reference for the determination of the all other
elemental abundance, thus providing the basis for establishing the

percentage of concentration of the elemental species in the
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specimen.
Optically thick plasmas are more complex to interpret for
elenental composition analysis than those in optically thin 1limit

but the basic approach is same.

1.8.4. LANGMUIR ION PROBE FOR PLASMA CHARACTERISTICS

One of the fundamental techniques for measuring the properties
of plasma is the use of electric probes. This technique was
developed by Langmuir as early as 1924 and is called the method of
Lingnuir probes. Basically an electric probe is a small metallic
electrode, usually a wire inserted into a plasma. The probe is
attached to a dc power supply capable of biasing it at wvarious
voltages positive and negative relative to the plasma and the
current collected by the probe then provides information about the
conditions in the plasma. Using this 1langmuir probe we can
obtain the plasma parameters such as density, electron temperature
and the velocity of positive as well as negative ions.

Compared to other plasma diagnostic techniques like
spectroscopic or microwave propagation, which give information
averaged over a large volume of plasna., in the the probe method
local measurements can be done.

A simple probe circuit is shown in the figure (1.18).
Experimentally the electric probes are simple devices, consisting
rerely of an insulated wire used with a d.c power supply and an
anmeter or an oscilloscope. The physical process can be
described by langmuir probe characteristics which 1is a plot of
negative or electron current against probe voltage Vp and is given
in figure (1.19).

At the point Vs, the probe is at the same potential as the
plasma. There are no electric field at this point and the
charged particles migrate to the probe because of their thermal
velocities. When the probe voltage is made positive relative to
the plasma, electrons are accelerated towards the probe. Near

the probe surface there is therefore an excess of negative charge
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Fig.1.19. Langmuir probe characteristics



shich builds up until the total charge is equal to the positive
charge on the probe. This layer of charge called sheath which is
relatively constant as the probe voltage is increased so that we
have the fairly flat portion A of the probe characteristics.
T™his is called the region of saturation electron current.

¥hen the probe potential is made negative relative to Vs, probe
begins to repel electrons and accelerate 1ions. The electron
current decreases in region B which we call the transition region
or retarding field region of the characteristics. Finally at the
point Vf called the floating potential, the probe is sufficiently
negative to repel all electrons except a flux equal to flux of
ions, and therefore draws no net current.

At large negative values of Vp, almost all electrons are
repelled and we have ion sheath and saturation ion current (region
C). This is similar to region A, but there are two points of
asymnetry between saturation ion and saturation electron
collection aside from the obvious one of the mass difference,
which causes the disparity in the absolute magnitude of the
currents. This is due to the fact that the ion and electron
tenperatures are usually unequal and it turns outs that sheath
formation is considerably different when the colder species is
collected than when the hotter species is collected.

It is possible to place a probe in a plasma in such a way that
the plasma is not greatly disturbed by the probe, then we can
obtain from the probe characteristics information regarding the
local plasma density n, electron temperature Te and space
potential VS and also the magnitude of the saturation electron
current is a measure of n(l:’l'e)l/2
(50].

The electron temperature can be determined with respect to the

from which n can be obtained

volt-amphere characteristics in the region in which the probe has
a negative potential relative to the plasma. So the probe repels
the electrons and the surface of the probe can only be reached by
those electrons in the Boltzmann distribution which have energies

sufficient to overcome the potential difference (V—Vo) where V is
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the probe potential and VO is the plasma potential such that,

Log i =——=—V + Const. (1.62)

AT
e

By plotting the probe current i as a function of the potential
Yon a logarithamic scale, we obtain a straight line. The slope
of this 1ine can be used for the determination of the electron
tenperature Te.

The plasma electron velocity is given by,

g8 kT 11/2
v - [—e} (1.63)

T n
e

For the positive ions in the plasma, velocity is given by

8 kT 172
v ) [—e—]

7T m

+ (1.64)

Where ne and n, are the mass of electrons and positive ions

respectively.

1.8.5. VIBRATIONAL TEMPERATURE ANALYSIS OF MOLECULAR BANDS

The intensity distribution in a band can be used for
determining the temperature of the source of emission or
absorption. The temperature obtained by this way are effective
(rotational or vibrational) temperatures. They represent the

true temperature only if either the excitation is strictly thermal
or is of such type that it does not affect the thermal
distribution. The determination of vibrational temperature from
the relative intensities of neighbouring bands with different
upper vibrational levels seem to be most interesting method since
it does not require very high resolution. The band spectroscopic
pethods for the determination of temperatures are naturally of
particular importance when the usual methods cannot be used, ie,

in the determination of the temperature of the electric arc
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[51,52].

The plasma emission spectrum can be recorded photographically.
The degree of the blackening in the film is proportional to the
peak of the spectrum in a microdensitometer. The relative
intensities of vibrational bands are usually obtained using a
picrodensitometer, by comparing the the peak of each bands with a
calibration curve. The intensity distribution in the band can be
used for determining the vibrational temperature of the plasma
esission source. This method is adopted in the present studies.

According to the vibrational sum rule for the intensities of
different bands in a progression, the sums of band strengths of
sll bands with same upper or lower state are proportional to the

mueber of molecules in the respective states [53].

z I(v'v") o N

v L4 v (1.65)

and

I(v'v")
Z X! o No~ (1.66)
.

Vhere I(v'v") is the emission intensity from the vibrational level
v’ of the upper electronic state to the different vibrational
levels v* of the lower electronic state and » is the frequenecy in
cn-l. Nv’ and “v" are the number of molecules in the vibrational
levels of upper and lower electronic state respectively.

In thermal equilibrium, the number density at various
vibrational levels of the molecule in the excited state can be

evaluated using the formula,

log Z I (G20 A0 R C, - G'(v )he (1.67)
e 4 N S

vib
¥here C1 is a constant, h is the Planck’s constant, ¢ the

velocity of the light, k the Boltzmann constant and G°'(v’) is the
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tern value corresponding to the excited state vibrational levels
wd Tosp

the logarithms of the sums of band strengths measured in the

is the vibrational temperature. Therefore by plotting

various v" or v° progressions against vibrational term values
G(v), a straight line is obtained. While the intercept is of no
significance, the slope is a direct measure of the vibrational
temperature.

The advantage of using this method is that no information about
the transition probabilities is necessary. It is better suited
for molecular systems with radiative decay as the dominant
relaxation processes. The disadvantage of this method 1is the
necessity of measuring the 1intensities of all bands in the
progressions used.

When the transition probabilities are known, the intensity
ratio of two tramsitions (v'v") and (w'w”) also reflects the

vibrational temperature,

I(v'v") _ A(V'V")exp [__ G(v’') - G(W)] (1.868)

I(w’'w™) ~ A(w'w") kB Tvib
Where A(v'v”) and A(w'w") are the Einstein spontaneous emission
coefficients. Two upper 1level energy separations should be
comparable to Tvib’ but the wavelengths should be as close as
possible so that we can optimize the error induced by using band
head intensity instead of integrated band intensity ([54]

The work presented in the following chapters of this thesis
concerns with the experimental studies on the plasma produced with
poderately high power lasers. The characterization of laser
induced plasma from different solid tardet materials 1like metals
(Aluminium and Copper), polymers (polytetrafluoroethylene),
graphite and\high Tc superconductors (YBaZCu307 & GdBaZCu307)
using pulsed Q-switched Nd:YAG laser radiation was done. Here
the spectroscopic as well as the time resolved analysis of the
plasma obtained from the above materials 1is reported. The
spectroscopic study of LIP is a very convenient method to identify

the neutral, ioniec and molecular species in the plasma.
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Identification of these species is important in understanding the
coplicated ablation, transport and deposition processes. In
order to understand the detailed aspects of laser beam interaction
vith the target material and the recombination processes following
the laser ablation, the time resolved studies of the spectral
eeission from the plasma offer the most logical approach.

The metal film produced by such laser ablation technigue can be
used as optical filters. Pulsed laser ablation of high purity
graphite is considered as one of the most effective methods for
the deposition of diamond like carbon films, which 1is used in
infrared applications. Over the past few years, the pulsed laser

deposition has emerged as a viable method for in situ growth of

superconducting oxide thin films. Formation of high Tc thin
filas is great interest for a variety of applications ranging from
interconnections in integrated circuits to hybrid
seniconductor/superconductor devices. This thesis also contains

the details of the attempts made in this direction by the authors.
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CHAPTER 11

LASER INDUCED PLASMA

REVIEW OF PREVIOUS WORK

ABSTRACT

A brief overview of the some of the previous work in the field
of laser induced plasma is presented 1in this chapter. The
epphasis is given to the characterization of laser induced plasma

rather than to its applications.
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2.0. INTRODUCTION

In recent years lasers have been attracting increasing interest
in surface science. Properties such as brightness (high photon
flux), narrow band width (high monochromaticity) and short pulse
length (picosecond pulse width or shorter) allow novel approaches
to be made for the studies on the complicated processes occurring
at the gas-solid interfaces.

Important applications of lasers in surface science include the
static-selective investigation of the dynamics of the
polecule-surface interactions, the study of surface properties
using lasers as probes and the 1laser induced variation of the
state of the surface. The latter category of the applications
includes melting, desorption, ablation leading to the plasma
formation, etching and deposition.

This chapter summarises recent developments in the
investigations of laser induced plasma studies from different
solid samples by high power IR and UV 1laser pulses. The
information obtained by the optical emission studies and the
characteristics features of the laser induced plasma processes are
discussed in detail. The laser induced plasma processes in the

UV and IR region are compared to gain insight into wavelength

specific behaviour. Finally thin film deposition of the material
by using LIP under various laser parameter conditions are also
discussed.

The availability of the short pulse allows the realization of
rapid heating rates not achievable by conventional methods.
Using microseconds to nanoseconds laser pulses, heating rates of
108 - 1012

1015 K/s have been reported in the case of femtosecond pulses [1].

K/s have been achieved whereas heating rates as high as

These high heating rates should be compared with the traditional
heating rates of about 10 K/s or 1less in thermal programmed
desorption in order to appreciate new opportunities offered by the
lasers in the study of the surface processes. The experimental

findings that even large molecules can be desorbed intact with a
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pulsed laser, whereas slower heating rates leads to effective
fragmentation, are interpreted as the competition between the the
rate of desorption and the rate of reaction [2-4]. This is based
on the efficient energy exchange that occur between the surface
bonds and the chemical bonds of physisorbed molecules when a
laser beam is incident on an optically transparent or weakly
gsbsorbing substrate covered by the adsorbed species in a suitable
ravelength region. With pulsed IR 1lasers, an efficient
excitstion of internal vibrational modes of molecules 1in the
subsonolayer, monolayer and multilayer coveragde region is
possible. Studies 1involving electronic excitation of the
polecular adsorbate and films as well as molecular solids using UV
and visible lasers have been made. For electronic excitation,
excimer lasers are of 1increasing importance. The molecular
systems which possess different binding energies (as in polymers),
that the use of photons with varying energy (IR, UV) provides
insight into the mechanism of laser induced desorption and
ablation.

The development of pulsed lasers has stimulated research in the
interaction of the 1laser 1light with matter. Most of the
experiments which have been reported however, have used lasers in
the visible and IR range. It is only recently that pulsed UV

lasers have found use in the field of plasma production.

2,1. LANGMUIR PROBE TECHNIQUE

The langmuir probe theory was used to describe high density
plasmas generated by excimer laser photoablation [5]. Both 1ion
velocities and ion densities have been determined in addition to
electron temperatures. High 1ion velocities indicate that
substantial optical absorption must be occurring 1in the plasma
directly. It is malso possible that direct excitation of the
electron may occur at 248 nm due to several close by electronic
transitions [6]. So this diagnostic technique will provide

valuable information about the laser produced metal vapours in
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terms of their plasma characteristics.

There is a considerable interest in the processing of surfaces
by laser pulses like, in the surface etching of semiconductor and
in the laser etching of metals and ceramics which are used for the

processing of electronic microcircuitary in integrated circuits

[(71.

2.2. LIP FROM METALS

¥hen a metallic surface is illuminated by a laser beam several
effects may operate and lead to electron extraction. These
include (a) the surface photoelectric effect, (b) Volume
photoelectric effect (c¢) thermionic emission (d) the field
enission effects and (e) the plasma formation [8].

¥hen a laser induced plasma is formed near a metallic surface
irradiated by a powerful laser radiation, the mechanism of laser
target interaction is dramatically changed. This enhanced action
was obtained in experiments with pulsed CO2 lasers, the near
surface plasma being a non-linear transformer of laser energy to
the netal target.

When a dense gas plasma is formed near the irradiated surface,
its properties and subsequent evolution are fully determined by
the laser intensity I and geometry of the irradiation and do not
depend on the surface properties. When the target surface is
involved as an initiator of the gas breakdown, it influences the
threshold intensity which is required for the plasma formation.
It was shown that [8] in the initial stage of the gas breakdown
near the metallic surface, the material is overheated by the laser
radiation, evapourates and serves as the initial micro- plasma
sites.

The interactions of near infrared and mid infrared pulsed laser
beams with metals have been studied extensively [10] because of
its importance in micromachining, thin film deposition and
lithography. The UV 1lasers are much more useful for such

applications because of low UV reflectivity for most of the metals
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and nore energy coupling efficiency and high optical resolution
offered by the short wavelength lasers [11-13]. It is also seen
that neutral vapour removal regime could be maintained at a high
irradiance level than for IR 1lasers because of the increased
threshold for plasma generation.

The spatially and temporally resolved optical emission spectra
of plasmas produced by the flash lamp pumped dye laser focussed on
an aluminium target have been recorded and analyzed by Knudson
et.al [14]. These spectra provide a map of electron density and
temperature distribution in the plasma. Relative 1ion emission
intensities provide electron temperature and stark broadened 1line
widths provide electron densities. These quantities are reported
as a function of the distance from the target surface and the
laser intensity.

The results of the study of the delay in the production of
plasma from the surface of metals and insulators were studied by
Panchenko et.al [15]. They have determined how the plasma
expansion velocity depends on the particular material and the
conposition and the pressure of the surrounding gas during the
illumination of the metals with the laser beam at the wavelength
of 308 nm.

2.3. LIP FROM POLYMERS

Laser induced ablation of polymers due to resonant absorption
of laser radiation in the UV spectral range was pioneered by a
Japaneese research group [16,17] and an American research group
[18,19]. The clean and efficient photoablation of molecular
paterials provide potential applications in processing
nicroelectronic devices and this accounts for the widespread use
it has received. The various mechanistic aspects such as direct
photochemical bond breaking and photothermal degradation have been
discussed by several workers [20-22]. With respect to the
pechanism involved, polymer ablation with pulsed CO2 lasers is of
great interest [23].
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It is reported that excimer photoablation provides an
efficient and technologically viable means for structuring organic
polymer surfaces [24-27]. From this, it is concluded that there
should be strong absorption in the wavelength of excimer laser and
significant ablation occurs if the 1light intensity exceeds a
threshold value (laser fluence of the order of 10-100 J/cn2 for
pulses of 15-20 nsec durations). In the case of weakly absorbing
polymers like Teflon, highly intense short UV pulses can induce
strong absorption [28,29]. There has been much research directed
tovards the preparation and characterization of plasma polymerized
Teflon films. They are used as protective films on opties and
other passive components used in corrosive environments like that
in the cavity of an excimer 1laser, where the halogen gas
environment tends to corrode the laser optics [30] insidé the
laser cavity. Over the years, it has been shown by many groups
that interaction of pulsed UV laser radiation with polymer surface
can lead to a precise removal of material in a geometry that is
defined by the light beam [31]. The interaction of UV 1laser
pulses with polymer molecules will 1lead to a multiphoton
excitation to the upper electronic states resulting in ionization
and decomposition by a variety of paths [32,33]. When the pulsed
UV laser radiation falls on the surface of an organic polymer, the
paterial at the surface is spontanecusly etched away to a depth of
6.1 to several microns and the depth of etching can be controlled
by controlling the number of pulses and fluence of the laser
(34,35]. This was later confirmed by other groups working with
different lasers and other polymer samples ([36-39]. Optical
enission spectroscopy has been used by several groups for the
detection of transient species such as atoms and diatomic
polecules (which are the source of light emission) formed by the
secondary photolysis of the initially formed product {25]}. This
technique can be used as a fundamental method to probe the
transient species such as C2 and CN molecules in the laser
ablation of several polymeric samples [24].

The spatially resolved spectroscopy and time resolved analysis
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of the laser produced plasma from polyethylene was studied by
Boland et al [40]. The spectroscopic analysis of the spatial
resolution estimated the electron temperature as a function of
distance from the target surface. The time resolved analysis,
through the Saha-Boltzmann equation gives an estimate of the
plasma electron temperature, electron density and velocity of
carbon ions having charge I to VI. Srinivasan and co - workers
have suggested that at 193 nm excimer laser wavelength, in the
case of polymers, the mechanism of ablation is necessarily due to
photochemical and bond breaking processes, whereas at longer
wavelengths, thermal contributions may arise {35,41].

The spectroscopic study of the laser ablation from PMMA was
pade by Davis et.al.{42]. Their results are consistent with
previous sugdestions [34,43,35] that the ablation occurs as a

result of direct bond scission by the energetic laser pulses.

2.4. LIP FROM GRAPHITE

Recently there has been growing interest in the plasma assisted
technigques for diamond like carbon-film deposition [44]. Large
areas of film of high optical quality and uniformity were grown in
vacuumn [45-48], and in gas mixtures containing hydrogen [49,50].
Optical diagnostics of excimer laser induced graphite plasma in
ambient gas mixture of argon and hydrogen using direct emission
spectra were made by Chen et al {51]. They found the occurrence
of C2 and CN bands in addition to the atomic and ionic 1lines in
the plasma emission spectra. They obtained the vibration
temperatures of the C2 and CN radical as = (1.22 * 4.8) x 104K and
(1.48 £+ 4.9) x 104K respectively, which are found to be in good
agreement with each other but much higher than the graphite
relting point. The laser interaction with the plasma plume is
considered to be responsible for this.

Diamond has many physical properties which makes it attractive
as an electrical material [52]. Diamond like film was produced

from graphite target by using pulsed freguency doubled Nd:YAG
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laser on & silicon substrate [53]. It was found that crystalline
hexagonal, diamond-like films of sub-nanometer thickness grew
epitaxially on the silicon surface. The mechanism for electron
creation and acceleration in a laser produced plasma from a
graphite surface was studied by Cronberg et al [54]. Graphite is
an appropriate choice for such studies, because laser induced
enission of clusters 1is believed to be a thermal process ([55].
Electronic excitation and ionization should therefore be due to
process in the plasma and not in the bulk. They showed that
electrons in a laser induced plasma can be accelerated to energies
in excess of 15 eV. The energy distribution of the electrons,
rhich depends on the laser pulse energy was found to have a strong

dependence on the chemical state of the emitted species.
2.5. LIP FROM HIGH TCSUPERCONDUCTORS

Laser ablation 1is well suited for implementation into
sutomated fabrication schemes for producing superconducting thin
film devices [56]. Spectroscopic study of the 1laser ablation

technique is useful because information can be obtained about

deposition parameters such as laser power, plasma chamber
pressure, substrate temperature etc. By controlling the above
parameters high quality thin film will be obtained. Wayne A

Veimer [57] studied emission spectra generated during the excimer
laser ablation of high Tc superconductor YBaZCu307. Evapouration
techniques using thermal sources produce only neutral metals in
the gas phase and result in the oxygen defficient thin films {[58].
It nay be possible to enhance the formation of metal oxides within
the plasma by producing ionic forms of the material during
ablation.

