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PREFACE

This book describes some fundamentals of laser-induced breakdown
spectroscopy (LIBS) and experimental results obtained from ultraviolet-
visible-near infrared (UV-Vis-NIR) spectra induced by laser ablation of a
graphite target, developed in our laboratory. Ablation was produced by a high-
power IR CO, pulsed laser using several wavelengths (1=9.621 and 10.591
pum), power density ranging from 0.22 to 6.31 GW cm™ and medium-vacuum
conditions (typically at 4 Pa). Spatially and time resolved analysis were carried
out for the plasma plume. Wavelength-dispersed spectra of the plume reveal
the emission of C, C”, C2+, c’ ° C4+, N, H, O, N", O" and molecular features of
C,, CN, OH, CH, N,, N, and NH. For the assignment of molecular bands a
comparison with conventional emission sources was made. The characteristics
of the spectral emission intensities from the different species have been
investigated as functions of the ambient pressure, laser irradiance, delay time,
and distance from the target. Excitation, vibrational and rotational
temperatures, ionization degree and electron number density for some species
were estimated. Time-gated spectroscopic studies have allowed estimation of
time-of-flight (TOF) and propagation velocities for various emission species.






Chapter 1

INTRODUCTION

The interaction of a high-energy infrared (IR) pulsed laser beam with solid
materials has been investigated extensively over the past several years, due to
its significance in technologies such as laser sampling for chemical analysis
and pulsed laser deposition of thin film [1-5]. Laser—material interactions
involve non-linear complex and collective processes that are not fully
understood. Among the many factors the laser irradiance is one of the most
important in controlling the mechanism of the laser—material interaction. For
example, at high irradiance, a laser induced plasma can be formed above the
sample surface which may absorb the incident laser energy, thereby shielding
the sample and decreasing the efficiency of laser energy available for mass
ablation. The properties and composition of the resulting ablation plume may
evolve, both as a result of collisions between particles in the plume and
through plume-laser radiation interactions. The laser-target interactions will be
sensitively dependent both on the nature and condition of the target material,
and on the laser pulse parameters. Subsequent laser-plume interactions will
also be dependent on the properties of the laser radiation, while the evolution
and propagation of the plume will also be sensitive to collisions and thus to the
quality of the vacuum under which the ablation is conducted and/or the
presence of any background gas.

Optical emission spectroscopy (OES) is a powerful tool to get information
on the laser-ablated species. For laser ablation of carbon, OES studies in
different atmospheres are reported and these studies have yielded many
interesting results [6-17]. The major parts of this work are already published
by us in different journals [18-20].
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The objectives of this work are: (1) to show some fundamentals of laser-
induced breakdown spectroscopy (LIBS) and, (2) to review of our recent
results on LIBS analysis of chemical species in carbon plasmas induced by
high-power IR CO, laser, adding some new results.

OES has been used to investigate thermal and dynamical properties of a
plume produced by laser ablation of a graphite target at air pressures around 4
Pa. Ablation is performed using a high-power IR CO, pulsed laser. The
emission generated by the plasma in the spectral region 200-1100 nm is due to
electronic relaxation of excited C, N, H, O, ionic fragments C, C2+, C3+, C4+,
and molecular features of C,, CN, OH, NH, CH, N, and N,. As far as we
know, a spectrum so rich in atomic lines belonging to ionized species and
molecular features has not been observed previously in similar experiments.
Also we analyzed these spectra at different distances from the target along the
plasma expansion direction. Finally we present some new results obtained
from the time resolved spectroscopic analysis of the laser ablation of a
graphite target. From these results temperature, electron densities and
ionization degree are obtained. Also we have studied here the spectral
emission intensities from different species as functions of the ambient pressure
and laser irradiance.

Although OES gives only partial information about the plasma particles,
this diagnostic technique helped us to draw a picture of the plasma in terms of
the emitting chemical species, to evaluate their possible mechanisms of
excitation and formation and to study the role of gas-phase reactions in the
plasma expansion process.



Chapter 2

FUNDAMENTALS OF LASER INDUCED
BREAKDOWN SPECTROSCOPY (LIBS)

Excellent textbooks and reviews about the fundamentals of laser-induced
breakdown spectroscopy (LIBS) and examples of various processes are readily
available today [21-24]. LIBS, also sometimes called laser-induced plasma
spectroscopy (LIPS), is a technique of atomic-molecular emission
spectroscopy which utilizes a highly-power laser pulse as the excitation
source. LIBS can analyze any matter regardless of its physical state, being it
solid, liquid or gas. Because all elements emit light when excited to
sufficiently high energy, LIBS can detect different species (atomic, ionic and
molecular) and limited only by the power of the laser as well as the sensitivity
and wavelength range of the spectrograph/detector. Basically LIBS makes use
of OES and is to this extent very similar to arc/spark emission spectroscopy.
LIBS operates by focusing the laser onto a small area at the surface of the
sample; when the laser is triggered it ablates a very small amount of material
which instantaneously generates a plasma plume with temperatures of about
10000-30000 K. At these temperatures, the ablated material dissociates
(breakdown) into excited ionic and atomic species. At the early time, the
plasma emits a continuum of radiation which does not contain any known
information about the species present in the plume and within a very small
timeframe the plasma expands at supersonic velocities and cools. At this point
the characteristic atomic/ionic and molecular emission lines of the species can
be observed. The delay between the emission of the continuum and
characteristic radiation is of the order of 1 ps, this is one of the reasons for
temporally gating the detector. LIBS is technically similar and complementary
to a number of other laser-based techniques (Raman, laser-induced
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fluorescence etc). In fact devices are now being manufactured which combine
these techniques in a single instrument, allowing the atomic, molecular and
structural characterization of a sample as well as giving a deeper insight into
physical properties. A typical LIBS system consists of a pulsed laser and a
spectrometer with a wide spectral range and a high sensitivity, fast response
rate and time gated detector. The principal advantages of LIBS over the
conventional analytical spectroscopic techniques are its simplicity and the
sampling speed.