The plasma emission spectra obtained by the Nd:YAG laser and by
the excimer laser show that more excited atoms than ions were
produced by the excimer lasers [59]. The ion/atom ratio should
affect the chemistry of reaction between the various species and

correspondingly the quality of the deposited films.



The ablation process is used for fundamental understanding of
the processes and they relate the quality of the films. Analysis
of the optical spectrum emitted from the plume has been used to
identify the emitting species vapourized and ejected from the
target [B0-621]. Identification of these species is important in
understanding the complicated ablation, transport and deposition
processes.

An analysis of optical emission produced by laser ablation of
BaCu0 target using wide range of laser wavelengths showed that
193 nm radiation produced mostly excited atomic species [60].
The production of mostly ionic species reported using the longer
vavelength lasers may simply be the result of a smaller energy
overshoot existing between the energy of several Nd:YAG photons
and ionization potential of Y,Ba and Cu as compared to sum of
spaller multiple of the higher energy excimer laser photons.

The formation of oxides in the plume is shown to be essential
for the production of high quality superconducting thin filnms,
indicating the value of optical spectroscopy as a diagnostic tool
[63]. The time resolved measurements of optical emission shows
that a strong prompt emission and other a slow delayed emissions
peaking after a few microseconds. It is also observed that the
overall optical emission begins after a 7 nsec delay after the

start of the laser pulse indicating the time required for

significant evapouration of the species from the surface. The
prompt emission result from the laser excitation of the
evapourated species. On the other hand the slow emission is most

likely due to the electronic collisional excitation and is
sensitive to oxygen pressure particularly in the case of oxide
species.

It is reported that in comparative study of the high Tc thin
films obtained using various 1lasers, the emphasis is on the
optimization of the laser processes, the parameters which include
vavelength, intensity and pules duration [60]. From their
studies it is observed that (1) The CW Rd:YAG laser is better than

the excimer laser and is much better than the pulsed Nd:YAG 1laser

67



(2) Of the same Nd:YAG laser the second harmonic is better than
fundamental, which is due to the higher absorption coefficient

(3) Film deposited at lower temperatures will be better

(100°C - 450°C). It was also found that 1in general, short
vavelength lasefs and short pulses and high repetition rate were
idvantageous for the formation of stochiometric films.

Anong the different successful techniques already developed
for the superconducting thin film deposition, including electron
beamn evapouration, sputtering and molecular beam evapouration, the
pulsed laser ablation of superconducting targets appears to be
one of the most promising because of its relative simplicity, high
deposition rates and ability to control the deposition in terms of
film thickness and composition. Moreover it has been shown that
{63] the characteristics of high Tc films are strongly dependent
on the oxygen partial pressures within the pulsed 1laser induced
thin film deposition vessel.

From the time and spatially resolved spectroscopic studies of
plasna emission from high Tc samples by using excimer 1laser
asblation under different oxygen pressures it 1is seen that the
enission intensities of almost all the detected 1lines and bands
are significantly enhanced under oxyden atmosphere compared to
vacuum conditions {[64]. It has also been concluded that the
ejection velocities of ablated products are very sensitive to
oxyden pressures in the plasma chamber and that the velocities of
the atomic species (neutral and ionic) remain constant from vacuum
up to an oxygen pressure of = 10—2 mbar and decreases rapidly
beyond this, whereas the velocities of diatomic species seem to
decrease regularly with the oxyden pressure.

The application of high Tc superconductors in microelectronics
depends on to a large extent on the availability of +the high
quality for the superconducting thin films. Films with high
transition temperatures have mostly been fabricated by the post
annealing of deposited thin films. This processes have several
drawbacks like high annealing temperature causing the reaction

with the substrate, coarsening of the surface, contamination from
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environment during the transfer to the furnace and distributed
interface in further processing [64]. During the high Tc thin
film growth, sufficient oxygenation has got several advantages
like (1) lower substrate temperature and less interdiffusion, (2)
spooth surface by a direct epitaxial growth of the final structure
on a single crystal substrate and (3) suitable growth of an
interface.

Girault et al [65] studied the KrF laser-induced plasma
plure .Jocated above the target by time and spatially resolve
spectroscopic measurements, under vacuum and oxygen pressure. A
high resolution plasma emission spectrum from high Tc target were
obtained and ejection velocities and decay constants of the
sblated species were deduced from their temporal evolution.
These parameters are of interest as they influence the deposition
process and the hence the properties of the deposited film. Fronm
the time resolved studies, they concluded that the expansion
velocity varies with species and its evolution processes with
oxygen pressure, which is similar for all atomic (neutral and
ionic) and molecular products. The velocities remain constant
fron vacuum up to a pressure of 102 to 10"! mbar and decrease
rapidly beyond this.

The pulsed laser ablation of laser materials is relatively
sinple to implement and can transfer fairly 1large amounts of
paterials to a collector substrates at large rates. The energy
of the ejected species tend to appear in the translational rather
than internal (electronic, vibrational and rotational) dedrees of
freedon [66-70]. For many materials, large molecules can be
transferred to the substrate without decomposition so that the
stochiometry of the target can be preserved in the deposited film
[71]. Thin film of YBaCuO by 1.06 um laser radiation from Nd:YAG
laser from a non superconducting target in an oxygen atmosphere in
roon temperature substrate was studied by Lynds et al [72]. The
approach of using 1.06 um radiation instead of excimer radiation
was sugdested by past success in Nd:YAG laser ablation of oxides

which produced stochiometric, 1large domain crystalline films.
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Tmus laser ablation of high Tc material may be important because
the low energy photons is less likely to initiate the
photochemistry leading to damage and decomposition. Further, all
gaseous environments will be transparent to 1.06 um radiation so
that the target ablation in the presence of an oxidizing
atnosphere is to incorporate the necessary oxygen in the deposited
film.

Thin films of high Tc YBaCuO superconducting sample were
prepared using Nd:YAG laser ablation by Misra et al [73]. They
showed that when the repetition rate of the laser increases, the
superconducting transition of the film obtained will be more

sharp and also when the film is cooled faster after deposition.

2.8. PRESENT STATUS OF THE WORK

Host of the earlier workers in this field have used excimer
lasers rather than IR lasers. Here with present work, 1060 nnm
radiation from Nd:YAG laser spatial and temporal analysis of the
plasma characteristics were studied and several interesting
results were obtained. Using polymer (PTFE) and graphite
sanples, spatial variation of vibrational temperature of C2 and CN
polecules with laser energy were calculated. In the case of high
Tc paterials, most of the earlier workers haven't identified the
presence of oxide species whereas in this work the oxide species
were detected along with the lines of neutral and ionie species.
The time resolved analysis of all species were done and sonme
inportant results regarding temporal dependence of the plasna
evolotion processes were obtained.

Eventhough the main application of laser ablation processes is
in producing thin films, this work is mainly concerned with the
studies on spectral as well as temporal/spatial analysis of plasma
characteristics which will help to optimize different deposition
paraneters like 1laser energy, number of pulses, substrate
temperature and the pressure of the ambient gas which affect the

deposition conditions (plasma density and temperature). Since
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1ll the above parameters affect the property of the thin film
obtained using laser ablation technique, the information about the
plasma conditions are extremely important and this has motivated

the present series of investigations given in the succeeding

chapters of this thesis.
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CHAPTER III

EXPERIMENTAL SET UP FOR LASER PLASMA STUDIES

ABSTRACT

This chapter deals wmith the general experimental methods
followed in the study of laser produced plasma. Details of the
experimental set up used for the measurement of spectroscopic as
well as time resolved analysis are discussed separately. The
details of various subsystems like plasma chamber, spectrograph,
ponochromator, microdensitometer, boxcar averager and storage

oscilloscope used for the above measurements are presented.
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Tg. It is this averaging process that is responsible for the
enhancement of the S/N ratio provided by the boxcar averager. If
now, the sampling interval Tg is slowly scanned across the complex
waveform, the entire waveform will appear at the ocutput of the low

h
harmonic of significance in the waveform being measured and all

pass filter provided, Tg >> 1/fh s where, f is the highest

the peaks of the frequency response up to f  are of equal height.

h
The complex waveform will then be faithfully reproduced if the

scanning is done sufficiently slowly.

Here, Teff = CR/r (3.2)
Where, r = Tg/ T (3.3)
T = time between successive openings of the gate. The bandwidth

of each peak in the frequency response is 1/nT ie, r/nCR. By

fixing the delay and the gate width so that onT:fthe voltage from
the part of the signal pulse‘alone is measured, it is possible to
temporally separate out the PMT signal due to the emission of the
particular species from other unwanted signal components
contained in the signal pulse, thus improving the S/N ratio of
the detection. Since the PMT signal has a definite time delay
with respect to the laser pulse, short detection times thus allows
for better discrimination between the signal due to the species

and the PMT noise. The typical PMT signal, the time delay and

the gate width of the box-car are shown in figure (3.10).
3.3.4. TIME DELAY MEASUREMENTS OF SPECIFIC SPECTRAL LINES

In order to study the time resclution characteristics of the
particular species in the plasma produced by the laser ablation
method, the characteristic lines were selected using a
monochromator and the PMT output was fed to a fast storage
oscilloscope.

The storage oscilloscope(100 MHz, Tektronix model 466) was used

to monitor the PMT signal and the laser pulse. Using this, the
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pulse shapes can be stored and photographed. The oscilloscope is
also required while setting the gate width and delay of the gated
integrator. The signals from the PMT, the energy meter and the
gate signals from the box-car averager are all monitored on the
oscilloscope, which is triggered by the trigger pulse from the
laser.

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 this laser trigger pulse which coincides with the
incident laser pulse. A comparison of plasma production delay
times in the case of UV lasers and also lasers in the visible and
IR wavelength region shows that the delay times are substantially
shorter in the case of UV lasers. The decrease in delay in the
plasma production was due to better absorption of the UV light and
greater energy of photons [11]. The delay times for the plasma
production depends on the power density of the laser beam on the
surface of the target, type of the substrate material and on the
nature and the pressure of the surrounding gdas. The longest time
delay is obtained in the case of insulators. The time delay in
the plasma production was found to decrease as the ambient
pressure 1s increased (10-2 Torr to 10 Torr) or when the power
density of the laser light is increased. For the various gases
used to fill the plasma chamber, shortest time delay obtained 1in
the case of heliunm. The leading edge of the emission pulse from
the resulting plasma corresponds to the width of the laser pulse,
after this stage we observed a non-exponential decay of emission
intensity.

The decay time of emission of the species can be defined as the
time at which the species decay into (1/e) of the maximum

intensity of emission.
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CHAPTER 1V

LASER INDUCED PLASMA FROM POLYMER SAMPLE

ABSTRACT

This chapter deals with the spatial and temporal analysis

of laser induced plasma from a polymer sample
(polytetrafluoroethylene). Results of some measurements done on
laser etching of Teflon are also presented. Detailed study of

the spatially resolved emission spectra shows distinctly different
characteristics for emission from different parts of the plasma
plume. From the relative intensities of molecular bands in the
plasma, the vibrational temperatures of the molecules present in
the plasma are calculated. From the time resolved studies of the
different species in the different regions of the plasma, the time
delay as well as decay time of emissions are obtained. In the
last section the spatial distribution of the ionic species and the
spatial variation of the electron temperature in the plasna,

studied using Langmuir probe technique are described.
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4.1, INTRODUCTION

The interaction of high power 1laser pulses with organic
raterials has been investigated extensively over the past two
decades. Most of these investigations have clearly demonstrated
the potential use of this processes in technology and medicine.
The ablation of polymeric materials and biological tissues by
ultraviolet laser irradiation has direct applications in micro
fabrications and in micro surgery respectively as it provides a
peans for precise removal of material with high spatial resolution
[1]. There has also been recent interest in the use of polymers
for optical materials and in the laser machining of polymers via
ablative photo decomposition [2].

When pulsed IR laser radiation falls on the surface of an
organic substance, the material on the surface layers is
spontaneously etched away to a depth of several microns. The
principal feature of this phenomenon in the interactions of IR or
visible pulses were the control that can be obtained by
controlling the number of pulses and fluence of the beam. Such
controlled etching has important applications in photo-lithography
[3]. The photo etching rate has been reported to be depend on
the laser fluence, molecular structure of the polymer and the
absorption coefficient. Depending on the type of +the polymers
the absorption coefficient c¢an vary by several orders of
nagnitude.

It has been suggested that “ablative photodecomposition”’
occurs as a result of direct bond scission by the multiphoton
processes induced by UV laser photons {4,5], whereas material
absorbing visible and IR radiation is heated and vapourized [6].
The removal of material by such thermal processes leaves the
substantial part of the laser energy to remain as heat which can
cause some thermal damage to the rest of the material. It is
possible that the photodissociation processes responsible for
creating emission in the plume are different from those needed for
the subsequent breaking of the polymeric bonds which cause the

ablation, although it is much more 1likely that direct bond
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scission by UV photons is also responsible for the breaking of
relatively weak polymeric bonds. The rapid rupturing of these
bonds causes sudden increase in pressure at the ablation site
which then leads to highly energetic fragments in the plume. The
resultant energetic molecular fragments then rapidly ablate from
the irradiation sites [7]. It is shown that laser pulses from IR
lasers can produce fast heating accompanied by surface damage [8].
Under such excitation, photochemistry is simplified and the
ablation processes 1is best described as explosive thermal
decomposition [9]. The use of IR 1lasers gives rise to
mltiphoton excitations over the vibrational levels of the ground
electronic states which is then followed by thermal decomposition.

The IR radiation from a high power 1laser pulse usually
generates intense plasma emission from the target surface. The
nature and characteristics of the laser induced plasma (LIP) from
a solid target depend on various parameters 1like the chemical
composition of the target [10), wavelength of radiation [11],
energdy deposited on the target, pressure of the residual gas in
the plasmna chamber ete. The composition of the plasma will in
general depend on its distance from the sample surface as a result
of rapid expansion of the plasma from the target followed by
lowering of the plasma temperature. The population of the
various types of molecular, ionic and neutral species in the
plasma will also depend on the spatial separation of the point of
observation from the target.

In this chapter, results of some of the measurements done on
laser etching of Teflon are presented in the first part of this
thesis and the etch depth of the sample are measured. The
variation in etch depth with number of pulses at different laser
energies are obtained and are discussed. The results of
investigation carried out on the spatial and temporal analysis of
the laser induced plasma emnission spectra from
polytetraflurocethylene (PTFE) target obtained with 1.06 M
radiation from Q- switched Nd:YAG laser have been presented in

detail. The plasma emission spectra in the extended region of
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the plasma is dominated by C2 and CN molecules. From the
relative intensities of all these bands, the molecular vibrational
temperatures of these two molecules are obtained and the
variation of with respect to laser energy is also obtained. The
snalysis and the results are explained at different sections.

The interaction of the laser beam with polymer surface is an
ablative photodecomposition which result in the etching. This
ablative plasma decomposition 1is a function of wavelength,
chemistry of the material which determines 1its absorbtivity and
fluence of the laser beam at the polymer surface [12].
Srinivasan and co-workers suggested that with 183 nm radiation in
polymers is essentially photochemical bond breaking, whereas at
longer wavelengths thermal contribution may arise [13,14]. The
surface morphology of the polymer after ablation produce a
substantial temperature increase [15,16,17].

PTFE is a highly crystalline, orientable polymer which consists

of CF2 - CF2 chains . The chemical structure of the polymer is
shown in the figure (4.1). The absorption of laser radiation in
PTFE is due to the strongly allowed electronic transitions

involving conjugated C-C double bonds {18]. PTFE is weakly UV
absorbing and its bond energy is very high so that intense short
pulse can induce strong absorption [18,20]. The IR spectrum of
PTFE is shown in the figure (4.2), which shows that it has
noderately low absorption = 10 ¥ in the IR region {21}].

PTFE film has a well established chemical and thermal
stability, excellent toughness, low frictional coefficient, high
electrical and thermal resistance, high melting point, high melt
viscosity, which make the thin film of this sample suitable for
wide variety of commercial applications such as optical
waveguides, anti-reflection coatings, microelectronics, insulation
tape and capacitive dielectrics. PTFE has extremely good
electrical properties and its dielectric constant is 1low =& 2.
The electrical applications of the polymers are wire and cable
insulation, insulation for motors, generators, transformers,

coils and capacitors and high frequency electronic uses. PTFE
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films are also being used to protect the mnagnetic media in the
conputer data storage components like the floppy and hard disks.

Laser 1induced plasma spectroscopy (LIPS) has been
successfully used in the present study to probe transient species
suach as C2 and CN in the 1laser ablation process of polymers.
Here the results of the spectroscopic as well as the time resolved
analysis of laser induced plasma emission from PTFE
(Polytetrafluroethylene) at various distance from the target
surface are highlighted. In the photoablation of polymers,
knowledge of the time evolution of ablation process is of
considerable significance since it may, in conjunction with
theoretical models [22], help to resolve uncertainties in the
interaction mechanism and thus lead to improved understanding of
this phenomenon which has important practical applications [23].
The time delays and decay times of the emission from different
species in the three distinct regions of the plasma have been
neasured in the present study. The results throw much 1light on
the complex recombination process at work in the 1laser induced
plasma.

The band emission appear to be stronder in the partial wvacuum
conditions than in air, since the gas collision frequency is lower
in the vacuum case so that the plume will extend to a greater
distance than in air at 1 atmosphere pressure. The emission
front of the substrate extends completely to fill the vacuunm
chamber. Thus the apparent increase in the intensity of
enission for vacuum environment is due to an increase in the size

of the plasma source [19].

4,2, CHEMICAL PHYSICS OF THE ABLATION PROCESSES : TIME PROFILE

A pictorial representation of the interaction of the laser
pulse with a polymer surface is shown in the Figure (4.3). As
showrn in the figure (4.3a), the stream of photons from a single
pulse falls on the polymer and is absorbed in a depth that is

defined by Beer’'s law. This depth can be as little as a fraction
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of micron for intense absorbers and to many tens of micron for a
vreakly absorbing polymers. The weak and strong absorption refer
to a specific wavelengths so that same polymer can absorb weakly
at one laser wavelength and strongly at another wavelength.
Figure (4.3b) shows that within the absorption depth, there are
nunerous bond scissions. In figure (4.3c), the fragments are
shown to be ejected from the surface, leaving the etch pit behind.

A knowledge of the timing of the ablation processes 1is
fundamental to an understanding of the chemical physies of the
phenomenon. Early studies were based on the spectroscopic
investigation of the light emission that accompanies the impact of
a UV laser light pulse on a polymer surface. Koren et al [24,25]
timed the intensity of emission at various distance from the
target surface and concluded that in the etching of polymers by
193 no laser beam.the emission had a fast component that appeared
simultaneously with the laser excitation, and a slower component
that lasted 10-100 times longer than the laser pulse itself. In
order to calibrate the velocity of UV laser ablation, Davis and co
workers timed the peak intensity of emission of CH radicals at
various distances from the target surface and placed the beginning
of the emission signal at times of the order of width of the laser
pulse {26]. These studies show that polymeric structure could
begin to ablate on a time scale that is even shorter than the

width of the a pulse from the laser bean.

4..3. MEASUREMENT OF ETCH DEPTH

¥hen intense pulsed radiation falls on the surface of an
organic polymer material (PTFE in this case), the material at the
surface is spontaneocusly etched away to depth o.1 tum to several
picrons. The depth of etching can be controlled by controlling
the number of pulses and the fluence of the laser and the lack of
thermal damage to the substrate. The result is an etch pattern
in the solid with geometry that is defined by the light beam [27].

The etch depth for multiple pulse was measured using a surface
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profiler and the etch depth per pulse was calculated by dividing
it with the number of pulses [28]. The energy per pulse reaching
the target was measured using an on line energy meter in the path
of the laser beanm.

The etch depth per pulse depends on the absorption coefficient
of the material. Depending on the type of the polymer, the
absorption coefficient can vary several orders of magnitude [29].

At low fluences, increased absorbance results in an enhanced
etch rate due to higher photon flux absorbed per unit volume. As
the fluence is increased, additional broken bonds (photo chemical
effect) per unit volume enhance the etch rate until a saturation
fluence level is reached. At this point a smaller dependence of
the etch rate with fluence is observed. This inflection point
was observed to vary reciprocally with the absorption coefficient
[30]. The self developing nature of the photoetching process of
the polymers offers itself for use in microelectronic fabrication
and device packaging.

The dependence of the ablation on the absorption is not simple.
The laser power absorbed per unit volume of the polymer must be
sbove threshold in order for ablation to occur. Thus the polymer
pust have a minimum absorption coefficient at a given laser power.
¥hen the absorption coefficient is above threshold, the
penetration depth of the laser into the polymer is relatively
large so that large volume of the material is ablated. But as
the absorption coefficient increases, the penetration depth
decreases, as radiation is absorbed near to the surface and less
naterial is ablated so that a plot of amount of material ablated
as function of absorption coefficient has a maximum for a given
laser power and decreases for high absorption and low absorption.
This result was observed experimentally in the study of dependence
of etch depth for polymers with different optical absorption
coefficients. At low laser power, polymers with both 1low and
high absorption coefficients have small etch depths, while the
polymers with intermediate absorption coefficients had the largest
etch depth [31].
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A relationship between the light absorption and single etch
depth per pulse can be obtained by considering some assumptions.
If the etching is viewed as a two step processes in which initial
light absorption is followed by material ablation, then according

to Beer-Lambert law,

¢ = ¢ exp(-ax) (4.1)
x inc
¢x is the attenuated energy fluence at depth x into the
paterial, ¢inc is the incident pulse fluence and a 1is the
absorption coefficient at the given wavelength. In order to
cause ablation, the material fluence threshold must be reached.

then ¢inc nust be increased over ¢ by a

Vhen ¢x: ¢thresh' thresh
factor of exp (oax) so that single pulse etching occurs to the

desired depth x.

¢ = ¢ exp(ox) (4.2)
inc thresh
The single pulse etch depth X is given by [32,33,34],

-1

X = «a (4.3)

In [¢inc / ¢thresh]

¥hen the etching behaviour was studied in air, vacuum and in
argon, it was found that using the identical conditions etch rates
for air, vacuum and argon were same. The bright luminescence is
seem to project outward from the polymer surface during the
etching in air and argon which is missing in vacuum where only a
surface luminescence is visible. This shows that luminescent
plume is not important for etching [34].

In our experiments, the sample is taken in the form of a disk
of ¥ 2 cn diameter with an energdy density at the focal
point & 9 J/cnz. When the laser pulse strike on the surface, a
loud audible sound will be heard and depending upon the wavelength
the material would have been etched away with a geometry that is
defined by the light bean.

The etch depth per pulse does not settle down to a value until
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after the first 5-10 pulses under certain conditions of wavelength
and fluence. All irradiations were performed in air at ambient
roon temperature, so that a bright plume is ejected from the
surface which is extended to a few mms. After the 1irradiation,
the sample is cut through the etch hole and the length of the etch
hole is measured using a microscope. Figure (4.4) shows the
variation of the average value of the etch depth versus the number
of pulses at different fluence of the laser (3 J/cnz, 7 J/cn2 and
12 J/ciz). The depth etched was a linear function of the number
of pulses, but note that there is a long extrapolation between the
origin (2Zero pulses) and the first data point. At first few
pulses, the uniformity does not exist because the first pulse sees
a virgin material whereas each subsequent pulse sees a sample that
has already been modified by in part by the preceding pulse. The
slopes of the lines in the above figure gives an average value for
the etch depth per pulse at that wavelength and fluence of that
naterial. These values are reproducible within the uncertainties
in the measurement of the fluence of the laser and the depth of
etching. Considerable non-uniformity in the etch pit occurred at
low fluence, which was due to non-uniform heating of the surface
near the threshold for ablation and reflects the same
inhomogeneity in the profile of the laser bean. Usually
absorption of the polymer decreases with increasing wavelength.
The threshold fluence tends to increase with increasing wavelength
and the 1linear portion increases in slope. At higher
wavelengths, the characteristics of the etching passes over from
photoablation to the thermal ablation which is observed in the
case of visible and IR laser wavelengths. Both the onset of
etching and the flattening at high fluences become quite abrupt.
If the polymer has no absorption at a particular wavelength,
etching does not decrease to =zero. But as the fluence is
increased, etching does set in, but the two characteristics that
are readily available in UV laser ablation are no longer to be
observed. They are the control that can be exercised over the

depth of etching in a reproducible manner and the lack of thermal
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damage to the substrate.
4.4, SPATIAL AND TEMPORAL ANALYSIS OF LIP FROM TEFLON
(a) . SPECTRAL FEATURES

W¥hen the target surface is illuminated in air at atmospheric
pressures, a white zone appeared next to the target surface. But
when the pressure of the surrounding air is decreased, the bright
zone was found to be completely removed from the target surface.
If the sample is kept in a vacuum chamber so that low pressure is
naintained within the chamber then the bright zone 1is surrounded
by a larde well defined coloured hemispherical zone is observed.
The colour of the hemispherical zone is the characteristics of the
targdet material used. When the 1laser energdy increases, the
extension of the plasma was also found to increase. A typical
photograph of the plasma generated from the polymer sample (PTFE)
is shown in the figure (4.5).

The experimental set up for the spectroscopic analysis of the
plasma is described in the chapter III. The plasma emission
spectra from the three distinct regions viz., the central (A),
niddle (B) and extended (C) regions of the plasma were recorded
photographically using a Carl-Zeiss three prism spectrograph and
asppropriate optics for focussing [35]. The plasma emission
spectra of PTFE from the three different regions are shown in
figures (4.6(a), 4.6(b) and 4.6(c)) along with mercury spectrum
for wavelength calibration. The wavelengths of the emissions of
the different atomic, ionic and molecular species in the plasma
were estimated using the Hartmann’s formula in the standard
panner. The observed wavelengths are compared with standard
spectral data sources [36,37] for identification of the wvarious
species found in the plasma plume.

As can be seen from the spectra, (fig.4.6(a),4.6(b) and ‘4.6(03
corresponding to the three regions, the recorded results show

distinctly different characteristics. The emission lines due to
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Fig.4.5. Photograph of the laser induced plasma emisgion from
PTFE at a laser energy density of = 12 J/cm” showing
the studied regions of the plasma.
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Fig.4.6. The emission spectrum from the centre region (A) of the

laser induced plasma from PTFE. (Laser energy density
= 12 J/cmz) 1 - Mercury reference » = 579.0 nm
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higher ionization states of carbon (CI, CII, CIII and CIV) are
clearly seen in the core and mid regions of the plasma (fig.4.6(a)

and 4.6(b)). Molecular bands corresponding to the A3n _ xanu

transitions of C2 (Swan Bands) [36] in the wavelength iange from
500 to 590 nm, are predominant in the spectrum of the extended
region. Presence of the characteristic BZZ —_ A22+ bands of CN
polecule is seen in the violet region of the spectrum. The
presence of strong violet bands (CN) is probably due to the the
creation of this species by photochemically induced reaction of
the ablated species with the surrounding air. Even in normal
vacuun conditions the b'ackground concentration of the air is
sufficient to make these bands appear stronger in this case

because of the high intensity of the plasma source.

(b>. TIME RESOLVYED ANALYSIS

In the time resolved analysis, a part of the plasma plume was
focussed on to the slit of a monochromator (McPherson, 0.2 meter)
coupled to a photomultiplier tube (PMT), (Hamamatsu R446, 3 nsec
rise time) and a storage oscilloscope/Boxcar averager. In order
to study the time evolution of a particular species produced by
laser ablation, the characteristic lines were selected using the
nonochromator, and the PMT output terminated at 50 ohms
resistance, was fed to a 100 MHz storage oscilloscope (Tektronix
Nodel 466) [38]. The experimental details for the time resolved

analysis is given in the chapter III.

Typical oscilloscope (CRO) traces of the PMT response to
the emission from the C2 species in the three different regions
(A, B and C) of the plasma plume are shown in figure ((4.7(a),
4.7(b) and 4.7(c)) respectively. The amplitudes of the pulse
shapes were monitored by a Gated integrator and Boxcar averager
(Stanford Research Systems Model SR250).

From the above mentioned figures, which 1is the CRO trace
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shows a sharp, “prompt’ emission and a delayed emission peaking
after a few micro seconds [39,40]. The “prompt” emission could
easili result from the ablated species ejected from the target
surface. On the other hand, the delayed emission is most likely
to be due to electronic and/or molecular collisional excitations
[39]. From the measured value of the time delay exhibited by the
PMT signal trace of the emission (figure.(4.7.c)), the velocity of
the species is obtained and the corresponding energy calculated is
found to be = 6 eV. Since the energy of the ablated species is
puch greater than 1 eV, in all possibility, the delayed emission
is predominantly due to the collisional excitation rather than
from evapourated species. From the above figures, it is obvious
that there is a notable time delay between the incidence of laser
pulse (all time delay measurements are taken with respect to the
‘prompt’ emission) on the target and the onset of emission from a
particular species in the three different regions of the plasnma.
This is due to the fact that in the core of the plasma (A), the
plasma temperature is maximum and most of the species consists of
ionized atoms which results in the smaller time delay (of the
order of nanoseconds) of emission. In the region B of the
plasma, where, apart from ionized species, both neutral and
certain amount of molecular species are present due to
recombination and other allied processes, which results in a
comparatively larger time delay of emission (of the order of
picroseconds) as compared to that of the core region of the
plasma. The emission is still further delayed in the region C of
the plasma where molecular bands predominate. It must be noted
that the overall optical emission begins only after sabout 0.5
usecs following the start of the laser pulse. Figures (4.8(a),
4.8(b) and 4.8(c)) show the variation of the radiation emission
time delays of certain identified species in the three different
plasea regions with laser energy.

From the time delays observed, it is seen that in all the three
2 and CN)

enissions have got much larger time delays as compared to emission

different regions of the plasma, the molecular band (C
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fron ionic/neutral species. From such time delays it is also
observed that the spectral lines of higher ionized species are
first to appear and these are followed in turn by those of
suiccessively lower states of ionization [41]. In general, there
is a decrease in time delay as the laser energy increases. There
sire many reasons for the occurrence of time delay for emission
from any species. Prominent among them are, (1) time-of-flight
of the species (2) thermal processes leading to generation of
plasma from the target (3) recombination and/or dissociation of
the species. As a consequence of the non-linear effect mentioned
earlier, the enhancement of the effective power density of the
laser beam in the plasma will cause a corresponding increase in
the velocity of the species, thereby decreasing the delay of
epission. This can result in the sudden change of slope at the
threshold as seen in figure.(4.9). Variation of the
tine-of-flight of the different species from the LIP from =a
plexiglass target using 30 psec, 1.06 ym wavelength Nd:YAG laser

pulses was reported by Rohr et al [42]. If the time-of-flight
alone were responsible, we expect the time delay to be
proportional to H]'/z (M is the mass of the species) which is not
found to be the case with the present results. For example, the

various ions of carbon have different time delays, which should
have been same if the time delay was proportional to “1/2_ If we
asssume that the plasma temperature is proportional to laser energy
E, then one would expect that E be proportional to 1/t2, Where t
is the time delay of emission for a particular species. This is
not in accordance with the observation as seen 1in figure (4.9),
which shows the variation of 1/1’.:Z with laser energy for different
species in the extended region of the plasma. Variations of t
vith laser energy for other species in different regions of the
plasma are not much different from what is shown in figure (4.9).
This also supports the conclusion that the time-of-flight is not
the najor cause of the emission delay.

The variation 61’ decay time of the emission from different

species with laser energy in the three regions are shown in
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figures [ 4.10(a), 4.10(b) and 4.10(c)] . It is also seen that the
wlecular bands have got larger decay time as compared to ionic
species. As the laser energy increases, the thermal diffusion
processes remaining unchanged, the plasma generation becomes more
rapid and we expect a decrease in decay time of emission. Also,
the increased laser energy will produce much larger densities for
various species thereby decreasing the mean free path and
increasing the collision rate. All these complex processes will
give rise to the variation of time delay as well as decay time
gsith laser energy. An increased collision rate can also account
for the decrease in decay time of emission with laser energy as
observed in the present case. Such decreases in decay time and
of the delay of emission with plasma temperature are found to

occur 85 Wwe go towards the centre or core region of the plasma.

4.5. VIBRATIONAL TEMPERATURE MEASUREMENTS OF C2 AND CN MOLECULES

The relative intensities of the vibrational bands were obtained
using a microdensitometer (Carl-Zeiss). The intensity
distribution in a band can be used for determining the vibrational
temperature of the plasma emission source [43]. The method of
calculation used for the measurement of vibrational temperature is
given in the chapter I.

The vibrational distributions in the excited states of C2
polecule are shown in figure (4.11). Similar distributions were
observed in the case of CN bands also in all different regions of
the plasma. The inverse distribution observed for vibrational
distributions less than 2 in the case of C2 molecule 1is in
accordance with Franck-Condon principle. Similar distributions
have been observed in certain other molecules alsoc [44,45].

The variations of vibrational temperature with laser energy
corresponding to the C2 Swan bands and CN molecules in the nid
region (B) of the plasma emission are shown in figure (4.12).
The vibrational temperature was found to vary from 1.75 x 104 K to

5.6 x 104 K corresponding 02 mnolecules and from 1.455 x 104 K to
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4.6 x 104 K for CN molecules in the mid region as the laser energy
is varied from 55 mJ to 98 mJ. This variation of vibrational
tenperature with laser energy is essentially due to the fact that
gs the incident beam power increases, comparatively larger number
of molecules are excited into the higher vibrational states.
Sipilarly the variation of vibrational temperature for the C2 Swan
bands and CN molecules in the extended region (C) of the
plasma emission with laser energy is shown in figure (4.13).
Here, the vibrational temperature was found to vary from 5.33 x
10° K to 2.252 x 10* K for C, molecules and from 5.23 x 10° K to
2.326 x 104 K for CN molecules in the extended region as the laser
energy is varied from 55 mJ to 98 mJ. In this region, which is
comparatively cooler, the recombination processes dominates and
this could also contribute to an increase in the vibrational
temperature of the molecules as the laser energy 1is increased.
The knee appearing in figure (4.13). 1is evidently due to a
threshold-1ike phenomenon resulting from the possible non-linear
interactions like self-focussing of the laser beam within the
plasma medium. The Debye length, which is the characteristic

screening length of the plasma is given by [46,47],

1/2
T
X =[i—97] (5.4)
D 8nNoe

vhere, kB is the Boltzmann’'s constant, To the equilibrium plasma

temperature (= 105

K), N the -equilibrium concentration (=
1012/cn3), and e the electron charge.

It is known that the self-focussing phenomena of laser beams in
plasma will be predominant if the Debye length is 1less than the
beam diameter [48,49]. In our case, AD = 3 um which is much less
than the beam diameter (* 1 mm). Such self-focussing of the
laser beam in the plasma leads to an enhanced effective power
density resultingd in more intense emission. The threshold for
this non-linear effect for region C is clearly seen in figure
(4.13) and it occurs at = 70 mJ. It is interesting to note that

such 8 threshold-like phenomenon is not explicitly evident in the
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region B (figure (4.12)). Apparently, this is due to the fact
that greater laser energy density due to self-focussing and a
larger plasma density and temperature lead to a much lower value
for this threshold in region B < 55 mnJ which is near the

saturation region [50,51].

4.6 LANGMUIR PROBE STUDIES

The electron temperature at different distance from the target
surface was obtained from the volt-amphere characteristics of the
Langmuir probe. Experimental details about the measurement of
Langmuir probe is given in the chapter III and the calculation
used for obtaining the plasma temperature 1is described in the
chapter I (equation no.1.61). Here the probe consists of a series
of thin copper rods kept at different distance from the target and
each can be biased with a dc voltage so that electron (plasma)
temperature at various distance from the target surface can be
studied. The variation of electron temperature with distance
from the target surface is shown in the figure (4.14). It was
found that plasma (electron temperature) temperature decreases as
the distance from the target surface is increased. This shows
that in the region close to the tardet surface the density of the
ionic species are so high which result in the large value of the
temperature and as the distance from the target surface increases,
the density of the ionic species decreases which result in a lower

value of the plasma temperature.

4.7. CONCLUSIONS

From the studies on laser etching of polymer (PTFE), the etch
depth was calculated and their variation °"with number of pulses
were also obtained. It is observed that the etch depth was to be
a linear function of the number of pulses.

The results of the spatial and temporal analysis of laser

induced plasma from a typical polymer sample of PTFE 1lead to
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several interesting conclusions related to the structure and
composition of the plasma. Detailed study of the emission
spectra clearly indicate the existence of molecular species 1like
Czand CN in addition to higher ionized states of carbon. The
time resolved studies of the spectral emission also throw much
light in revealing some of the complex iﬁteraction processes
occurring in the plasma. From the time delays observed, 1in the
case of higher laser energies, it can be safely concluded that the
polecular bands are mainly formed when the plasma temperature
begins to fall. This 1lends support to the view that the
polecular species may not be originating from the target mnaterial
st higher laser powers, but are formed as a result of
reconbination processes as the hot plasma cools down ie, the
wlecular species are formed in the expanding plasma due to
collisions of the atomic and ionic species expelled from the
target surface. Also, the non-linear interactions between the
laser and the plasma gives rise to phenomena 1like self-focussing
vhich exhibit threshold-like characteristics.