2.1. NATURE OF THE PLASMAS

Plasma is an ionized gas, a distinct fourth state of matter. The free electric
charges (electrons and ions) make plasma electrically conductive (sometimes
more than gold and copper), internally interactive, and strongly responsive to
electromagnetic fields. Ionized gas is usually called plasma when it is
electrically neutral (i.e., electron density is balanced by that of positive ions)
and contains a significant number of the electrically charged particles,
sufficient to affect its electrical properties and behaviour. Plasmas occur
naturally but also can be effectively man-made in laboratory and in industry,
which provides opportunities for numerous applications, including
thermonuclear synthesis, electronics, lasers, fluorescent lamps, and many
others.

Plasma offers three major features that are attractive for applications in
chemical-physics: (1) temperatures and energy density of at least some plasma
components can significantly exceed those in conventional technologies, (2)
plasmas are able to produce very high concentrations of energetic and
chemically active species (e.g., electrons, ions, atoms, molecules and radicals,
excited states, and different wavelength photons), and (3) plasma systems can
essentially be far from thermodynamic equilibrium, providing extremely high
concentrations of chemically active species and keeping bulk temperature as
low as room temperature. These plasma features permit significant
intensification of traditional chemical processes, essential increase of their
efficiency, and often successful stimulation of chemical reactions impossible
in conventional chemistry. Plasmas are found in nature in various forms and
are characterized normally by their electron density n. and electron
temperature 7. On earth they exist in the ionosphere at height of 70-500 km
(density n, = 10° cm'3, T. = 2300 K). Solar wind is another natural plasma
originating from the sun with zn, = 10 cm™ and 7, = 10° K. The corona which
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extends around the sun has an electron density 7, = 10* cm™ and its electron
temperature is T, = 10° K. Finally, white dwarfs, the final state of stellar
evolution, have a n, of 10 cm™. In plasma formation, as the temperature of
material is raised, its state changes from solid to liquid and then to gas. If the
temperature is elevated further, an appreciable number of gas atoms are
ionized and go into a high temperature gaseous state in which the charge
numbers of ions and electrons are almost the same and charge neutrality is
satisfied at a macroscopic scale. When the ions and electrons move
collectively, these charged particles interact via Coulomb forces which are
long-range forces and decay with the inverse square of the distance between
charged particles. Therefore, many charged particles interact with each other
by long range forces rather then through short range collision process like in a
common gas. This results in different kinds of collective phenomena such as
plasma instabilities and wave phenomena [25].

2.2. LOCAL THERMODYNAMIC EQUILIBRIUM (LTE).
MODEL FOR THE PLASMA

Plasma description starts by trying to characterize properties of the
assembly of atoms, molecules, ions and electrons rather than individual
species. If thermodynamic equilibrium exits, then plasma properties can be
described through the concept of temperature. Thermodynamic equilibrium is
rarely complete, so physicists have settled for a useful approximation, local
thermodynamic equilibrium (LTE). In LTE model it is assumed that the
distribution of population densities of the electrons is determined exclusively
through collisional processes and that they have sufficient rate constants so
that the distribution responds instantaneously to any change in the plasma
conditions. In such circumstances each process is accompanied by its inverse
and these pairs of processes occur at equal rates by the principle of detailed
balance. Thus, the distribution of population densities of the electrons energy
levels is the same as it would be in a system in complete thermodynamic
equilibrium. The population distribution is determined by the statistical
mechanical law of equipartition among energy levels and does not require
knowledge of atomic cross sections for its calculation. Thus, although the
plasma density and temperature may vary in space and time, the distribution of
population densities at any instant and point in space depends entirely on local
values of density, temperature, and chemical composition of plasma. If the free
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electrons are distributed among the energy levels available for them, their
velocities have a Maxwellian distribution

m 3/2 m V2 ,
dn, =n,4m ——— | exp| - vidv, (2.1)
27%,T, 2k,T,

where m is the electron mass, v is the electron velocity and kg is the
Boltzmann constant. For the bound levels the distributions of population
densities of neutrals and ions are given by the Boltzmann (2.2) and Saha (2.3)
equations