The spatial variation of electron temperature were calculated
by the Langmuir probe technique and it 1is observed that the
plasma temperature decreases with distance from the target. Thus
the spatial composition of the ionic species in the plasma can be
studied by the Langmuir probe technique. The production of large
nunber of ions in the plasma plume is essential for the thin film
deposition. Langmuir probes can thus become useful tools for

ponitoring laser deposition of thin film of various materials.
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3.1. INTRODUCTION

Laser ablation of the solid surface is one of the methods to
produce a clean plasma of the material. Detailed study of the
spatial and temporal characteristics of the emission of the laser
produced plasma plume from the sample provides information about
the composition and lifetime of the ablated materials since the
plasma is produced due to the ablation of the target alone.
Basically, the laser induced plasma can be produced even in air
provided the energy density of the incident beam is large enough.
However, at atmospheric pressures, the plasma is compressed and is
confined to the sample surface. Thus it is necessary to use a
vacuun chamber to produce elongated plasma. Based on the
composition, physically, LIP emission can be divided into three
broad spatial regions viz., (1) the central or the core region of
the plasma emission close to the surface, where the temperature
is naximum and most of the species consists of ionized atoms, (2)
the nid region where apart from ionized species, both neutral and
a certain amount of molecular species are present and (3) the
extended region in which the plasma temperature is comparatively
lover and larger number densities of molecular species occur.

In this chapter a comprehensive account of experimental
technique for the spectroscopic as well as time resolved analysis
of the LIP and of the various subsystems needed for the
experiments are given. These experinental details are divided
into two sections. In the first section the experimental set up
for the spatially resolved spectroscopic recording of the plasma
is given. The description of the various sub-systems 1like
excitation source, plasma chamber, detection and other set up for
the recording the plasma spectrum, such as spectrograph and
picrodensitometer 1is given. In the second section, the
experimental set up for the time resolved measurements and various
sub-systems like monochromator coupled PMT, boxcar averager,
oscilloscope and related instruments for these studies are

described.
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3.2, EXPERIMENTAL SET UP FOR SPATIAL VARIATION STUDIES OF THE LIP
SPECTRUM

Plasma was generated by pulsed laser ablation of the solid

sample. Samples of metals (Aluminium and Copper), polymers
(PTFE), Graphite and high Tc superconductors (YBazCu:‘}O7 and
GdBaZCu307) were studied using LIP technique. The sample is

taken in the form of cylindrical dise (2.5 cm diameter and S mm
thickness) and placed in a partially evacuated chamber (Pressure =
200 nTorr) provided with quartz windows. The laser beam was
focussed to a diameter of = 1 mm (energy density = 19 J/cnz) on to
the target, which is rotated about its axis by an externally
controlled d.c. motor to avoid non-uniform pitting of the target
surface. The bright.plasna emnission was observed through a side
window at right angle with respect to the plasma expansion
direction. The plaswma emission spectrum from the three distinct
regions ie, central, middle and extended regions, (region A, B,
and C respectively) of the plasma were recorded photographically
using a Carl-Ziess three prism spectrograph with appropriz'lte
focussing optics along with the mercury spectrum as a standard.
The schematic diagram of the experimental arrangement for
recording the plasma emission spectrum is given in figure (3.1).
Figure (3.2) shows the typical plasma plume from a2 teflon target
clearly indicating the three regions of measurements. The
wavelength of emissions of the different atomic, 1ionic and
nolecular species in the plasma were measured from the recorded
spectra using standard spectral data sources [1,2]. By using
spectroscopic analysis of the plasma, it is possible to identify
the constituents and different states of ionization of the same.
Further by focussing the different regions of the plasma, the
spatial composition of the plasma and ionization state at

different regions of the plasma can be studied.
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3.2.1. THE Nd: YAG LASER

The pulsed 1laser used here for the plasma studies is a
electro-optically Q@ - switched Nd:YAG laser having a fundamental
output of 1.06 ym (Quanta Ray DCR 11). The diffraction coupled
resonator delivers a “doughnut ™ shaped beam profile at energies of
the order of 275 mJ at = 10 nsec pulse width with a power
stability of * 4 X [3]. The laser is capable of pulsing at a
rate of 1-16 pulses/sec. It has a second harmonic generator (KDP
crystal) which can be placed in the path of the fundamental bean
to provide the second harmonic output at 532 nm at 1less than 10
nsec pulse width with a conversion efficiency of = 50 X. Figure
(3.3) shows the schematic of the Nd:YAG laser. Higher order
harmonies at 355 nm and 266 nm can be obtained by introducing the
gppropriate crystals in the beam path. The laser beam has a
typical line width of < 1 cn_1 with 220 MHz spacing between the
longitudinal modes and a beam divergence of < 0.5 mrad. The
laser provides trigger outputs to synchronize the oscilloscope,

energy meter, boxcar averager ete.
3.2.2. PLASMA CHAMBER

The plasma chamber is essentially a vacuum chamber, suitably
designed and fabricated using a cylindrical steel tube of = 25 cn
diameter and 1is provided with eight 0" ring sealed window
attachments of = 4 cm in diameter. Quartz flats are used as
vindows where the laser beam enters the chamber and the window
corresponding to the spectrograph. Glass flats are used in the
other windows, which are used as observation ports. A few window
openings are converted to vacuum feed-throughs to provide the
electrical connections to the d.c. motor, substrate heater, the
Langmuir probe and the thermocouple inside the chamber. The
chamber is sealed on the top with a heavy stainless steel disk
with an "0 ring. The whole chamber is placed on a bottom disk,

which in turn is directly coupled to the rotary vacuum systenm.
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The chamber pressure is monitored by a high pressure Pirani gauge
(VT-DHP-11) capable of pressure measurements from atmosphere to
1@3 mbar with good resolution in the high pressure regions.
This gauge is provided with relay control outputs to control
solenoid valves for precise gas filling.

The schematic figure of the plasma chamber 1is shown in the

figure (3.4). The pressure inside the chamber was fixed at = 200
wTorr. The sample holder is fixed on to & d.c. motor and is
ounted on the holder. The angle of the sample with respect to

the incident laser can be varied to suit the specific kind of
spplication. For emission studies, the sample is mounted so that
the surface is at right angles to the laser beam and for plasmsa
assisted deposition studies, the sample surface is at 45° to the
laser beanm. The sample is rotated about the axis of the target
at a constant speed so that fresh area of the surface will always
be exposed to successive laser shots, resulting in a uniform
plasma emission intensity. The bright plasma emission was
observed through a side window to which the focussing opties and

the prism spectrograph are aligned.

3.2.3. THE PRISM SPECTROGRAPH

The plasma emission spectrum covering large wavelength range
will give some preliminary information on the time and spatial
dependence of the spectrum. These functions can be obtained by a
spectrograph with photographic recording. For spatial
resolution, the particular region of the plasma is imaged on to
the entrance slit of the spectrograph which is then provided with
the coordinate at right angles to the wavelength axis ie., along
the slit direction corresponding to the one of the coordinate of
the emitting volume element of the source. The same instrument
can be used for time resolution by masking the window of the
plasema cell, except for a narrow slit at right angles to the
entrance slit of the spectrograph and sweeping image of the first

slit across the entrance slit with a rotating mirror (However we
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have not adopted this method in the present study). Either
quartz or glass prism spectrograph would be suitable for this
purpose depending on the desired wavelength range.

For the determination of the emnitted species by its
characteristics spectral lines, a wavelength accuracy of about
x1A° is usually sufficient. The measurement of spectral lines
and continuum intensities can also be done with an instrument at
poderate dispersion. The plasma emission from the core of the
plasma has an intense background emission which usually masks out
the emission lines, thus necessitating short exposure times. The
plasma emission in the middle and the extended regions have a
relatively weaker background emission and the emission
characteristics of the species are more vivid. At shorter
wvavelengths, since the 1light gathering efficiency of the
spectrograph falls off sharply, a much larger exposure time is
required [47].

In our measurements, a Carl-Zeiss three prism glass spectrograph
is used for the photographic recording in the wavelength range
from 400 nm to 600 nm of the plasma emission spectrunm. This
spectrograph has a resolution of = 0.02 nm which is adequate for
these studies. Method of spectrograph illumination is shown in
the figure (3.5).

Different regions of the plasma are photographed by using
sppropriate optics and suitable masks in front of the entrance
slit of the spectrograph. A cylindrical lens is used finally to
produce a line image of the plasma region of interest on the
entrance slit. The entrance slit width and the angle of
dispersion of the spectrograph are then adjusted to obtain the
optimum spectral resoclution. The spectrum 1is recorded on the
photographic film (typically 9x6 cms 100/400ASA panchromatic)
placed in the film holder. In order to measure the wavelength of

the spectra obtained, a mercury standard spectrum is photographed

sinultaneously with the plasma spectrum. The spectrum covers the
wavelength range from vioclet to red. The plasma emission
spectrum at moderate resolution can be obtained by this
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instrument. The design requirements of the spectrograph using
photomultiplier tube as detectors are different from those of an
instrument designed to use photographic film. The density of the
photographic film approximately proportional to the 1log of the
exposure per unit area, while the signal from PMT is proportional
toc the total flux falling on the photocathode. The advantage of
using photographic recording of the plasma emission spectrunm
compared to other technigues is that, in photography simultaneous
recording of the spectrum in a wide wavelength range 1is possible
(similar to optical multichannel analyzer recording) thus reducing
the recording time.

For the spectroscopic observation of the plasma in certain
regions, which are comparatively weaker in intensity, we have to
use a2 high speed film which has a larger grain size. Optimunm
film contrast and sensitivity can be obtained by properly

adjusting the exposure and the developing times.

3.2.4. MICRODENSITOMETER

The density of silver deposited at any portion of the
photographic emulsion is most readily measured with a
densitometer, a photometric device designed to determine the
reduction in the intensity of light when sent through a restricted
area of the emulsion. When the area is small in the case of
spectrum lines, the instrument may be called a microdensitomerter
[51. Since the plasma emission spectrunm is recorded
photographically, the relative intensities of all these spectral
lines can be recorded using the microdensitometer. This
instrument is used for measuring the photographic response to the
exposure of the film to light accurately. Here the beam of
intensity I0 is passed through the spectral line on the film which
is to be measured. The transmitted light of intensity 1 then
activates a photocell whose current response is recorded by a
galvanometer swing or deflection d or as the movement of a pen

recorded across a scale which has 50 or 100 divisions [6].
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The density of the silver produced per unit area in a developed
inage 1is closely proportional to the ratio log (IO/I), which is of
fundamental significance and commonly employed as a measure of
photographic response. The 1linear relationship between the
intensity of the light incident on the microdensitometer photocell

and the galvanometer deflection can be written as,

I0 do— d’
D =1log — = log ——— (3.1)

I d -d’

where d0 is the galvanometer deflection for Io (equivalent to a
light transmitted by a perfectly clear area on the photographic
film, that is the area which has received no light exposure) and
d” is the deflection when no light enters the photocell.

If the different area of the photographic film are exposed to
different known relative intensities, such relationship 1is known
as calibration curve. The calibration curve can also drawn by

plotting the percentage of transmission (T) versus log intensity.
T = I/I0 and consequently D = 1/T

In a clear glass, deflection of 100 divisions 1is equalent to
100 ¥ transmission, each deflection for an area is a measure of
percentage of transmission. If then, 1log d versus 1log I is
plotted the characteristic curve is obtained. Fundamental
features of a densitometer are a source of light that provides a
beam to measure the plate, provision for ensuring that this beanm
pass through only that part of the emulsion which 1is to be
pneasured and a device to compare the intensity of beam of 1light
after passing through the exposed emulsion to that of the same
beam passed through an unexposed area of emulsion. In a direct
reading densitometer the deflection is a function of the density
of the photographic film.

The microdensitometer used in our measurements is a Carl-Zeiss

system having automated scanning and recording facilities. The
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optical system of a typical microdensitometer is shown in figure
(3.6). Two beams may be supplied one with which to inspect the
plate to help in locating the exact spot to be measured and a
second to carry out the measurements. Using this instrument, the
percentage of transmission T of the spectral 1lines in the
photographic films were measured. The response of the film was
obtained by focussing a small part of the He-Ne 1laser beam of
known energy for various time duration of exposures and the
corresponding calibration curve 1is obtained. Using this
calibration curve, the relative intensity of the spectral 1lines

wvere calculated.

3.3. EXPERIMENTAL SET UP FOR THE TEMPORAL MEASUREMENTS IN THE LIP

The time resolved mneasurements of the plasmna evolution

processes 1in the 1laser 1induced plasma from different solid

paterials were studied using spectroscopic and ion probe
techniques.
As described in the previous experimental set up for

spectroscopic studies, same pulsed laser radiation was used.
The sample was mounted in a vacuum chamber so that the target can
be irradiated at normal 1incidence and the ejection from the
surface can be viewed at right angles. The laser beam was
focussed on to the target using a quartz lens. A part of the
plasma plume at about 1.5 cm away from the target surface was
focussed on to the slit of the monochromator (Jarrel - Ash, 0.5
p) coupled to PMT and a CRO/ Boxcﬁr averager. Since we have used
a 0.5 mn monochromator for the wavelength separation (Ax < 1 Ao).,
the line selection is much more accurate than the work of Wu
et.al.[7]. Since we had already recorded the spectra
photographically using a spectrograph and the various atomic and
nolecular species were identified, in order to study the time
evolution of the species produced by the laser irradiation, the
characteristics lines could be easily selected using a

sonochromator. The PMT output was fed to a 100 MHz storage
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oscilloscope (Tektronix Model 468) with a 50 ohm termination. The
schematic diagram for the measurement of time resolved analysis of
the plasma produced by the laser ablation technique is given in
the figure (3.7). The time resolved studies of the plasma give
vital information regarding the time taken for a particular state
of a constituent to evolve after the plasma is formed. Thus this
peasurement is important for obtaining knowledge of complicated
ablation and transport processes occurring in the plasma produced
by the laser ablation technique.

In the ion probe technique, a variable bias voltage was applied
between the probe and the body of the vacuum chamber. The
electrons in the plasma were collected by the probe (3 c¢m 1length
and 1.6 mm diameter) kept at the about 1.5 cm away from the target
surface ((figure (3.7)). The voltage pulse developed was
preasured across a 50 ohm load resistance on a 100 MHZ storage
oscilloscope. By using this technique the electron temperature
and velocity of positive ions as well as electrons were obtained.
The method of calculation used for obtaining above parameters are

given in the chapter I.
3.3.1. MONOCHROMATOR

For the wavelength selection of plasma emission, a medium
resolution scanning instrument was needed. This purpose was
served by 0.5 m scanning monochromator (Jarrell-Ash Model 82-025).
Since we have used this monochromator for wavelength selection,
the 1ine selection is more accurate. This spectrograph 1is
provided with a smooth scanning motion in " eight speeds ranging
from 2 nn/min to 50 nm/min. It gave 1.6 nm/min dispersion in the
first order with maximum resolution of 0.02 nnm. It covered a
spectral range of 400 to 800 nm using a reflection grating with
1800 groves/mm blazed at 500 nm and is driven by a reversible
potor {8].

The apparatus consists of an inlet slit S1 and exist slit SZ'

The light enters through S1 and falls on a concave mirror having
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150 on diameter and 0.5 =m focal 1length, gets collimated and
reflected to fall on the grating, where it undergoes dispersion
and is again reflected back into the mirror and comes out through
the exit slit Sz. The light reflection in a monochromator is
shown in the figure (3.8). The wavelength of monochromatic light
eperging at the exit slit is changed by simply rotating the

grating about its centre (through Ebort mounting).

3.3.2. PHOTOMULTIPLIER TUBE (PMT)

The PHT is a photosensitive device consisting of a photo
enissive cathode (photocathode) followed by focussing electrodes,
an electron multiplier (dynodes) and an electron collector (anode)
in a vacuum tube as shown in the figure (3.9). When 1light hits
the photocathode, the photoelectrons emitted into the wvacuum are
directed by the focussing electrodes towards the electron
pultiplier where, electrons are multiplied by the process of
secondary emission by successive dynodes maintained at increasing
voltages (figure (3.9)). The multiplied electrons are collected
by the anode as an output signal. Due to the process of
secondary -emission multiplication, PMTs are uniquely sensitive
srong the photosensitive devices currently used to detect radiant
energy in the UV, VIS and NIR regions. They also have a fast
time response and low noise [9]

The output from the monochromator was detected by an EMI
photomultiplier tube (Model 9683-KQB) with S-20 cathode. This
tube was directly mounted at the exit slit of the monochromator.
The PMT was operated at = 1.3 kV dec. Since the output gain of
the PMT highly depends on the voltage, any variation in the
spplied voltage causes a noticeable change in its gain. Hence a
highly stabilized power supply (Thorn EMI PM28B) was used to
operate the PMT, which maintained a constant output voltage across
the terminals in spite of the variation of the load as well as
line voltage. The tube was also provided with a good RF
shielding. This PMT has got a fairly constant gquantum efficiency
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in the spectral region 350-800 nm where all the present
rasurements were carried out. Before doing the experiment, the
T was given sufficient cooling so that the dark current of the

tube is reduced to minimum value.

1.3.3. USE OF GATED INTEGRATOR AND BOXCAR INTEGRATION TECHNIQUE

The amplitudes of the pulse shapes of different species in the
plaswa were identified by a gated integrator and a boxcar
werager (Standford research systems Model SR250).

In some cases, it might be essential to recover a part or the
shole of an output signal pulse so that the signal can be
malyzed. To recover such a signal buried in noise, some form of
wveraging process is required and for that, some kind of multi
-point averager or a Fourier transform analyzer 1is necessary.
Signals of such transient nature, triggered by repetitive pulses
froo the excitation source can be analyzed in this fashion. This
is achieved by the boxcar integrator, which essentially is an
instrument used to recover complex repetitive signals hidden in
noise [10]. It has a frequency response which is ideal for the
recovery of such waveforms, consisting in the case of a waveform
vhich repeats at regular intervals of a series of peaks at every
fourier component of the waveform plus a response extending from
zerc up to the cut off freguency 1/2ﬂTeff (where Teff is the
effective time constant) of the equivalent low pass filter used in
the Boxcar integrator. The response 1is 2zero at all other
frequencies. The bandwidth of every peak in the same can be set
by the C-R filter. The usual practical boxecar has a C-R 1low
pass filter which is connected to the voltage waveform to be
seasured for a short interval Tg once during each cycle of the
coeplex waveform cycle. Since the time constant T of the low
pass filter is chosen to be >> Tg’ it requires many repetitions of
the sampling time Tg for the voltage on the capacitor of the C-R
filter to approach the final value ie, the average value of the

conplex waveform (at specific point) plus noise during the time
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CHAPTER V

FEATURES OF LASER INDUCED PLASMA FROM GRAPHITE

ABSTRACT

This chapter concerns with studies on the spatial variation of
spectroscopic and time resolved analysis of plasma generated fronm
the graphite surface using Nd:YAG laser pulse. The plasmpa
epission spectrum in the centre region is found to be dominated by
higher ionized states of carbon lines (up to CV), whereas the
spectrum in the outer region is dominated by the molecular bands
of CZ and CN. From the time delays of different species 1in the
plasma, the expansion velocities of the various species are
calculated and their variation with respect to laser energy 1is
also obtained. From the relative intensities of molecular bands,
the vibrational temperature of the above molecules are calculated

for different values of laser energies.
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5.1. INTRODUCTION

In the last few years there has been growing interest in
data concerning the composition and temperature of the 1laser
sblation plasma of graphite [1-5]. Here the emission spectrunm
shows C2 and CN molecules. From the above studies it is seen
that CN molecules produced by using excimer laser lasers are due
to photo-chemical ablation processes where as CN nolecules
produced by NIR (Nd:YAG) laser are due to thermal processes. The
spatial and temporal evolution of vibrational temperature of CN
wwlecules have studied by Hatem et.al.[6].

The C2 radical has been found important in
sstrophysics and flame spectroscopy was studied by many workers
[7,8,9]. The exact mechanism responsible for the swan band
enission are difficult to determine and evidently vary with the
wavelength and the gas medium surrounding the target. These
techanism are multiphoton in nature for wavelengths greater than
266 nm in acetylene, ethylene etc. and may be single photon in the
corplex mixtures of gases in the reaction zones of some flames.
Regardless of the mechanism involved, swan band emission is a
likely result at any time when intense laser pulses of almost at
any wavelength are focussed on to the carbon containing gases
eventhough the sample may not contain any nascent C2 and the laser
vavelength is not resonant with any single or multi photon
resonances of 02 {9]. Because the emission spans much of the
visible region of the spectrum, it can interfere with fluorescence
detection of many atomic and molecular species and can adversely
affect a wide range of laser induced diagnostic technique [8].

Nagel and Co-workers [10] in 1985 first reported the use of
laser ablation source of carbon ions to produce diamond like films
at high rates of growth = 0.3 um/h. Pulsed 1laser ablation of
high purity graphite is considered one of the effective methods
for deposition of diamond-like carbon (DLC) thin films. Large area
films (10 cnz) of optical quality and uniformity were grown in

vacaum by several authors [11 -14]1 and in gas mixtures containing
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hydrogen [15,16]. In all cases 1laser plasma forms above the
surface of the graphite. The physical properties of the plume
suich as temperature and species concentration directly affect the
properties of the film. Carbides of transition metals are a very
inportant class of ceramic material regarding their properties
vith respect to hardness and chemical inertness. Thin fiin
deposition for applications in optics and microelectronics are
extensively reviewed [17]. Development of a systematic procedure
for these technological applications may be based on the
information obtained from this method of synthesis. Studies have
shown that carbide cluster ions can be produced by simply
irradiating a graphite or mixtures of Group IV elements with
graphite by a 1laser source ({18]. This processes mnay of
particular interest when applied to transition metals. Carbides
pay be formed by direct metal and graphite combination {19] or by
the reduction of metal oxides at high temperatures in the presence
of carbon under the action of laser beam [20]. The laser
ablation was performed in order to understand the chemical
reactivity of the neutral and charged particles produced in the
plasma under the action of laser beams [21]. The high proportions
of ions to neutrals in the plasma produced by laser ablation are
responsible for uniform gquality of the diamond like carbon films.

Laser ablation 1is a convenient method for producing C60
polecules. When the graphite surface is vapourized by a pulsed
laser in a high density He atmosphere, producing remarkably stable
carbon cluster consisting of 60 carbon atoms [22]. Since this
C60 molecule is stable in macroscopic and condensed phases, this
would provide a topologically noval aromatic nucleus for new
branches of organic and inorganic chemistry. The studies of the
nechanisms for electron creation and acceleration in a laser -
induced plasma from a graphite surface is useful because here the
laser induced emission of clusters is believed to be a thermal
process [1]. Electronic excitation and ionization should
therefore be due to processes in the plasma and not in the bulk.

The inverse bremsstrahlung 1is the primary mechanism for the
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scceleration of the electrons which is consistent with the theory
of Phipps et al1.[23]. Subsequent processes involve electron
irpact ionization/dissociation and emission of UV photons via
bremsstrahlung. This latter mechanism leads to photo excitation,
photo—ionization and photo-fragmentation {24]. In the case of
laser ablation of graphite, the vapour plume 1is 1likely in
thermodynamical equilibrium with the melting graphite surface.
The occurrence of atomic, ionic and molecular carbon in the plume
vas found to depend on laser intensity. C2 emission from the
plaspa was often reported by Chen et.al [25] the mechanism of
shich is due to plasma excitation and recombination processes

The intensity of emission of carbon lines tends to fade as the
lasser etches into the graphite target because it creates large
interaction area and reduces the effective laser power intensity.
¥ith an estimated maximum spot size of =~ 1 mm, the laser intensity
of 7 x 108
threshold intensity for excitation of atomic emission {2].

H/cn2 can be regarded as the approximately the

In this chapter the spectral as well as time resolved analysis
of plasma produced at various distance from the graphite target
surface is described. From these studies the information about
plasma composition and vibrational temperature of various
rolecules such as C2 and CN molecule in the carbon plasma were
obtained and their variations with laser energy were also studied.
The plasma emission spectrum near to the surface of the target
shows the presence of highly ionized states of carbon atoms (up to
€V line). From the time resolved studies, the expansion velocity
of different species in the plasma were also obtained and their
variation with respect to laser energy at different distance from

the target were evaluated.

5.2. SPECTRAL CHARACTERISTICS OF SPATIALLY RESOLVED PLASMA FROM
GRAPHITE

The plasma emission from graphite is given 1in figure (5.1).

The plasma emission spectra at three regions of the plasma from
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Fig.5.1. Plasma emission from_graphite surface at a laser energy
density of = 12 J/em showing the studied regions of the
spectra
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Fig.5.2. The emission spectrum from the central core (A) of the
laser produced plasma from graphite
(Laser energy density = 12 J/cmn )
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fig.5.2. The emission spectrum from the mid (B) and extended (C)
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the target surface such as (a) Central core, (b) mid region and
(c) extended region are shown in figure (5.2(a), 5.2(b) and
5.2(c)) along with Hg spectrum for calibration of wavelength of
tifferent species.

As in the case of Teflon, the recorded plasma emission spectra
froo the graphite corresponding to the three regions, show
listinctly different characteristics. The emission lines due to
higher ionization states of carbon (CI, CII, CIII, CIV and CV)
ire clearly seen in the core and mid regions of the plasma. The
tgontinuum emission intensity in the plasma emission is greatest in
the region close to the target and decreases within a few
tillimeters from the target surface, this continuum is that
resulting from the free - bound transitions on to the ground
electronic state of carbon atoms (excited). The molecular bands

torresponding to transitions (A3ﬂ

g Xaﬂu) of C2 in the wavelength
range 500-580 nm dominate in the emission spectrum of the plasma
in the extended (C) region. The CN band emission (BZZ+ - XZZ+)
in the ultraviolet region indicates a secondary reaction of the
txcited carbon with the residual nitrogen present in the partial
vacuum of the plasma chamber.

Here the spatial resolution was better than 0.2 mm in the
direction along the laser (plasma expansion) axis, and it was
controlled by a slit in the light path to the monochromator and by
the grazing incidence transfer mirror and entrance slit of the
wnochromator. The line spectra at wvarious distances from the
target could be recorded at high resolution. In the region close
to the target surface, density in the plasma core is so high t.hat,r
mch of the broadened line emission cannot be separated from the
background . Further away from the target, in the case of the
excited atomic carbon, the lines become narrower and weaker with
increasing separation from the target [26]. The broadening of
sich isolated lines close to the target surface can be attributed

to electron - ion collisions [26].
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3. TIME RESOLVED ANALYSIS OF LIP FROM GRAPHITE

The experimental arrangement for the time resolved analysis of
the LIP emission from graphite is described in chapter III. The
jlaspa chamber including the lens can be mounted on a slide so
that plasma portions at any distance from the target surface can
be focussed on to the field of view of the monochromator. A stop
psitioned on the entrance slit which could be varied, made it

pssible for the monochromator to select any point in the plasma

it right angles to the plasma expansion axis [27].

The time delays and decay time of the radiation emission
of the identified species at the extended regions (region C) of
the plasma piune with laser energy are given in the Table (5.1).
fron the time delays observed, it is seen that in all three
regions of the plasma, the molecular band (C2 and CN) emissions
lave much larger time delays as compared to ionic/neutral species.
tenerally there is a decrease in time delay as the laser energy
increases. The variation of the time delay and decay time of
eeission of various species with laser energy in the mnid region
ind the central core (region A) of the plasma are given 1in the
fable (5.2 and 5.3) respectively. The observed time delays and
decay time of the species in the mid region are less than that of
the value obtained in the extended region. But in the case of
central core of the plasma, the time delay and decay time for all
species are very much less than (nsec) those for the extended as
vell as mid region (usec). In all three regions of +the plasmna
both the above parameters for all species decrease with the
increase in laser energy. As in the case of the time delays,
the molecular bands have a larger decay time compared to the
ionized species. As the laser energy increases, the decay time
of the emission of the species was found to decrease. Typical
oscilloscope recordings of all the observed excited carbon 1lines
in the extended region of the plasma from the target at the laser
energy a4 70 mJ is shown in figure (5.3) in order to compare the

tine delays of these excited carbon lines. The zero on the time
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fable (5.1) The variation of time delay and decay time of emission
of the various species with
(C) of the plasma

laser energy

in the region

C2 Swan band A = 516.5 nm CN band A = 421.6 nm
Laser
Energy Time delay Decay time Time delay Decay time
(nd) (usec) (H1sec) (usec) (usec)
55 0.95 1.23 0.89 1.12
68 0.981 1.16 0.82 1.09
77 0.81 1.08 0.78 0.98
88 0.78 1.02 0.73 0.93
87 0.72 0.986 0.70 0.87
110 0.68 0.91 0.64 0.81
CV line A = 494 nm |CIV line A = 580.1 nu{CIII line A = 538.3 nm
Time Decay Time Decay Time Decay
delay time delay time delay time
(usec) (usec) (usec) (usec) (usec) (usec)
0.70 0.81 0.75 0.88 0.79 0.99
0.66 0.79 0.69 0.82 0.73 0.96
0.61 0.74 0.65 0.77 0.71 0.90
0.59 0.70 0.61 0.73 0.67 0.85
0.53 0.67 0.57 0.69 0.61 0.78
0.49 0.62 0.54 0.66 0.58 0.72
CII line N = 426.7 nm CI line A = 595 nm
Time delay Decay time Time delay Decay time
(usec) (usec) (usec) (usec)
0.82 1.02 0.89 1.09
0.78 0.998 0.83 1.01
0.75 0.93 0.80 0.97
0.71 0.88 0.77 0.91
0.65 0.81 0.69 0.85
0.61 0.75 0.63 0.79
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Table (5.2) The variation of time delay and decay time of emission
of the various species with
(B) of the plasma

laser energy in the region

C2 Swan band A = 516.5 nm CN band X = 421.6 nm
Laser
Energy Time delay Decay time Time delay Decay time
(md) (usec) (usec) (1sec) (usec)
55 0.82 1.19 0.84 1.1
68 0.89 1.15 0.82 1.04
77 0.84 1.12 0.78 0.94
88 0.81 1.10 0.72 0.91
97 0.78 1.08 0.67 0.85
110 0.75 1.07 0.65 0.78
CV line X = 494 nmn|CIV line A = 580.1 nmn|{CIII line X = 538.3 nm
Time Decay Time Decay Time Decay
delay time delay time delay time
(usec) (usec) (usec) (usec) (usec) (usec)
0.45 0.78 0.53 0.85 0.68 0.85
0.41 0.75 0.51 0.8 0.64 0.93
0.39 0.73 0.47 0.74 0.61 0.87
0.34 0.67 0.44 0.71 0.52 0.83
0.31 0.64 0.40 0.66 0.48 0.74
0.30 0.61 0.38 0.64 0.46 0.70
CII line A = 426.7 nn CI line X = 585 nm
Time delay Decay time Time delay Decay time
(usec) (usec) (usec) (usec)
0.75 0.998 0.82 1.06
0.70 0.86 0.80 0.98
0.67 0.82 0.76 0.94
0.62 0.86 0.68 0.88
0.56 0.80 0.61 0.82
0.51 0.73 0.58 0.76
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Table (5.3). The variation of time delay and decay time of emission
of the various species with laser energy in the region
(A) of the plasma

C2 Swan band A = 516.5 nm CN band X = 421.6 nm
Laser
Energy Time delay Decay time Time delay| Decay time
(nJ) (nsec) (nsec) (nsec) (nsec)
55 37.778 45.556 33.33 41.556
68 35.556 43.292 32.22 41.273
77 33.33 40.326 31.667 40.89
88 29 .44 38.884 30.556 38.99
g7 26.22 33.333 26.444 35.07
110 21.28 32.798 25.82 33.48
CV line X = 484 nmn{CIV line X = 580.1 nm{CIII line A = 538.3 nm
Time ' Decay Time Decay Time Decay
delay time delay time delay time
(nsec) (nsec) {nsec) (nsec) (nsec) (nsec)
18.38 29.98 21.04 31.14 21.64 31.44
17.48 27.85 18.62 30.34 19.33 30.87
15.32 25.32 16.53 28.19 17.34 28.87
8.76 21.09 10.16 23.86 11.13 26.13
7.23 19.87 8.82 21.58 9.34 23.12
4.981 16.23 5.998 21.00 6.09 21.83
CII line A =426.7 nmn CI line X = 585 nnm
Time delay Decay time Time delay Decay time
(nsec) (nsec) (nsec) (nsec)
23.33 35.83 23.89 37.09
21.01 32.13 21.289 36.13
20.09 31.18 20.89 30.55
18.72 30.05 19.63 30.13
17.85 24 .81 ' 18.39 26 .64
16.61 23.17 17.79 25.78
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ixis is the time of arrival of the 1laser pulse at the target
surface. From the above figures, it 1is observed that the
spectral lines of more highly ionized species are first to appear
and are followed in turn by ions of successively lower stages of
ionization. Since the time delays of all identified species were
recorded at three regions (A,B and C) from the target surface, the
expansion velocity of each species were calculated and their
variation with laser energy were also obtained. Comparing the
plasma expansion velocity of all species at different regions of
the plasma, it was observed that the velocity decreases as the
distance from the target surface increases ie, the velocity
decreases with the expansion of the plasma. Figure (5.4) shows
the expgnsion velocity of different species in the carbon plasma
st a laser enerdy = 55 nJ. Variations of the expansion
velocities of different species with laser energy in the three
regions of the plasma are given in the Table 5.4(a), 5.4(b) and
5.4(c) respectively. From these tables it is seen that the ionic
species have large value for the expansion velocity compared to
that of the molecular species and the expansion velocity of the
species in the plasma increases with laser fluence.

Comparing the time delays obtained for different species
at different regions in the plasma from Teflon as well as graphite
paterial, it is observed that smaller time delays were obtained in
the case of graphite plasma which were due to the 1low threshold
for the plasma formation at the graphite surface compared to that
of Teflon sample [28]. As a result expansion velocities for all
species in the graphite plasma have larger values compared to

those in the Teflon plasma.

54 CALCULATION OF VIBRATIONAL TEMPERATURE OF C2 AND CN MOLECULES
IN A SPATIALLY RESOLVED PLASMA

As described previously, the emission band in the extended
region of the plasma emission spectrum is dominated by the

nolecular bands of C2 and CN species. The molecular band emission
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Table (5.4).

The variation of expansion velocity of the different

species in the graphite plasma at different regions
from the target surface with laser energy
(a) Extended region (C): 2 cms
Expansion velocity
(x 107cn/sec)
Laser energy
Species
55 68 77 88 97 110
(nJ) (mJ) (nJ) (nJ) (mJ) (mJ)
C2 0.21 0.22 0.25 0.26 0.28 0.29
CN 0.22 0.24 0.26 0.27 0.29 0.31
Cv 0.28 0.3 0.33 0.34 0.38 0.41
CIV 0.27 0.29 0.3 0.33 0.35 0.37
CIIl 0.25 0.27 0.28 0.3 0.33 0.34
Cl1 0.24 0.26 0.27 0.28 0.31 0.33
Cl 0.22 0.24 0.25 0.26 0.29 0.32
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(b) Mid region (B) : 1 cms

Expansion velocity
(x 107cn/sec)
Laser energy

Species

55 68 77 88 a7 110

(mnJ) (mnJ) (mnJ) (mnJ) (nJ) (mJ)
C2 band 0.22 0.23 0.26 0.27 0.30 0.32
CN band 0.23 0.25 0.27 0.29 0.31 0.34
CYV Line 0.31 0.33 0.36 0.38 0.43 0.49
CIV Line 0.29 0.31 0.34 0.36 0.39 0.43
CIII Line 0.27 0.29 0.30 0.33 0.38 0.38
CII Line 0.25 0.27 0.29 0.30 0.32 0.39
CI Line 0.23 0.25 0.26 0.27 0.31 0.33

(¢) Central region (A) : 0.66 cms

Expansion velocity
(x 107cn/sec)
Laser energy
Species
55 68 77 88 97 110
(mJ) (mnJ) (nJ) (mJ) (mJ) (mJ)
C2 1.73 1.83 1.96 2.21 2.5 3.06
CN 1.96 2.02 2.1 2.13 2.486 2.53
cv 3.54 3.73 4.25 6.6 g9.01 9.4
ClvV 3.09 3.5 3.94 6.4 7.30 8.17
CIII 3.01 3.37 3.76 5.86 6.9 8.06
CII 2.78 3.1 3.25 3.5 3.7 3.9
CI 2.73 3.06 3.12 3.32 3.50 3.60
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intensities can be used to calculate molecular vibrational
temperatures (Tvib). The details for calculation of vibrational
temperature is given in the Chapter I. At moderate resolution,
the electronic transitions of diatomic molecules often possess
band structures due to the excitation of many vibrational levels
[29]. When we observe the plasma emission spectra in the
extended and mid regions of the plasma, a predominance of the C2
and CN emission have been found.