N, , E —-FE
—L = &exp[——( ! l)J, (2.2)
N, g kyT
3/2
NZ+1,kne - gz+l,/( 2 2”m kB T; eXp _ ]pZ,k (23)
Nz,k gz,k h2 kBTe ’

where N, Nj, N,y and N,y are the population densities of various levels
designated by their quantum numbers j (upper), i (lower) and k (the last for the
ground level) and ionic charge z and z+1. The term g,,; is the statistical weight
of the designated level, E; and E; are the energy of the levels j and i and Ip, is
the ionization potential of the ion of charge z in its ground level k. Equations
(2.1)-(2.3) describe the state of the electrons in an LTE plasma. For complete
LTE of the populations of all levels, including the ground state, a necessary
condition is that electron collisional rates for a given transition exceed the
corresponding radiative rates by about an order of magnitude [26]. This
condition gives a criterion [27] for the critical electron density of the level
with energy AE

3 3
T
necmzi LAY ZAE kf < | 01.6x10"”T)*(AE)*,(2.4)
' s a, z°E,

z°E,

where « is fine-structure parameter, a, is Bohr radius, and £y is the hydrogen
ionization potential. In the final form of Eq. (2.4), ne i 1S given in cm'3, T. in
K and AE in eV. Many plasmas of particular interest do not come close to
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complete LTE, but can be considered to be only in partial thermodynamic
equilibrium in the sense that the population of sufficiently highly excited
levels are related to the next ion’s ground state population by Saha-Boltzmann
relations, respective to the total population in all fine-structure levels of the
ground state configuration [26]. For any atom or ion with simple Rydberg
level structure, various criteria were advanced for the minimum principal
quantum number n.; for the lowest level, often called thermal or collision
limit, for which partial thermodynamic equilibrium remains valid to within
10%. One criterion with quite general validity is given by Griem [27]:

2/17

3 1/17
1027 (o k.T
o= —_ B~ e . 2.5
ncnt 2 ,_]Tne [aoj (ZzEH J ( )
2.3. LIB PLASMA

As we mentioned previously, plasma is a local assembly of atoms,
molecules, ions and free electrons, overall electrically neutral, in which the
charged species often act collectively. The LIB plasma is initiated by a single
laser pulse. If we consider the temporal evolution of LIB plasma, at early
times the ionization grade is high. As electron-ion recombination proceeds,
neutral atoms and molecules form. A recombination occurs when a free
electron is captured into an ionic or atomic energy level and gives up its excess
kinetic energy in the form of a photon.

LIB plasmas are characterized by a variety of parameters, the most basic
being the degree of ionization. A weakly ionized plasma is one in which the
ratio of electrons to other species is less than 10%. At the other extreme, high
ionized plasmas may have atoms stripped of many of their electrons, resulting
in very high electron to atom/ion ratios. LIB plasmas typically, for low power
laser intensities, fall in the category of weak ionized plasmas. At high laser
power densities, LIB plasmas correspond to strong ionized plasmas.
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2.3.1. Initiation Mechanism: Multiphoton Ionization
(MPI) and Electron Impact Ionization (EII)

Plasma is initiated by electron generation and electron density growth.
The conventional LIB plasma can be initiated in two ways: multiphoton
ionization (MPI) and electron impact ionization (EII) both followed by
electron cascade. MPI involves the simultaneous absorption of a number of
photons 7, required to equal the ionization potential /p(4) of an atom or
molecule 4

nhy+A4 - A" + e+ Ip(A); nhy= Ip(A), (2.6)

where 7 is the number of photons needed to strip off an electron, which
corresponds to the integer part of the quantity:

n= [P + 50.&'(‘ +1. (2.7)
hv

Here ¢, is the oscillation energy of a free electron in the alternating electric
field. Within the classical microwave breakdown theory [28], a free electron
oscillates in the alternating electric field E of the laser electromagnetic wave
(with frequency w and wavelength 4 (um)), and its oscillation energy,

22 2
e’E° _ e

~ = S, AT =467 1074, A% 28
4ma 4m ric

g()SL‘ [eV ] =

remains constant. In Eq. (2.8) e is the electron charge and I, is the laser
intensity (irradiance, power density or flux density in chm'z). The
probability of MPI W,,p;, by absorbing simultaneously » laser photons to strip
off an electron, is expressed by the classical formula [29]

n 14 n
WMpf[s"]Dwn” (1366;] :1.88><1015/]2”‘n3/2{6'35x10[W} .(2.9)

P P

where Ip is in eV. Besides, the probability of simultaneous absorption of
photons decreases with the number of photons 7 necessary to cause ionization.
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EII process consists on the absorption of light photon by free or quasifree
electrons, producing electrons with enough kinetic energy e to ionize one
atom or molecule

etnhv+Ad-e +4->2e+4" (2.10)

Two conditions must co-exist for EII to initiate: (i) an initial electron must
reside in the focal volume; and (ii) the initial electron must acquire energy
which exceeds the ionization energy of the material in the focus. These free or
quasifree electrons can be produced by the effect of cosmic ray ionization
(natural ionization), by means of MPI, or by a breakdown induced in some
impurity. In air at atmospheric pressure, the natural electron density is ~10°
cm™ [30]. These electrons in the focal volume gain sufficient energy, from the
laser field through inverse bremsstrahlung collision with neutrals, to ionize
atoms, molecules or ions by inelastic electron-particle collision resulting in
two electrons of lower energy being available to start the process again

elezlp(A)] +A > A +2e; e [e=lp(AN)] + 4" - A+ 2e. (2.11)

The MPI mechanism dominates electron generation only for low exciting
wavelengths. Therefore initial EIl becomes a problem at a higher wavelength
because neither cascade nor MPI can furnish sufficient number of electrons. At
higher laser intensities, electric field of the laser is able to pull an outer shell
electron out of its orbit. After the initial electron ejection the LIB plasma is
commonly maintained by the absorption of optical energy and the EII.
Electrons in the laser field will gain energy through electron-neutral inverse
bremsstrahlung collisions and will lose energy by elastic and inelastic
collisions with the neutral species through excitation of rotational and
vibrational degree of freedom of molecules and excitation of electronic states.
While some electrons will be lost by attachment, new electrons will be
produced by ionizing collisions. At high laser intensity, few electrons will be
generated with energy larger than the ionization energy. The wavelength-
resolved emission spectra from the laser plasma are not expected to vary due
to the plasma origin. However plasma origin may be relevant, if the
enhancement is observed between UV, visible and IR excitation wavelengths.
Once that LIB plasma is formed, its growth is governed by the continuity rate
equation for the electron density [31]
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dn, _ v, +W IN -v.n, -vn’+D,0n,, (2.12)
dt

where v; is the impact ionization rate, W, is the multiphoton ionization rate
coefficient, /,, is the intensity of the laser beam, » is the number of photons
required for MPI, N is the number of atoms/molecules per unit volume, v, is
the attachment rate, vz is the recombination rate and D. is the electron
diffusion coefficient. The term dn./dt is the net rate of change in electron
concentration at a point in the focal volume at a time ¢ after the release of
initiatory electrons. On the right side of the equation (2.12), the first term is
the electron generation due to impact ionization. The second term on the right
is MPI rate. The third, fourth and fifth terms are sink terms which represent
electron attachment, recombination and diffusion, respectively. Impact
ionization is defined by multiplying the number of electrons per unit volume to
the impact ionization rate v;. The impact ionization rate refers to the rate at
which electrons are generated as a result of ionizing collisions. At high laser
intensity, a few new electrons can be generated and gain energy larger than
their ionization energy which leads to the generation of new electrons by
impact ionization, thereby leading to the cascade growth.

2.3.2. Electron Attachment, Recombination and Diffusion

Electron attachment is the rate of electron attachment v, multiplied by the
number of electrons per unit volume. The LIB plasma typically loose electrons
to the neutral species via the attachment mechanism in the form of three-body
attachment or two-body dissociative attachment. Three-body attachment is: e +
AB + X - AB + X, where X appears to be a facilitator that allows the electrons
to be gained by 4B even through X remains unchanged throughout the process.
Two-body dissociative attachment is: ¢ + AB — A"+ B. In this mechanism the
electrons must exhibit a threshold electron energy that is equal to the
difference between the dissociative energy of AB and the attachment energy of
A, which results in the separation of 4 and B.

Electron recombination is the rate of electron recombination g multiplied
to the number of electrons per unit volume. When the electron density is high,
such as during the last stage of cascade breakdown, the LIB plasma can lose
electrons to ions through electron-ion recombination. Similar to the electron
attachment, three-body recombination and two-body recombination occurs as:
e+ AB "+ X > AB+ X, e + AB" —» A + B. The electron-ion recombination rate
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has been studied theoretically for a three-body recombination by Gurevich and
Pitaevskii [32]

2
V, =8.8x10 T”;5 [s7], 2.13)

e

where 7, is the electron density in cm™ and T, is the electron temperature in
eV. The electron diffusion term is expressed as - (Eq. (2.12)). This loss

mechanism, more important for a small diameter laser beam, is the diffusion of
electrons out of the focal volume. Morgan [33] referred to the combined effect
of diffusion and cascade ionization as the responsible for top-hat intensity
profile. By imposing an electron skin at the edge of the intensity profile, they
found that the electron density grows exponentially as

D O °n

2408 D,
(Vo) ==——

2 s
a

(2.14)

where <Ve> is the average electron velocity, D. is electron diffusion

coefficient and a is the radius of the beam. The equation (2.14) is intended to
be an upper boundary for diffusion losses only because laser beams typically
have a radial distribution closer to the gaussian rather than top-hat distribution.

In summary, two mechanisms MPI and EII can initiate a conventional LIB
plasma formation. After the LIB plasma formation the temporal growth is
governed by the equation (2.12). The recombination of these two source terms
(MPI and EI) and three sink terms (electron attachment, -electron
recombination and electron diffusion) controls the development of the
conventional LIB plasma. These mechanisms that directly affect the temporal
development of the LIB plasma, determine the necessary spectroscopic
techniques required to spectrally resolve elemental species inside the LIB
plasma.
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2.4. ELEMENTS OF LIBS

In contrast to conventional spectroscopy, where one is mainly concerned
with the structure of an isolated atom and molecule, the radiation from the
plasma also depends on the properties of the plasma in the intermediate
environment of the atomic or molecular radiator. This dependence is a
consequence of the long-range Coulomb potential effects which dominate the
interactions of ions and electrons with each other and with existing neutral
particles. These interactions are reflected in the characteristic radiations in
several ways. They can control population densities of the discrete atomic
states, spectral shift and broadening by Stark effect, decrease of ionization
potentials of the atomic species, cause continuum radiation emissions and
emission of normally forbidden lines. Generally, the radiation emitted from a
self-luminous plasma can be divided into bound-bound, bound-free, and free-
free transitions.