The intensity profile of spectrum obtained in the photographic
film in the extended and mid regions of the plasma produced from
the graphite target were obtained using a microdensitometer, and
the optical density in the photographic plate was converted into
intensity from the knowledge of calibration constants and each

spectrum is normalized with respect to the maximum intensity which

finally gives the relative intensities of the bands. All the C2
bands have been recorded, which include Av = -1, 0, and +1 in the
mavelength region from 468.4 nm to 563.5 nm, where Av = (v’ '—v") is

the dif ference of the vibrational quantum numbers between the
upper (v’ ) and lower (v") states of transition. Figure (5.95)
shows the C2 swan bands of (v'v") = (0,1) up to (4,5) (Av = —-1).
These bands are degraded towards the violet, which is the
characteristics of the C2 swan bands. C2 bands with Av = O with
{v:v") = (0,0) up to (2,2) were observed in the spectrum (Figure
5.9). The bands with Av = +1 with (v'v") = (1,0) up to (4,3) can
also be seen in the sp'ectrum (Figure 5.95). There is no evidence
of atomic or ionic emission in this region. The violet regions

of the spectrum {((Figure (5.6)) shows the presence of CN violet

bands with Av = -1 in the wavelength region from 415.8 nm to
421.6 nm, which contain bands from (0,1) to (5,6). Since the
s;Jectra are recorded with only a moderate resolution using a

spectrograph, the rotational structures are not resolved. The CN
molecules resulting from the secondary reaction of excited carbons
with the residual air in the plasma chamber give very intense
bands in the UV region. Most of these set of bands are used to

ctalculate molecular vibrational temperature of C2 and CN
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wlecules. Vibrational temperature of C2 radicals were calculated
fror the emission intensities of the above set of bands, which are
corrected for the photographic film response which is
predetermined using a standard lamp.

A comparison among the excited state levels of CZ' CN, CI,
(II, CIII and CIV etc. and the ionization potential of carbon
seems to explain the requirement of the higher laser energy
needed to generate ionized carbon line emission [30]. Upper
states of the C, swan_tl)ands (A%Ng) and CN violet bands (8%s*) are
at 20,000 - 30,000 cm and 27,000 - 37,000 cm respectively
(24], while those for carbon and C+ (for visible transition) are
greater than 80,000 cn“1 and 130,000 cll—1 respectively. The

ionization energy of carbon is 80,878 cn_l. The 1060 nm laser

photons ‘corresponds to 9,434 cn_l. So unlike in the case of Chen
et al. (18891) direct photoexcitation of C2 is not readily
available here for higher electronic states followed by the
collisional relaxation to the Aaﬂg level. But the C2 molecules
in the plasma are mainly formed due to the recombination occurring
in the same when the plasma cools down. At the same time, the
excitation and ionization of carbon would have to be through
mnlitiphoton absorption that require higher laser intensity. An
indirect mechanism is the absorption of photons by residual
electrons through inverse bremstrahlung [31,32]. Upon collision

the energetic electrons excite or ionize the other species in the

plume. Recombination processes due to slow electrons also take
place [186]. In all cases, the C+ creation and CI, CII etec.
enission occur at higher incident laser energies. ’

An estimation of C2 as well as CN concentration was made from
the band intensity. The vibrational distribution in the excited

states of CN molecules in the extended region (C) are shown in the

Figure (5.7). Similar distribution were observed in the case of

C
2
this is according to Frank - Condon principle.

Swan bands also in the region (B) and (C) of the plasma and

When Log % (h4Iv.v") is plotted against vibrational term values
G(v’) of the upper electronic state, the slope of this straight
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line curve give the value of the vibrational temperature. The
variation of vibrational temperature corresponding to the C2 swan
bands and CN molecules in the mid region (B) of the plasnma
epission with laser energy is shown in the figure (5.8). The

vibrational temperature was found to vary from 4.081 x 104 K to

6.289 x 104 K for C2 molecules and from 3.9828 x 104 K to 5.628 x
m4 K for CN bands in the mid region (B) of the graphite plasma as
the laser energy is varied from 55 mJ to 98 mJ. This curve shows
a linear variation of Tvib with laser energy, which supports the
view that molecular excitation to higher energy levels occurs as
ve increase the laser energy. The variation of Tvib with laser
enerdy in the extended region of the plasma is shown in the figure
(5.9). _ In this case, the vibrational temperature was found to

vary from 7.426 x 103 K to 2.772 x 104 K for C2 molecules and from

6.116 x 103 K to 2.582 x 104 K for CN bands in the extended region
(C) of the graphite plasma as the laser energy is varied from 55
pJ to 98 mJ. In the extended region of the plasma where the
temperature is lower compared to that of the mid region, the
recombination processes dominate which results in the drastic
variation of vibrational temperature with laser energy. From the
sbove figures it is clearly seen that a saturation of the Tvib
cccurs at higher laser energy in the extended region of the
plasma. Compared to Teflon target, graphite has a lower work
function so that threshold like phenomena as in the case of Teflon
vill appear at a much lower laser energy (< 55 mJ) and after this
threshold region, when the laser energy is further increased, the
saturation phenomena will appear. But in the case of mid region,
where the plasma temperature is higher and as the laser energy
increases more molecules are excited to the higher vibrational
levels, which result in the linear increase in the vibrational

temperature.
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5.8. CONCLUSIONS

In the case of laser induced plasma from graphite target, the
plasma emission spectrum in the centre and mid region is found to
be dominated by higher ionized states of carbon lines (up to CV),
gshere the spectrum in the outer region 1is dominated by the
rolecular bands of C2 and CN. Thus the spatially resolved plasma
enission spectrum shows distinctly different characteristies.

From the time resolved studies, the time delays of different
species in the plasma are obtained and the expansion velocities of
the various species are calculated. Their variation with respect
to laser energy is also obtained. From this it is seen that the
ionic species have large value for expansion velocity compared to
that of molecular species. The time resolved studies of the
spectral emission of different species in the plasma throw much
light on the complex interaction processes occurring in the
plasma. From the time delays, we can conclude that molecular
species may not be originating from the target material at higher
laser energies, but are formed as a result of recombination
processes as the hot plasma expands and cools ie, the molecular
bands are formed due to collisions of atomic and ionic species.

It was also found that the values obtained for vibrational
temperature for C2 and CN molecules are in 4dood agreement with
each other, but these are much higher than the graphite melting
point of about = 4000 K. The laser interaction with the plasma
plume is considered to be responsible for this. An estimation of

concentration of these species also has been made in this study.
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CHAPTER VI

CHARACTERISTICS of LASER INDUCED PLASMA FROM
HIGH Tc SUPERCONDUCTORS

ABSTRACT

This chapter deals with the results on the spectral as
well as the time resolved analysis of plasma emission from two
bigh Tc superconductors, viz. YBaZCu‘?O? and GdBaZCu3O7. From the
time resolved analysis, the time delay and decay constants of the
gll the identified species present in the plasma are measured and
several interesting results were obtained. Using the ion probe
technique plasma temperature and velocities of the positive ions

is well as electrons are also calculated.
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[61. INTRODUCTION

1! The discovery of superconducting ceramic materials by Bednor:z
jand Muller (1] in 1986 is a notable milestone in the history of
'grience. Most of these rare earth based oxide ceramics are
,'5uperconducting above liquid nitrogen temperature and that are
Iiexpected to have tremendous applications in various devices and
‘systems. For many of the device applications, it is necessary to
fabricate these materials in thin film form. Recently it has
‘been demonstrated that laser ablation is a viable technique for
producing thin films of high TC ceramic materials [2,3,4].

The laser ablation of high TC target 1is accompanied by the
formation of brilliant elongated plasma located over the target
surface and extending outward up to about = 2 cm from it (5]. It
was found by earlier workers that the major luminescent species in
the plume of laser ablated high TC materials are arising from

neutral, ionized atoms and diatomic species. Analysis of the

optical emission spectrum from the plasma plume has been used to
identify vapourized and ejected species from the target (6,7,8].
Identification of these species is important in understanding the
tomplicated ablation, transport and deposition processes.
Studies on laser—induced plasma emission provides [?] information
on various species ejected from the target and the same could be
used as a signal source for processes monitoring or studying the
mechanism involved in the formation of thin films.

An excimer laser with very high photon energy may causes an
internal electronic excitation and atomic bond breaking. It was
observed earlier that YBaCuO has got smaller absorption
coefficient for the IR radiation compared to that for the excimer
laser {10] so that more thermal effects can be expected rather
than electronic excitation and atomic bond breaking effects which
happen in the case of excimer laser radiation. Fragments emitted
from the surface by the irradiation of the IR laser beam are
probably clusters or droplets near the threshold energy for the

sputtering.
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The spectral emission intensity variation was studied by Puell
et.al [11] and was found to decrease only slowly with increasing
fistance from the target surface up to = 1 mm, but beyond this it
fell rapidly. As the radiative life times ([11] of ¢the states
wnitored are short (< 10 nsec), these observations rule out
pcited atoms and ion being formed slowly at the surface and
wggests that excitation is maintained within the first 1 mm or so
of the target by collisions and electron recombination. This 1is
suivalent to a model where the plasma plume undergoes one
linensional expansion for a spot diameter of =~ 1 mm and three
dinensional expansion beyond this (12]. The density falls much
rapidly under certain conditions and excitations. Relatively
high temperature appears to accompany ablation, resulting in high
vlocity ‘of emission (=~ 104 m/sec) and the corresponding particle
mergy (~ 25 — S50 eV). The extend of ionization in the plume is
low {< 47Z) for low fluences so that neutral rather than ionized
species will predominate in the deposition processes under this
conditions [13]1. The ionized species are predominant at higher
laser intensity. Several studies indicate that the onset of
sblation occurs during the early portion of the laser pulse and
ifterwards, interaction between the later portion of the pulse and
the material ablated from the target will occur (14-17].

It is observed by several authors [18,192] that the emission in
the plasma results from the free-free electronic and free-free
bound recombinations which produce continuum emission and
bound—bound transitions which produce line emission.

The time resolved emission peaks of all identified species were
sasured by Girault et.al. [20] with the help of PMT coupled to a
eonochromator and fast oscilloscope. The signal consists of an
initial sharp peak which 1is due to scattered 1light from the
ablating laser pulse followed by emission from the intense plasma
created at the target surface. The broad delayed peak
orresponds to the emission from the fragments in the plume ([20].
Since the temporal variation of the emission is closely related

to the ablated fragment distribution, the average expansion
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vlocity of the fragments can be calculated from the measured time
delay .

When the spectroscopic and time resolved measurements are taken
by Wu et.al. in oxygen atmosphere, it was observed that the
emission intensities of all detected lines and bands are enhanced
tompared to that in vacuum [(21]. The ejection velocities of the
ablated species are sensitive to oxygen pressure in the chamber.
The velocity of the ionic species are very sensitive to oxygen
pressure. It is observed that velocity of neutral and ionic
species remain constant from vacuum to oxygen pressures up to =
ldq mbar and decreases rapidly beyond this, whereas velocity of
the diatomic species seem to decrease regularly with the oxygen
pressures.

In order 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
spectral emission from the plasma offer the most convenient
approach. The time resolved studies of plasma can give vital
information regarding the the time taken for a particular state of
a constituent to evolve after the plasma is produced and different
state of ionization of the same. Time resolved studies of LIP
yield a greater amount of information regarding the complex
ablation and transport processes [22]. The dynamic measurements
of Wu et al [21,22] are limited due to the 1line selection using
optical filters (AN = 100 Ao) which make it clearly impossible to
study unambiguously the the time evolution of the 1line and band
emissions from the individual species.

In this chapter the results on spectroscopic as well as time
resolved analysis of the evolution processes in the laser induced
plasma from high Tc superconductors like YBa,Cu., O (Tc = 90 K) and

GdBaZCu307 (Tc = 93 K) are given along with ?DnspZDbe techniques.
These studies provide information on ablated species, expansion
velocities and their extent of ionization in the plasma plume.
From the ion probe measurements, important plasma parameters such

as electron temperature and velocity of positive ions as well as
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electrons were obtained.

Most of the spectroscopic studies do not clearly reveal the
existence of CuO and Cu+ [4,3,81]. Geyer and Weimer observed the
presence of YO in the plasma generated from the Y-Ba-CuO target.
eimer and Wu [23] established the presence of oxides of Ba and Cu
in the excimer laser produced plasma from the Y-Ba-CuO target.
However the present study shows clearly the excistance of GdO, YO,
BaD, CuO and Cu+ along with the neutral atoms and ions in the
laser produced plasma from YBaCuO and GdBaCuO targets. In
earlier studies, oxides and ions might have escaped detection due
to the fast decay of emission from these species as a result of

recombination and plasma cooling.

6.2, SPECTRAL ANALYSIS OF LIP FROM Gd-Ba-CuO AND Y-Ba-CuO
HIGH Tc SAMPLES

The observation of the presence of diatomic oxides in the
plasma produced from high TC samples by the pulsed laser ablation
with 1.06 um radiation from Nd:YAG laser is presented below.

Typical plasma emission from high TC material is shown in the
figure (6.1). The experimental arrangement used for the
spectroscopic studies is described in the chapter III. Here we
used laser pulses having energy X 150 mJ, which was focussed on
the sample with a laser spot size of (1 mm). The energy density
at the target was estimated to be x> 19 J/cmz. The target of high
purity high TC material pressed and sinterd cylindrical pellet was
used [231]. The plasma emission spectra for Y-Ba-CuO and
6d-Ba—-Cu0 samples in the region A = 400 nm to 600 nm are given in
the figures (6.2a and &6.2b) respectively. Emission wavelengths
observed were compared with literature values and they are given
in the Table (6.1) [24].

Spectrum consists of a continuum emission that centered in the
visible region and several emission lines. The continuum
background is plasma emission from sample surface and the spectral

lines are emission from sublimented ions/atoms ([25]. These
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Fig.6.1. Typical plasma emission from high Tc Superconductor

(Laser energy density =z 12 J/cmz}
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Fig.6.2. 2(a) Plasma emission spectra of YBazCUBUﬂ (TC X~ 90 K)
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Y+, Ba+, Cu

and Gd+, Bat and Cu in the case of the two targets respectively.

plasma emission spectra show prominent lines due to

The emission spectra thus reveal the presence of rare earth ions
and Ba+ in the plasma. Lines due to Cu+ do exist in the plasma
though they are comparatively weak due to higher ionization energy
of copper (Cu =~ 7.726 eV, Ba = 5.211 eV, Y >~ 6.378 eV, and Gd =
5.16 eV). It should be mentioned that the recorded spectra
clearly show the bands due to diatomic oxides YO and GdO in
addition to the bands of Ba0O and CuO. The bands are easily
identified due to the better resolution possible with a prism
spectrograph in comparison with a multichannel analyzer [1]. The
existence of gas phase oxides are encouraging since it reduces the
possibility of deposition of oxygen deficient films.

Presence of ions in the plasma is very significant since it
will enhance the possibility of the formation of metal oxides
rithin the plasma. Spectra also show the intense 1lines due to
the presence of excited neutral atoms produced by the unionized
species indicating that plasma is not fully ionized. As seen
from the spectra, lines due to Gd and Y species can be easily
identified by looking for the lines which are not common to Gd and
Y based samples. Ions are mainly produced by thermionic emission

and atom-electron collision.
6.3. TIME RESOLVED ANALYSIS

(a). Gd-Ba-CuO SAMPLES

For the time resolved studies a part of the plasma plume at
about 1.5 cm away from the target surface was focussed on to the
slit of the monochromator (Jarrel - Ash, 0.5 m) coupled to a PNT
and a CRO/Box car averager. The experimental set up for the time
resolved studies are given in the chapter III. Since a 0.5n
nonochromator has used for wavelength separation (Ax < 1 A°), the

line selection is more accurate than the work of Wu et al. (1989).
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The pulse shape of the selected emission line of all the species
in the plasma could be recorded [286] using a storage oscilloscope
( 100 MH=z).

A typical CRO trace of the PMT response due to the 1line (A=
455.5 nm) emission of copper ions is shown in the figure (6.3).
The response in this case has a time delay of 0.14 usec with
respect to the laser pulse. This figure shows clearly two
features, one a strong prompt emission and the other a slow
enission peaking after few microseconds. The overall optical
epission starts after a 7 nsec time delay after the start of the
laser pulse indicating that the time required for significant
evapouration of the species from the surface. The prompt
enission is due to the 1laser excitation of the evapourated
species, whereas the slow emission is most 1likely due to the
electronic collisional excitations and 1is sensitive to oxygen
pressure, particularly for oxide species [16]. This time delay
was found to vary for different species. The time delays
peasured for emission from different atomic, ionic and molecular
species are displayed in the figure (6.4). The most significant
feature of the result 1is that emissions from oxides has got

greater time delay as compared to that from 1ionic and atomic

species. This evidently is due to the fact that the initial
plasma temperature is so high that formation of oxides is not
possible. As the plasma cools down, recombination processes may
give rise to the formation of more oxides. A closer observation
of the pulse shape shows a non - exponential decay of the
enission. This becomes clearer from the Log I-Log t curve.

A Log-Log plot of the time dependence of the plasma intensities
of all species reveals an initial period of slow decay followed by
a8 conmparatively faster decay. Figure (6.5) shows the such
typical plots of plasma emission lines of Cu, Cu+ and Cu0. The
temporal decay of emission due to plasma cooling can be expressed

8s a power law,

I(t) = H(t, - )t P1 + H(t - tl)t_bz (6.1)
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Where H(t) is the Heaviside function. So that H(T) =1 for T~

»o and o for r < o and b1 and bzare the decay constant in the hot

and cold phase of the plasma. For t <t1, it is observed that b

1
({1 for all species, while b2 > 1 except for BaO and Ba. Decay
constants b1 and b2 observed for the spectral emission from
various species in the plasma is shown in the figure (6.6). Due

to collisional excitations and recombinations, initially plasma is
in a highly non—-equilibrium state and for t >t1, it tends to
thermal equilibrium with a faster cooling rate. A careful
examination of the analysis of these magnitudes will give some
valuable information required for plasma diagnostics. The two
time periods in a Log t-Log I curve represent the hot and cold

phases of the plasma. It is worth noting that in the hot plasma

|by| GdO < |b, | CuO < |b | BaO (6.2)

and in the cold plasma,

|b,|Cu0 > |b,|6dO > |b,| BaO (6.3)

which shows that emission from €CuO molecules dies down rather

quickly.
(b). Y-Ba-CuO SAMPLES : TIME RESOLVED STUDIES

The time resolved studies of this material also have different
time delays for all the different species emitted from the target.
Here the time delays of each species with respect to laser
fluence was measured. Comparing emission from different species
, the oxide species were found to have larger time delays. As
noted above, this could be due to the reason that oxides are
mainly formed due to recombination, when the plasma cools down.
Table (6.2) shows the variation of time delays of all the
identified species with respect to laser fluence. Similarly the
variation of decay time of all the species with respect to laser

energy is also shown in the table (6.2). Here also it is
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fable (86.2) The variation of time delay (TD) and decay time (DT)
of different species in the Y-Ba-CuO high Tc material
with laser energy
Laser 55 65 75 88 99
Energy nJ nJ nJ nJ nJ
Spec TD DT TD DT TD DT TD DT TD DT
-ies (usec) (usec) (usec) (usec) (usec)
CuO 0.58 2.7 10.54 2.3 |0.51 1.8 [0.48 1.610.44 1.4
Ba0 0.48 1.8 {0.45 1.5 [{0.41 1.2 |0.38 1.0]0.36 0.98
YO 0.51 2.4 [0.49 2.1 |0.45 1.9 {0.43 1.7|0.40 1.4
Cu 0.18 1.7 |0.16 1.5 {0.13 1.2 |0. 1.0/10.09 0.97
Ba 0.15 1.01(0.13 1.0 {0.11 0.988|0. 0.82/0.08 0.88
Y 0.08 1.16{0.06 1.1 |0.03 0.89/0.01 0.9610.009] 0.93
Cu+ 0.07 1.09/{0.05 1.05{0.03 1.02(0.01 1.0{0.009] 0.98
Ba+ 0.05 1.0 {0.02 0.96|0.009| 0.92|0.008}| 0.89!10.007| 0.87
Y+ 0.04 0.92(0.02 0.9 [0.01 0.86|0.01 0.82|0.009} 0.8
Table (6.3) Time evolution of the Langmuir probe pulse for
various probe voltages at two values of laser fluence
(Gd-Ba-Cu0 sample)
Decay Constants
Laser egergy Laser engrgy
Probe Voltage 25 J/cm 18 J/cn
(Volt)
S1 S2 S1 S2
20 0.84 1.67 0.82 1.93
22.5 0.94 1.44 0.40 1.38
25 0.53 1.31 0.13 0.80
27.5 0.17 1.15 - ———
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ibserved that the oxide species will have larger decay time as
wmpared to that of the ionic or neutral species. As the laser
mergy increases, plasma generation becomes more rapid and due to
the generation of high density of the species, the probability of
wllision will increase and correspondingly the mean free path
jecreases. All these complex processes result in the decrease in
the time delay of all the species present in the plasma with laser
fluence. This will also result in the decrease in the decay time
of emission of all identified species with laser fluence. Also
it was observed that the ionic species decay faster than that of

the atomic species.