2.4.1. Line Radiation

Line radiation from plasma occurs for electron transitions between the
discrete or bound energy levels in atoms, molecules or ions. In an optically
thin plasma of length / along the line of sight [34], the integrated emission
intensity /j; of a spectral line arising from a transition between bound levels j
and i is given by

Ahv _
=#J.des =hv,A,N I (2.15)

ji
where N is the population density of the upper level j, iv;; is the photon energy
(energy difference between levels j and i), and 4;; is the spontaneous transition
probability or Einstein A coefficient. The integration is taken over a depth of
plasma viewed by the detector, and the intensity of radiation is measured in
units of power per unit area per unit solid angle. Transition probabilities can be
sometimes expressed via the oscillator strength f;;. This is defined as the ratio
of the number of classical oscillators to the number of lower state atoms
required to give the same line-integrated absorption [35]. Its relationship to the
Einstein coefficient is
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fo= 41, mc g,
i i
e 8772|/ﬁ g

(2.16)

The usefulness of fj is that it is dimensionless, describing just the relative
strength of the transition. The detailed values of 4j;, g;, and gj can be obtained
from reference compilations or from electronic databases, i.e by NIST [36].

2.4.2. Continuum Radiation

The origins of continuum radiation are both bound-free and free-free
transitions. The absorption of radiation from a discrete atomic state, such that
the photon has enough energy to extend above the next ionization threshold,
results in a release of an electron and gives rise to the process of
photoionization. The reverse process of recombination occurs when an ion and
an electron recombine with emission of a photon to form an ion in the next
lowest ionic state (or in the neutral atomic state). Since the upper state is
continuous, the emitted or absorbed radiation in both processes is also
continuous. Transitions between two free energy levels can occur in plasmas
increasing the energy exchanges of charged particles. Classically, this takes
place because a moving charge radiates when it is accelerated or retarded. For
most cases of practical importance, these free-free transitions are classified as
bremsstrahlung or cyclotron spectra. In bremsstrahlung, the acceleration of
charged particle takes place via the Coulomb field of charged particles. In
cyclotron radiation, the acceleration is due to the gyration of charged particles
in a magnetic field. The total continuum radiation at any particular frequency
I(v) is the sum of the contributions from all such processes having components
at the specified frequency. Thus

I(v)dv = %_[JnKZNi[y(i,Te,v) +Za(i,p,T€,v)}hv ds dv,(2.17)
i P

where y(i, T., v) is the atomic probability of a photon of frequency v being
produced in the field of an atom or ion (specified by i) by an electron of mean
kinetic temperature 7, making free-free transition; a(i, p, T., v) is the
corresponding probability where the electron makes a free-bond transition into
a level p. As before, the integration is taken over the plasma depth s.
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2.4.3. Line Broadening; Determination of Electron Number
Density from Stark Broadening of Spectral Lines

The shape of the spectral lines in the LIB has been studied since the first
observation of the laser-induced breakdown in early 1960s. It plays an
important role for the spectrochemical analysis and quantification of the
plasma parameters. The observed spectral lines are always broadened, partly
due to the finite resolution of the spectrometers and partly to intrinsic physical
causes. In addition, the center of the spectral lines may be shifted from its
nominal central wavelength. The principal physical causes of spectral line
broadening are the Doppler, resonance pressure, and Stark broadening. There
are several reasons for this broadening and shift. These reasons may be
divided into two broad categories: broadening due to local conditions and
broadening due to extended conditions. Broadening due to local conditions is
due to effects which hold in a small region around the emitting element,
usually small enough to assure local thermodynamic. Broadening due to
extended conditions may result from changes to the spectral distribution of the
radiation as it traverses its path to the observer. It also may result from the
combining of radiation from a number of regions which are far from each
other.

Natural Broadening
The uncertainty relates the lifetime of an excited state (due to the

spontaneous radiative decay) with the uncertainty of its energy. This
broadening effect results in an unshifted Lorentzian profile. The full width at
half maximum (FWHM) of natural broadening for a transition with a natural
lifetime of tj; is: A/INFWHM=/12/7rcrji. The natural lifetime 7;; is dependent on the
probability of spontaneous decay: 7;=1/4;;. Natural broadening is usually very
small compared with other causes of broadening.

Doppler Broadening
The Doppler broadening is due to the thermal motion of the emitting

atoms, molecules or ions. The atoms in a gas which are emitting radiation will
have a distribution of velocities. Each photon emitted will be "red" or "blue"
shifted by the Doppler effect depending on the velocity of the atom relative to
the observer. The higher the temperature of the gas, the wider the distribution
of velocities in the gas. Since the spectral line is a combination of all of the
emitted radiation, the higher the temperature of the gas, the broader will be the
spectral line emitted from that gas. This broadening effect is described by a
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Gaussian and there is no associated shift. For a Maxwellian velocity
distribution the line shape is Gaussian, and the FWHM may be estimated as (in

A):
ALy =7.16x107 ABIT/M (2.18)

being / the wavelength in A, T the temperature of the emitters in K, and M the
atomic mass in amu.

Pressure Broadening
The presence of nearby particles will affect the radiation emitted by an

individual particle. There are two limiting cases by which this occurs: (i)
Impact pressure broadening: The collision of other particles with the emitting
particle interrupts the emission process. The duration of the collision is much
shorter than the lifetime of the emission process. This effect depends on both
the density and the temperature of the gas. The broadening effect is described
by a Lorentzian profile and there may be an associated shift. (ii) Quasistatic
pressure broadening: The presence of other particles shifts the energy levels in
the emitting particle, thereby altering the frequency of the emitted radiation.
The duration of the influence is much longer than the lifetime of the emission
process. This effect depends on the density of the gas, but is rather insensitive
to temperature. The form of the line profile is determined by the functional
form of the perturbing force with respect to distance from the perturbing
particle. There may also be a shift in the line center. Pressure broadening may
also be classified by the nature of the perturbing force as follows: (i) Linear
Stark broadening occurs via the linear which results from the interaction of an
emitter with an electric field, which causes a shift in energy which is linear in
the field strength (~E and ~1//%); (ii) Resonance broadening occurs when the
perturbing particle is of the same type as the emitting particle, which
introduces the possibility of an energy exchange process (~E and ~1//); (iii)
Quadratic Stark broadening occurs via the quadratic Stark effect which results
from the interaction of an emitter with an electric field, which causes a shift in
energy which is quadratic in the field strength (~E and ~1//"); (iv) Van der
Waals broadening occurs when the emitting particle is being perturbed by Van
der Waals forces. For the quasistatic case, a Van der Waals profile is often
useful in describing the profile. The energy shift as a function of distance is
given in the wings by e.g. the Lennard-Jones potential (~E and ~ 1/r%).
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Stark broadening of spectral lines in the plasma occurs when an emitting
species at a distance » from an ion or electron is perturbed by the electric field.
This interaction is described by the Stark effect. The linear Stark effect exists
for hydrogen and for all other atoms. Stark broadening from collisions of
charged species is the primary mechanism influencing the emission spectra in
LIBS. Stark broadening of well-isolated lines in the plasma can be used to
determine the electron number density n(cm™). An estimation of the Stark
width (FWHM) and line shift of the Stark broadened lines is given as [26-
27,34-35,37-39]:

1/4
DA = 2W(1’(”)j6 j * 3.5A(1’(“)j6j (1-BN5;7) W(l’z)ﬁj (2.19)

1/4
- n n _ n
AN = D (—lojﬁjiZA( ¢ J (I-BND”) W(IO?G j (2.20)

1016

where W is the electron impact parameter or half-width, 4 is the ion impact
parameter both in A, B is a coefficient equal to 1.2 or 0.75 for ionic or neutral
lines, respectively, D (in A) is the electron shift parameter and Np is the

number of particles in the Debye sphere N, =1.72x10° 7% /n ',

The electron and the ion impact parameters are functions of temperature.
The first term on the right side of Eq. (2.19) refers to the broadening due to the
electron contribution, whereas the second one is the ion broadening. Since for
LIB conditions Stark broadening is predominantly by electron impact, the ion
correction factor can safely be neglected, and Eq. (2.19) becomes

ari Py ne
DA = ZW(lo16 j (2.21)

The coefficients W are independent of n. and slowly varying functions of
electron temperature. The minus sign in Eq. (2.20) applies to the high-
temperature range of those few lines that have a negative value of D/W at low
temperatures. A comprehensive list of width and shift parameters W, 4 and D
is given by Griem [27, 39].
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2.4.4. Determination of Excitation,
Vibrational and Rotational Temperatures

The excitation temperature T, can be calculated according to the
Boltzmann equation under the assumption of LTE. The significance of this
temperature depends on the degree of equilibrium within the plasma. For
plasma in LTE, any point can be described by its local values of temperature,
density, and chemical composition. By considering two lines 4;; and A,y of the
same species, characterized by different values of the upper energy level
(Ej#E,), the relative intensity ratio can be used to calculate the plasma
excitation temperature

E,-E,
[nm |]]nm @j qui
]ji |]]ji @n |]4nm

(2.22)

exc

kyIn

When selecting a line pair, it is advisable to choose two lines as close as
possible in wavelength and as far apart as possible in excitation energy. This is
to limit the effect of varying the spectral response of the detection system. The
use of several lines instead of just one pair leads to greater precision of the
plasma excitation temperature estimation. In fact, though the precision of the
intensity values can be improved by increasing the signal intensity, the
transition probabilities 4;j; reported in the literature exhibit significance degree
of uncertainty (5-50%). The excitation temperature can be calculated from the
relative intensities of a series of lines from different excitation states of the
same atomic or ionic species from the slope of the Bolztmann plot
ln[lji-/lji/gj-Aji] VErsus Ej/kB