6.4. LANGMUIR PROBE STUDIES

In the ion probe technique a variable bias voltage (0 teo 30

Volt) was applied between the probe and the body of the plasma

chamber . The typical probe circuit used for the analysis is
shown in the chapter I. The experimental arrangement used for
the probe studies are given in the chapter III. The electrons in

the plasma were collected by the probe (3 cm length and 1.6 am
diameter) kept at about 1.5 cm away from the target surface. The
voltage pulse developed was measured across a 350 ohm load
resistance on a storage oscilloscope. The probe current was
studied as a function of probe voltage and from the I-v
tharacteristics thus obtained, plasma temperature and velocity
were evaluated. The oscilloscope trace of the time resolved
probe signal is shown in the figure (6.7), which consists of a
sharp initial photoelectric component attributable to uv
excitation from the plume and after a considerable delay the broad
signal corresponding to to the arrival of ions at the collector
[12,6]. Figure (6.8) shows the time evolution characteristics of
the plasma recorded using a Langmuir probe at a laser energy
density of x 19 J/cmz. From the slope of the I-V plot, the
plasma temperature is calculated using the equation given in the

chapter I (equation no. 1.62).
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The slope of the I-V curve § = 0.02. for which, the temperature
of the plasma was calculated to be x> 5.8 x 105 °K. The plasma
(electron as well as positive ions) velocity is described in the

thapter I (equation no. 1.62). From that, the velocity of the

electrons in the plasma was calculated to be x 4.5 x 108 cm/sec.

The velocities of the positive ions in the plasma were calculated
;to be  1.06 x 106 cm/sec (for an average value of positive ion
Imas'_; in the plasma).

’ However, the observed values of the particle velocities proved
| that the time delay of emission from various atomic and molecular
;species are not due to the time of flight phenomenon as sugqgested
by Dyer et.al. [12] while the plasma expansion velocities can
bring about a small delay, the major part observed delays does
seem to arise from the recombination processes. The Log I-Log t
plot of the laser produced plasma from high Tc Gd-Ba—-CuO sample at
various probe voltages (laser energy density = 25 chmz) are

described in the figure (6.9). The Log-Log plot of the temporal

decay of the ion probe current has two slopes S1 and 82, so that
as in the case of plasma intensity variations. The probe current
I(t) can be written as,
-s -s
I(t) = H(tl -ty t "1 +H (t - tl) t 2 (6.48)

Time evolution of the Langmuir probe pulse for various praobe
voltages and two values of the laser energy are described in the
table (46.3). This table shows that decay constant in this case
depends on the probe voltage. The electrons produced during
laser ablation can develop as a sheath around the probe which
cause initial slow decay of pulse. The decay becomes faster when

the probe potential break the plasma sheath.
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5, CONCLUSIONS

The plasma emission spectrum of high Tc superconductors clearly
shows the presence of diatomic oxides species along with the
lines of neutral atoms and ions. Existence of oxides and ions in
the plasma is important to obtain good quality superconducting
thin films.

From the time resolved studies of plasma emission from high Tc
sstples the time delay as well as decay time of all species

present in the plasma were measured. it has been observed that

there is a fairly large time delay for the onset of emission from
nide species in comparison with those from atoms and ions of
nstituent elements present in the plasma. Faster decay occurs
for emission from oxides and ions compared with that from neutral
itoms . From the time delays observed it 1is evident that the
ixide species are formed when the plasma temperature begins to
fall. Under this condition, the presence of continued
pxcitation processes are required for the emission from oxide
species. These aspects also support to the view that oxide
species may not be originating from the target material as such
lhut are formed as a result of ion-oxygen recombination processes
1s the hot plasma cools down. The oxygen deficiency which is a
crucial parameter for the superconductivity in high Tc ceramics,
tan thus be controlled by adjusting the partial pressures of
ixygen in the plasma chamber during the process of thin film
leposition using laser ablation technique.

Using the Langmuir probe technique, plasma parameters such

is plasna temperature and velocity of positive as well as
tlectrons in the plasma were evaluated. Here it is also
observed that decay constant of the ion probe current
depend on the probe voltage. Some control over the

stochiometry and composition of the film obtained can therefore be
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effected by creating an electric field near the substrate during
the laser plasma deposition of high Tc materials. So the
external electric field can affect the recombination rates and
thus the composition of the high Tc thin films deposited on a
substrate can be controlled to some extent, when the laser
ablation method is used for this purpose.

Dyer et al [12] mentioned that time 1lags attributed for the

various species in the plasma are due to time of flight so that

velocity should have (I()-l/2 dependence (M- mass of the ablated
species)). But the time delay observed here does not support
this view. Ofcourse, the plasma expansion velocity may also

contribute to the time delays in certain cases (very small delays)
but the major part of the observed time delays does seem to arise
from the recombination processes. Results of initial
neasurements of plasma velocity using Langmuir probe gives values
of x 104 n/sec for the positive ion velocities which lends support

to the above conclusion.
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CHAPTER VII

SPECTRAL CHARACTERISTICS OF LASER INDUCED PLASMA FROM
METAL TARGETS

ABSTRACT

Studies on spatially resolved plasma emission from twro
netal targets (Alumpinium and Copper) obtained by the laser
irradiation using pulsed Nd:YAG laser are presented. Using
Langmuir probe techniques, various plasma parameters like plasma
temperature, plasma density, frequency and velocity of ions in the

plasma are calculated and are discussed in this chapter.
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7.1. INTRODUCTION

The interaction of high intensity pulsed lasers with
tetals results in the formation of plasma and the observed optical
enission from laser induced plasma 1is useful in characterizing
both the laser target interaction [1] and the resulting plasmna
[(2].

Light is absorbed in metals by internal photoelectric
effect, raising the electron to higher energy states in the
conduction band so that the mean free time between the collisions
for electrons is ~ 1071 to 10713 sec [3,4]. Thus for the times
of the order of ~ 107 °

duration, the electrons have made many collisions among themselves

to 1078 sec, which is the usual laser pulse

and with lattice phonons. The energy absorbed by the one
electron will be distributed and converted into the heat energy
within the volume in which the light is absorbed. On exposing
the metal surface to laser radiation, the metal surface will be
vapourized resulting in the formation of plasma.

Studies of atomic and molecular ionization near metal
surfaces have primarily considered the case in. which the
atoms/molecules are located in the ground electronic state ([5].
In such cases ionization probability is close to unity when the
netal work function exceeds the particle ionization potential
whereas for the reverse relationship, ionization probability drops
off sharply. In the latter case, the ionization efficiency can
be increased significantly by exciting the particles to electron
levels at which ionization energy is less than the work function
[6].

When the laser radiation 1is 1incident on the Aluminum
sample at room temperature most of the incident energy is
reflected. The remaining is absorbed in a skin depth & through
inverse bremsstrahlung, through the excitation of conduction
electrons in intraband transitions. This absorption of laser
energy results in the rise of temperature of the sample surface.

The thermal coupling coefficient A = Ea/Ei (where Ea 1is the
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asbsorbed and Ei is the incident laser energy), which depends on
the plasma properties like temperature, the speed of discharge
propagation etc [7]. Usually when a dense plasma is already
formed near the irradiated surface, its properties and subsequent
evoluation are fully determined by the laser intensity I and
geometry of the irradiation and do not depend on the surface
characteristics. When the target surface is involved in an
initiation of gas breakdown, it influences the threshold intensity

I
th
that {8] in the initial stage of gas breakdown near the metal

which is required for the plasma formation. It was shown

surfaces, defects near metal surface are overheated by the laser
irradiation, evapourate and serve as a microplasma sites.

The laser induced plasma generation of Copper is described
by an intense emission centered in the green region of the visible
spectrum [9]. The dynamics of the plasma formation is controlled
by the dynamics of the desorption processes and accompanying
changes in the optical and electromagnetic properties of the
surface [10]. The generation and identification of the Copper
species by laser induced ablation from a clean Copper surface are
of interest in the context of the process occurring in the 1laser
induced thermal desorption (LITD), which is emerging as a new and
versatile tool in area of surface sciences [11].

Plasma has been characterized in terms of their
appearances, their spectra, their electron temperature and density
profiles [12]. The appearance and spectral characteristiecs of
LIP from metal targets are position dependent. The region Jjust
sbove the sample surface (region A, primary plasma) has a strong
continuous emission whereas, the surrounding region (region B and
C, secondary plasma) will have a strong line spectrun
characteristic of the sample with negligible background signal
[13,14]. The concentration of a particular species is
proportional to the area under its emission curve. Continuum
enission is produced by both free-free bremsstralung (elecron
collision with atoms) and the electron - ion recombination.

The knowledge of the plasma information is of importance as it
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uy rodify both energy coupling and also the energy and the nature
f the ablated species thus influencing the deposited film in the
wse of laser plasma deposition processes.

The spatial and temporal resolution of optical emission spectra
f Aluminium plasma produced by the flash lamp pumped dye laser
us studied by Knutdson et.al.[2]. Relative emission intensities
rovide electron temperatures as a function of time, distance from
e target surface and the incident 1laser intensity and they
stained the electron temperature X 6 eV

In this chapter spatial variation of spectroscopic analysis of
the plasma emission from Aluminium and Copper targets are
rported. From the relative intensities of Al0 bands population
fistribution in various vibrational levels and vibrational
wperature of AlO molecules are calculated. Using Langmuir
nmobe tectinique in the Aluminium plasma various plasma parameters
like electron temperature and velocities of positive as well as

rgative ions obtained are also given here.
2. SPECTRAL CHARACTERISTICS OF METAL PLASMAS

The experimental arrangement for the spectroscopic analysis of
the spatial variation of the plasma emission from the metal
targets (Aluminium and Copper) was described in detail in chapter
1. Typical plasma emission from Aluminium and Copper targets
re shown in the figure (7.1) and figure (7.2> respectively.

The plasma emission spectra from Aluminium and Copper target
in the region (A) and region (C) of +the plasma are shown the
ligure [7.3(&), 7.3(b)] and Figure [:7.4(a), 7.4(b)] respectively
tlong with mercury spectrum for the wavelength calibration.

In the case of the plasma emission spectrum of Aluminium target
it is observed that the spectrum in the extended region (C) is
fominated by the intense molecular bands of Al0 with Av = +2, +1,
0, -1 and -2 due to the transition from BZZ -=> xzz ground state
in the wavelength region from 447.0 nm to 542.43 nn. The

spectrum of first positive system of nitrogen molecule due to
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figure 7.1 Typical plasma emission. from an Aluminium target
(laser fluence = 12 J/cm )

Figure.7.2 Typical plasma emission ;rom a Copper target
(laser fluence = 12 J/cm’)
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!:ransitions from B3rz - A3Z, (degraded to violet) with two bands
1,4) and (8,5) in the wavelength region 654.48 nm and 646.85 nm
nd IInd positive due to transitions from c> n - B3rz, (degraded

v shorter wavelength) with two bands (1,5) and (4.8) in the
avelength region 426.9 nm to 409.4 nm were also observed. The
nistence of bands due to the nitrogen molecule was due to the
reakdown of residual air in the partially evacuated plasma
famber by the high intensity laser pulse. But the plasma
wission spectrum in the center region of the plasma was dominated
y the A12+ and A1+ along with neutral aluminum atoms. In the case
i Copper plasma, the plasma emission spectrum in the central
egion consists of continuous background with ionic (Cu+ and Cu++)
nd neutral lines superimposed on it, whereas the spectrum in the
nwtended region consists of well defined neutral and ionic lines
ithout any background continuum. Generally the 1lines due to
onic species are less intense and broadened as compared to those
e to the neutral atoms. The laser induced plasma generation of
opper is accompanied by an intense visible emission centered in
te green region of the visible spectrum. The bands obtained in
this region were very weak including the small group of band
heads . The intense band systems of Cu0 exist in the red region
»f the spectrum, which was beyond the detection range (400 nm -
800 nm} .

Thus one notices absence of prominent band system in case
of the plasma emission spectrum from Copper target. But some
wak band heads due to €CuO are however seen 1in the emission
spectrum in the outer region (region (C)) of the Copper plasma,
shereas ionic lines are dominant in the region (A) of the same.
wt in the case of Aluminium plasma intense Al0 bands are present
in the visible region. In both cases, the ionic 1lines in the
spectrum are generally found very weak and broadened compared to
that of neutral lines. This spatial wvariation in the plasma
emission spectrum is essentially due to the fact that in the core
region (A) of the plasma, the plasma temperature is very high so

that only ionic and neutral species are present whereas, in the
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extended region of the plasma where the plasma temperature is
comparatively lower, the recombination processes are predominant

vhich result in the formation of molecular bands.

From the relative intensities of Al0 bands, the
vibrational temperature was calculated (the details of
calculations used here are given in the chapter I). Figure (7.5)

shows the population distribution of AlQ0 molecules 1in various
vibrational levels. The variation of vibrational temperature of

Al0 with laser energy is shown in the figure (7.6).

7.3. LANGMUIR PROBE CHARACTERISTICS OF THE ALUMINIUM PLASMA

The experimental arrangement of the Langmuir probe
characteristics are given in the chapter III and the basic
calculation used for obtaining the various parameters from this
study is given in the chapter 1. The probe consisting of a
Copper wire of few mm diameter was introduced into the Aluminium
plasma at a particular distance from the target so that both
electrons and positive ions can be detected by suitably biasing
the probe with positive as well as negative voltage. The
corresponding probe characteristics were approximately measured.
The probe characteristics for the Aluminium plasma is shown in the
figure(7.7). The details about this type of characteristics was
given in the chapter I. From the probe characteristies, the

saturation current (Ii) was found to be = 0.4 mA so that
Ii = 0.25 n, e<V+> A, (7.1)

where A is the area of the probe
The plasma density was obtained as n,=n, = 3.6 x 1010/cn3
from these parameters the plasma frequency was obtained as,

2 1/2

4rrne

w =[——_E____] = 10.6 GHz (7.2)
e
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Fig.7.5. The population distribution of Al0 bands at various
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2:5

Vib. temp(x10*)K
-— [\ %) oS
° ~ o

-—
o
~3

1 i

5 1
S5 60 65 70 75 80 85 90 95 100
Laser Energy (mJ)

A 1 1 1 1

Fig.7.6. The variation of vibrational temperature of Al0 bands
with laser energy



v-2F T Y i
0-8F o
0]
0-4+ .
. Of i
c
(4
E
=]
Y04 Slope=01 -
b4 -2
o KTe
a 0]
o —08 -
°
-
-12F -
-1-6} A
1 ) 1
10 20 30
Applied Voltage ( Volts)
Fig 7.17. Characteristics of the langmuir probe in the Aluminium

plasma



2-0

1-6
1-2F
_ 0-8f
<
E
- 04
5 -30 -20 =10
u e L A A A L
0 10 20 30
X
e l — 0 '-‘0"
-8 O+
--0.8
L <1-2

<s——-  Applied Voltage ——o
{ Volts)-

Fig .7.8. Probe voltage versus log probe current to obtain the
electron temperature



when the probe voltage versus log (probe current) is plotted, a
straight line is obtained and from the slope of this cdrve
(figure (7.8) the electron temperature was obtained by using the
equation (1.61) in the chapter I,

4 Kx9.0ev

From this velocity of electron as well as velocity of the positive

The electron temperature Te ~ 10.6 x 10

ions were obtained.

Electron Velocity <Ve> = 2.2 x 108 cngsec

Positive ion velocity <V+> = 9.9 x 107 cm/sec

Thus various plasma parameters were obtained by Langmuir probe
nethod.

7.4. CONCLUSION

The spatially resolved plasma emission spectrunm of
Aluminium and Copper shows distinctly different characteristics.
The plasma emission spectrum in the outer region of the Aluminium
plasma was dominated by the molecular bands of Al1Q0 and centre
region was dominated by A1+,A1++ along with neutral Aluminium
atoms. In the case of Copper plasma, the plasma emission
spectrum in the central region consists of continuous background
with ionic (Cu+ and Cu++) and neutral lines superimposed on it,
whereas the spectrum in the extended region consists of well
defined neutral and ionic lines without any background continuunm.
Generally the lines due to ionic species are 1less intense and
broadened as compared to those due to the neutral atoms. Such
variations in the characteristics of the plasma emission spectrum
could result mainly from the variation in the plasma temperature
at different distance from the target surface.

From the relative intensities of Al10 bands, the population

distributions of Al0 molecules at different vibrational 1levels

were obtained. The vibrational temperature of AlQ0 bands was
calculated and their variation with 1laser energy was also
obtained.