1.0, E
In| L1 =C-—"L (2.23)
g ky (T

where [; is the emissivity (W m st™") of the emitted j—i spectral line, Aji is the
wavelength, gi=2J;+1 is the statistical weight, 4; is the Einstein transition
probability of spontaneous emission, Eykg is the normalized energy of the
upper electronic level and C=In(hcNy/4nQ(T)) (O(7) is the partition function).
The values of the 4, gj, 4; and E; for selected atomic or ionic lines can be
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obtained from the NIST Atomic Spectral Database. A set of selected spectral
lines can be chosen based on their relative strengths, accuracies and transition
probabilities.

The emission spectra of the diatomic species reveal a relatively complex
structure which is due to the combination of the electronic transitions from the
different rotational and vibrational states [40-42]. The emission intensities of
the molecular bands can be analyzed in order to calculate the molecular
vibrational temperature T7.,3. For a plasma in LTE, the intensity of an
individual vibrational v’-v” band /..~ is given by

I, 0 . G(V')h c
h{u} = A —L ) (224)
qv'—v" kB |:’rvib

where 4 is a constant, 4, is the wavelength corresponding to the band head,
2

TLIJ'(R)LIJ (R)dR is the Franck-Condon factor and _ b ek is
0

qV'_V"

the normalized energy of the upper vibrational level. A line fit to
ln(I oy D’]i,_v,. / qv,_v,.) as a function of the upper normalized electronic-

vibrational energies has a slope equal to -1/T .

On the other hand, the emission intensities of the rotational lines of a
vibrational band can be analyzed in order to estimate the effective rotational
temperature 7,4 In this case it is necessary to consider the Hund’s coupling
case for the both electronic states implied in the transition. From the
assignment of the rotational spectrum it is possible to estimate the effective
rotational temperature by considering the J value for the maximum of the band
T'o=2 By h c/kB)(Jmax+1/2)2, being B, the rotational constant for upper v
vibrational level and J,,, the total angular momentum at the maximum.

Another method for estimating the vibrational and rotational temperatures
is based on a simulation program of the spectra. Software developed in our
laboratory [43] calculated the spectra of a diatomic molecule by summing the
intensity of all rovibrational levels and convoluting the results with the
instrumental line shape of the optical system. The emission intensity I,y -
of a molecular line can be approximated by

4o
64TV e =2

I, wp= N, R q, .S, ., 2.25
v J=v"J 3(2J'+1) v',J eqv,v J'J ( )
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where I7V,’ Ji—yr. o 1s the wavenumber of the transition, 2/°+1 is the rotational
degeneracy of the upper state, V,- ;- is the population in the initial (upper) state,
R is the average electronic transition moment, g~ is the Franck-Condon

factor and S~ is the Honl-London factor [44]. Spectrum simulations are
based on comparison of experimental and calculated spectra for different
rotational and vibrational population distributions which depend on
temperature.

2.4.5. Ionization Degree of the Plasmas: Saha Equation

In plasma there is a continuous transition from gases with neutral atoms to
a state with ionized atoms, which is determined by an ionization equation. The
transition between a gas and a plasma is essentially a chemical equilibrium,
which shifts from the gas to the plasma side with increasing temperature. Let
us consider the first three different ionization equilibria of an atom A:

A & A" +e+IP(A-D),
A" o AT + e+ IP(A-ID,
A o A* + e + IP(A-IID).
For each ionization equilibrium, considering the atoms and ions in their

ground electronic state, the LTE between ionization and recombination
reactions at temperature 7 is described by the Saha equation (2.3)

3/2
n, LN, - & L, (27T m kBT) o il kT
N, &o h’

, (2.26)

where n, = N, are the electron and ion densities in the different ionization
equilibria in the second member of ionization equilibria. From this equation,
ionization degree n.'N;/N, can be estimated.
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2.5. EFFECTS OF PHYSICAL VARIABLES IN LIBS

The variables that can influence the LIBS measurements are mainly the
laser properties i.e. wavelength, energy, pulse duration, focusing spot size,
shot-to-shot energy fluctuations, ambient conditions, physical properties of the
sample and the detection window (delay time and gate width). How these
parameters affect the precision and accuracy of LIBS are addressed below.