From the Langmuir probe technique, it was found that this can

be effectively used to diagnose high density plasmas generated by
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the laser ablation. Both electron temperature and velocity of
negative as well as positive ions were calculated. Since there
exists fairly high electron density, it can be concluded that
substantial optical absorption occurs in the plasma directly.
Thus this technique will provide valuable insight to the 1laser
produced metal vapours in terms of their plasma characteristics.
It is also evident that the Langmuir probe method can provides
information which is complementary to that obtained from

spectroscopic measurements.
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CHAPTER VIII

DEPOSITION OF METALLIC THIN FILMS BY LASER ABLATION TECHNIQUE

ABSTRACT

This chapter is divided into two sections. Section A
describes an experimental set up for the preparation of thin films
by laser ablation using pulsed Nd:YAG laser. As a preliminary
study, copper metal films have been deposited by this technique.
Their optical transmission characteristics with respect to
different parameters such as laser energy, number of pulses,
substrate temperature and the distance between the target and the
substrate are studied. In order to obtain a better and more
uniform film, a modified set up for the substrate heater 1is also
discussed in this chapter. Section B presents advantages and

some of the applications of laser deposition technigue.
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SECTION A
8.1. INTRODUCTION

(a) GENERAL INTRODUCTION

The use of intense laser beams to evapourate refractory
naterials for the preparation of thin films was described as early
as 1965 [1]. While the interest in laser evapouration to produce
thin film was continued [2], recent developments have seen the use
of lasers for chemical vapour deposition, photodecomposition and
electroplating. In addition, laser annealing has been used 1in
the recrystallization of amorphous films produced by
RF-sputtering. Ruby, CO2 and Nd:YAG lasers have been used in the
deposition of thin films by laser evapouration method. Generally
the CO2

nost semiconducting materials, while ruby or Nd:YAG 1lasers are

laser is preferred for the evapouration of insulating and

preferred for evapourating metals. The composition of the
resulting film has been shown to depend on the geometrical factors
and pulse intensity {3,4,5].

As described in earlier chapters, ablation of sample using
pulsed lasers produce brilliant elongated plasma extending
outwards from the target. As the sample kept in the vacuum
chamber is irradiated, the material is vapourized and ejected from
the surface towards the substrate, which can be suitably heated
and placed in the region of the plasma plume {6]. The gaseous
species condense on a relatively cooler substrate to form thin

films.

(b) METALLIC FILMS

The ablation of material from a metal target by high
energy laser pulses and the deposition of the ablated material on
to the substrate kept in close proximity to the target is =a

challenging alternate technique for patterning micro electronic
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devices and lithography [7,8]. In order to optimize printing
method, it 1is essential to understand 1laser ablation of metals.
Laser assisted evapouration is a thin film deposition technique
that is compatible with ultra high vacuum environment where
significant amount of energetic species are generated {9]. Ions
with hypothermal energies in the 100-1000 eV range are produced
when high power (10'-10°

evapouration. The interaction of the laser beam with the

H/cnz) pulsed lasers are used for the

evapouration target was found to gdenerate a plasma in the
evapourant stream containing ions with high kinetic energy. The
thin films grown by this method were found to have bulk index
values and optical properties that were environmentally stable.
The improved structural properties were attributed to the
existance of energetic particles (ionised found in the plasma)
[10], produced during the laser ablation of the target.

When metal films are irradiated in air by a powerful laser
beam, the corresponding oxides are obtained [11]. In the case of
Copper, it was found that the characteristic growth depends on the
initial Copper film thickness. Each point on the film sees the
laser beam many times, each time with different absorbed 1laser
beamn power density, oxide thickness, temperature etc. The
extended thin film of Cu0 can be synthesized by scanned laser beanm
irradiation of Copper film in air. The optical characteristics

of the resulting oxide films are dependent on the laser beam power

density and thickness of the initial Copper filnm. The substrate
temperature has dramatic influence on the microstructural
development of these films. The higher substrate temperature

induces substantially higher nucleation rate and causes the
complete conversion of the film into the crystalline structure.
The increased temperature instead of enhancing the crystal growth,
leads to larger average grain size [10].

This chapter is divided into two sections (A & B). In
section A, the laser ablation technique for preparing thin films

of metal (Copper) on glass substrates is described. A
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preliminary report on the optical transmission properties in the
wavelength region 350-1000 nm of the thin films of Copper produced
using this laser ablation technique is given. The variations of
the optical transmission of these thin films with parameters 1like
laser energy (E), number of pulses (N), target-substrate distance
(d), and substrate temperature (T) are also discussed. A
podified set up for substrate heater for obtaining better uniform
film is discussed in this chapter. The final section of this
chapter describes the various advantages and some of the
applications of laser produced plasma deposition technique.

The structural morphology of the films produced by the
laser deposition (Copper and Aluminium) has been observed here
using a metallographic microscope in the transmission /reflection
node. The morphology of these films were also studied as a
function of the above parameters and are discussed in this

chapter.

8.2. EXPERIMENTAL TECHNIQUE

The 1.06 um laser radiation from a Q-switched Nd:YAG laser
(Quanta Ray, DCR-11) having a 10 nsec pulse width at a repetition
rate of 10 Hz was focussed to a diameter * 1 mm (energy density =
20 J/cnz) using a convex lens on to the surface of the sample of
Copper (diameter 2.5 cms and thickness 5 =mnm) kept inside a
stainless steel vacuum chamber (Pressure = 200 =mnTorr) provided
with quartz windows. The target (Copper) 1is rotated so that
pitting of the target surface by the laser beam will be uniform.
During laser irradiation, the bright and elongated plasma plume is
formed in the forward direction towards the substrate and it is
slightly divergent [12]. The laser energy was monitored for each
laser pulse usiﬁg an on-line pulsed laser energy meter (Delta
developments), triggered in synchronization with the laser pulse.
The substrate (élass slide) is mounted on the heater and 1is

placed close to the target surface. The schematic diagram of the
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Substrate

figure 8.1a. Schematic diasgram of the experimental set up for thin
film deposition
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experimental set up is shown in the figure (8.1a), The distance
between the substrate and the target (d) can be varied up to a few
centimeters. The optical transmission curve of these prepared
Copper metal films were studied as a function of number of pulses
(N), laser energy (E), substrate temperature (T) and also the
distance between the target and the substrate (d).

The variation in the surface morphology of the films were
studied by obtaining micrographs of these films prepared under
various parameters.

The thin film prepared by the above set up may not be uniform
so that a modified set up was used in which the target was
positioned at 45 © with respect to the laser beam axis. The
schematic of the modified set up for the substrate holder is shown
in the figure (8.1 b) . The film obtained by the above set up

was found to be more uniform compared to that of the earlier set

up.

8.3 OPTICAL CHARACTERISTICS OF METAL FILMS

The optical transmission curve of these metal films were
taken as a function of the above parameters using a UV-VIS-NIR
spectrophotometer (Hitachi nodel U-3410). From the
spectrophotometer data, it is seen that the percentage of
transmission decreases towards the shorter wavelength region.
Preliminary studies show that by controlling the substrate
temperature, the cut-off wavelength of transmitted 1light can be
shifted towards the blue-green region.

Figure (8.2) shows the variation of the percentage of
transmission (XT) of the film as a function of substrate
temperature at A = 600 nm. From this graph it is observed that
the ¥ T decreases with substrate temperature, indicating that as
the temperature increases, there is more adhesion resulting in the
formation of a thicker film. The variation of the X T at x = 600

nn With the distance d, between the target and the substrate is
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shown in the figure (8.3). As distance increases, the film
formed is thinner and more uniform as compared to that formed when
the substrate is placed close to the target. When the plasma
expands, density decreases which results in the increase of the
transmission of the film with increasing distance between the
target and substrate. As the laser energy E is increased, the film
again becomes more opaque and uniform (Fig.8.4) and thus XT also
decreases as a result of the increased plasma density. Similar
variations in the XZT are observed when the number of laser pulses
(N) is increased (Figure 8.5).

The morphology and the composition of the film were studied by
taking the micrograph of the film surface using a metallographic
microscope (Versamet-2) with a 20x magnification. Figure [8.6
(a) and 8.6 (b)] show the micrograph of the Copper films prepared
at substrate temperatures of 68° C and 250° C respectively.
Comparing the above two figures, it was observed that the cluster
and island formation are more in the case of film produced at
lower temperature resulting in a larger grain size. When the
substrate temperature increases these clusters will have mnmore
energy so that they will orient themselves, correspondingly the
grain size decreases resulting in a more uniform film. Similarly
figure [ 8.7 (a) and 8.7 (b)] show the micrograph of the Aluminium
films prepared at substrate temperatures of 68° C and 250° .
In this case also it was observed that the film was more uniform

at higher substrate temperature.

8. 4. CONCLUSIONS

These preliminary observations show that by optimizing the
various deposition parameters that control the properties of the
thin film obtained by laser ablation technigue, it is
possible to obtain thin film (metal) coatings of specific
reflection/transmission properties. These results indicate that

laser assisted evapouration can be an advantageous and convenient
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Figure 8.8. The transmission micrograph for Copper films
deposig.ed on glass wig:h substrate temperatures of
(a) 65 C and (b) 250 C
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deposition techniques for producing optical films. Thus these
films can be used as optical filters so that by controlling the
deposition parameters optical filters of desired characteristics

can be obtained.

SECTION B
8.5. ADVANTAGES AND SOME APPLICATIONS OF LIP DEPOSITION TECHNIQUE
I. ADVANTAGES

Many novel thin film optical devices have stringent

requirements on their optical performances and must survive in

severe environments. This has driven the development of
processes for depositing reproducible, stable, hard and
stress-free films that are also invariant under various
environment conditions. These desirable film properties are

associated with bulk like properties of the material at hand.
The thin films obtained by conventional physical vapour deposition
methods contain grain boundaries and various other structural
defects that are responsible for less than ideal characteristics
of thin film properties [13,14]. High temperature processes such
as chemical vapour deposition or post deposition annealing can
produce dense films with large grain size, but these processes can
also promote undesirable chemnical reaction, diffusion or
segregation phenomena, which may destroy the composition profile
of the multi-component films. Recently, several low temperature
(* < 300 K) and high vacuum techniques have produced dense high
optical quality films [15,16,17]. These techniques are based on
the bombardment of the growth surface with energetic particles
during deposition. Pulsed laser assisted vapourization is one
such technique that offers a unique combination of nany
advantageous features.
The specific advantages of laser assisted deposition are

a. The production of ionized and excited species with high

kinetic energies, which result in a crystalline growth of
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the thin film.
b. Possibility of evapourating numerous compound congruently with
negligible heating of the target [10]
c. Instantaneous control of the evapouration process
d. The number of independent controlling deposition parameters
are found to be large
The advantages of laser sintering [18] as compared to electron
beam and thermal annealing are reduced contamination, instaneous
nature of the processes and pseudoequlibrium state. Laser

sintering also appears to have a phase stabilizing effect on

materials whereas commercially available technigues are
polymorphic. The optical structural properties of the films
appear to co-relate the starting material conditions. Films

deposited from the laser processed mnaterial were found to be
optically more homogeneous than film deposited from the
inprocessed material, The film produced from a laser sintered
naterial were found to have a stable single phase crystalline
structure. This results indicate that the structural variations
in the film, which is one of the source of optical inhomogeneity
can be reduced or eliminated by using stabilized starting
material.

Laser ablation is a convenient method to produce diamond
like carbon thin films (CVD). The high proportions of ions to
neutrals in the plasma produced by laser ablation [19] are
responsible for the uniform optical quality of the DLC films.
DLC films which contain no hydrogen offer some unique advantages
when used in IR applications [20].

Using laser ablation technique for high Tc films is a (1) =a
direct technique to produce very thin films with excellence
superconducting properties (2). This is the fastest and most
reproducible method for the fabrication of high Tc thin films
[21].

Evapouration techniques using thermal sources produce primarily

neutral materials in gas phase and result in oxygen deficient
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films [22]. It may be possible to enhance the formation of metal
oxides within the plasma by producing ionic forms of the species
during laser ablation. Transporting materials from the target to
the substrates primarily as gas phase oxides may be the reason to
eliminate the deposition of oxygen deficient films. Compared to
other technigues, the formation of ‘high Tc thin films can be
prepared using a background oxygen ambient gas in the plasma
chamber. The elimination of post-annealing process is important
in growing multiple layers of different materials [23]. Laser
deposition has been demonstrated to be a viable method for
producing high quality superconducting thin films [24,25].
Pulsed laser ablation of the materials is relatively simple to
implement and can transfer large amount of materials Ffrom the
target to the substrate at large rates. The energy of the
ejected species tend to appear in the transitional rather than the
internal (electronic, vibrational, rotational) degrees of freedom
[25-28]. Consequently, for many materials, large molecules can be
transferred from the target to substrate without decomposition so
that the stochiometry of the target c¢an be preserved in the
deposited film [29].

II. APPLICATIONS

The pulsed laser deposition is an effective technique for
depositing multicomponent oxide glass films on various substrates.
These films retain the composition and optical properties of the
bulk glass. This method also have shown promise to allow the
building of the integrated all optical elements [12].

Pulsed laser generated material plumes have wide range of
applications in the thin film deposition and surface microanalysis
and as fast atom beams, X-Ray sources or ion sources for bean
lines and controlled fusion devices. The power densities of the
laser vary between 107 to 1014 H/cnz. In the 1laser ablation,
relatively low laser fluxes (107— 108 H/cnz) are used. So the

161



plasma plume is expected to consist of a much cooler plasma than
in other methods. The particle mean kinetic energies were in the
range 10—-100 eV which causes high degree of ionization [30].
This kinetic energy affect the thin film properties in a
significant manner.

For many applications, the ability to prepare different
structures of the thin film of the material is important.
Interest in diamond like carbon films is motivated by their unique
combination of physical hardness, electrical strength, high
thermal conductivity and optical transparency [31]. Studies have
been accelerated by prospects of their commercial applications for
optics and semiconductor technology [32].

Many microwave and microelectronics applications of the metal
oxide based high TC will require high critical current
superconducting thin film. Laser deposition offers considerable
promise for the fabrication of such films [331]. The rapid energy
deposition possible with laser source results in temperature rise
so0 rapid (> 1011 K/sec) that congruent evapouration can occur
without significant elemental fractionation.

Although high TC thin films have often been prepared with post
annealing at high temperatures, preparation of as—grown
superconducting thin films by low temperature processes is needed
for device application. As grown films are generally prepared by
oxygen atmosphere or with its plasma activation so that straonger
oxidizing gas is required for the formation of crystallized as
grown film at lower temperatures [34]

Recently a variety of applications of high TC films ranging
from IR detectors to fast optically triggerd switches has emerged
[35,36]1. These applications depend on the the nature of optical
interaction on these materials and haw the superconducting
electrical properties are thereby affected (37]. One can
rightfully expect that laser deposition of thin films of all kind
will play a major role in technology in the days to come.

14
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CHAPTER IX

GENERAL CONCLUSIONS

High power lasers are ideal tools for the production of
plasma from various target materials. The previous chapters of
this thesis describe such studies on laser induced plasma from a
variety of targets including metals, ceramics and polymers.
Discussions and important results from these studies were included
in then. This chapter gives the general conclusions derived from
the present studies.

The investigation made here are centered around the study of
plasma characteristics from different so0lid targets mainly by
spectroscopic technique. The optical emission from laser induced
plasma (LIP) has been shown to be very useful in characterizing
both the laser target interaction and the resulting plasma. The
time resolved studies of the plasma gives some vital information
regarding the evolutionary processes of a particular state of a
constituent after the plasma is formed. Thus this measurement
was found to be important in unravelling the complicated ablation
and the transport processes occurring in the plasma produced by
the laser ablation technigue.

The spatially resolved plasma emission spectra obtained from
all the materials studied here show distinctly different
characteristics. It was observed that the spectrum in the outer
region of the plasma is dominated by molecular bands (02 and CH
molecules in the case of Teflon and graphite, Al10 and CuO in the
case of Aluminium and Copper targets), whereas the same in the
inner region of the plasma is dominated by emission 1line due to
highly ionised states of the constituent element. From the
relative intensities of the above bands the vibrational

temperature of these bands were calculated and their variation
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with laser energy were investigated. The non-linear interaction
between the laser and the plasma gives rise to phenomena like self
-focussing, which exhibit threshold like characteristics and this
is clearly observed in the variation of vibrational temperature
with laser energy in the extended region of the plasma.

From the time resolved analysis of the different species in
the plasma the variation of the time delay as well as decay time
of emission at different regions of the plasma were obtained and
several interesting conclusions related to the structural
composition of the plasma could be drawn from these measurements.
The time resolved analysis of the plasma emission throw much light
on some of the complex interaction processes occurring in the
plasma. From such measurements, it is seen that in all the three
regions of the plasma, the molecular bands CC2 and CN in the case
of Teflon and graphite and the corresponding oxides in other
targets) have got larder time delays as compared to that of the
ionic/neutral species. From such time delays it is also observed
that the spectral lines of higher ionized species are the first to
appear and these are followed in turn by those of successively
lower states of ionization. In general there is a decrease in
time delay as laser energy increases. From the results obtained
from the time delay of different species it was concluded that the
time of flight is not the major cause of the emission delay in
many cases as in molecular systenms. Similarly from the decay
time of emission of all species, it was seen that the molecular
bands have got larger decay time as compared to ionic/neutral
species. Also increased laser energy will produce much larger
densities for the various species thereby decreasing the mean free
path and increasing the collision rate. All these complex
processes result in a decrease in the time delay as well as decay
time of emission of various species in the plasma with 1laser
energy. Such decrease in time delay as well as decay time with
plasma temperature are found to occur as we go towards the central
core of the plasma.

From the time delays observed in the case of higher laser
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energies, it can be safely concluded that the molecular species
are not originating from the target surface but are formed as a
result of recombination processes as the plasma cools down, le,
the molecular species are formed in the expanding plasma due to
the collisions of the atomic and ionic species expelled from the
target surface.

The plasma characteristics were also studied by the Langmuir
probe technique and from these different plasma parameters 1like
plasma temperature, plasma density and the velocity of positive as
well as negative ions were calculated. In the Langumuir probe
studies of high Tc material, from the log t-log I plot of decay of
emission of plasma intensity it was seen that nature of the decay
of probe currents depends on the probe voltage. At 1low probe
voltage electrons form a sheath around the probe which result in
slow decay and this decay was found to be faster when the probe
potential breaks the plasma sheath. Studies made with a Langmuir
probe indicate that some control on the stochiometry of the film
can therefore be effected by creating an electric field near the
substrate during the laser plasma deposition of the high Tc
materials. From the high electron density obtained here, it can
be concluded that substantial optical absorption occurs in the
plasma directly. So this technique will provide valuable insight
into the laser induced metal vapours in terms of their plasma
characteristics. The spatial composition of the ionic species in
the plasma were also studied by the Langmuir probe technique.
Studies made here indicate that monitoring of laser deposition of
thin films can be done with such ion probes.

The final chapter of this thesis deals with the
practicability of thin film deposition by laser ablation.
Successful deposition of Copper and Aluminium on suitable
‘substrates has been achieved by laser ablation technique and

optimization of thin film characteristies has been carried out.
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