2.5.1. Laser Parameters

In LIBS a high-power laser is used to ablate or to breakdown a gaseous
sample in the form of plasma. The primary energy related parameters
influencing the laser-gas interaction are the laser peak power Py (or radiant
pulse energy per time, in W) and the laser peak intensity Iy (power density or
irradiance; energy per unit area and time, W cm™) given by

B, =E, | Teyys (2.27)

I, =P, /m*, (2.28)
where Ew (in J) is the pulse energy, tmwmy (in s) is the pulse duration at the
FWHM and 777 is the focal spot area (cmz). The fluence @y (in J cm'z) on the

focused spot area, the photon flux density F,; (photon em™ s7) and electric
field Fz (V cm™) are given by

®, =E,/m?, (2.29)

F,=1,Alhc, (2.30)

F, =1, /c&,, (2.31)

where A is the laser wavelength, % is the Planck constant, ¢ is the speed of
light, and ¢, is the electric constant. The laser peak intensity Iy, fluence,
photon flux and electric field are inversely proportional to the focused spot
area. For LIBS, the peak intensity /y (and the other properties @y, I, Fz and
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Py) that can be delivered to the sample is more important than the absolute
value of the laser power. For the formation of plasma, the laser fluence needs
to exceed the threshold value, typically of the order of several Jxem™ for a
nanosecond laser pulse [45]. If the laser energy is very close to the breakdown
threshold, the pulse-to-pulse fluctuations can cause the plasma condition to be
irreproducible, which results in poor measurement precision. The intensities of
the emission lines are proportional to the laser energy while the laser plasma is
in the optical thin region. When the laser energy increases further, it produces
very dense and hot plasma that can absorb laser energy. This will lead to an
increase in the continuum emission and a decrease in the signal intensity.
Besides, the laser pulse duration and the shot-to-shot fluctuations can also
affect the signal reproducibility and hence LIBS precision.

2.5.2. Focal Properties

The laser power density at the focal volume is inversely proportional to
the focused spot size. For a laser beam with a Gaussian profile, the focused
beam waist wy is given by [46]

AL

, (2.32)
Tw,

Wo

where f'is the focal length of the lens and w; is the radius of the unfocused
beam. The higher laser power density at the focal point can be achieved by
reducing the focused beam waist using a shorter focal length lens.

On the other hand, the angular spread in laser light generated by the
diffraction of plane waves passing through a circular aperture consists of
a central, bright circular spot (the Airy disk) surrounded by a series of
bright rings. The beam divergence angle 6, measured to edges of Airy
disk, is given by 8=2.44xA/d, where 1 is the laser wavelength and d is the
diameter of the circular aperture. It can be shown that a laser beam, with
beam divergence 6;, incident on a lens of focal length f, whose diameter is
several times larger than the width of the incident beam, is focused to a
diffraction-limited spot of diameter approximately equal to fx6;. If the
focal region of the laser beam is assumed to be cylindrical in shape, the
spot size in terms of length /, can be approximated as
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I=(R2-16f%/d. (2.33)

2.5.3. Laser Absorption in the Plasma

In LIBS the evaporation of the material begins just after the impact of the
leading edge of the laser pulse on the surface. The time required for the
removal of the material is less than a nanosecond, thus once the plasma is
formed, a part of the laser beam will be absorbed in the plasma by the
electron-neutral or electron-ion inverse bremstrahlung (e-n IB and e-i IB), or
by photoionization (PI) of the excited states. Consequently not the full laser
irradiance will be able to reach the target, which is called plasma shielding. In
the case of IB absorption the free electrons gain kinetic energy from the laser
beam thus promoting plume ionization and excitation through collisions with
excited and ground state neutrals. The IB process is usually described by the
inverse absorption length @ip (cm'l) [31, 47]

., =0, 1= "Ny, (2.34)

nN;, (2.35)
4 ) :
3he*'m \ 3mkT © '
where N, is the neutral atomic density, »; is the ionic density, o., is the
electron-neutral cross section of photon absorption and o, ; is the electron-ion

cross section of photon absorption. The term -0, represents the losses

(1-e
due to stimulated emission. The electron number density in the plasma
depends on the degree of ionization, evaporation rate and the plasma
expansion velocity. Moreover, the absorption coefficient shows different
temperature dependence for different energy density regimes. In the case of
short wavelength lasers the photoionization of the excited atoms can play
significant role. In fact, the absorption coefficient of this process op; (cm™) is

given by [48]

a, =N, =Z29><10’”MN (2.36)
PI n~ PI ~ . (hv)3 n?’ ‘
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being N, is the number density (in cm'3) of the excited state n, I, is the
ionization potential in eV and Av is the photon energy in eV. In this equation
the summation is performed over the energy levels which satisfy the condition
hv>E,. Equation (2.36), although derived for hydrogen like atoms, can be
applied to complex atomic systems.






Chapter 3

EXPERIMENTAL

LIBS is a plasma based method that uses instrumentation similar to that
used by other spectroscopic methods (atomic emission spectroscopy, laser-
induced fluorescence etc). A typical LIBS apparatus utilizes a pulsed laser that
generates the powerful optical pulses used to form the plasma. Principles of
laser operation in general and the operation of specific lasers are described in
detail in numerous books. The discussion here will be limited to the
fundamentals of the operation of the transversely excited atmospheric (TEA)
carbon dioxide laser used in this work. On the other hand, it is necessary a
convenient detection system. We described here the detection system used in
this work.

3.1. PULSED TEA CO, LASER

The CO; laser is a near-infrared gas laser capable of very high power and
with the highest efficiency of all gas lasers (=10-20%) and for cw operation the
highest output power. Although CO, lasers have found many applications
including surgical procedure, their popular image is as powerful devices for
cutting, drilling, welding or as weapons for military applications. The linear CO,
molecule has three normal modes of vibration, labelled v, (symmetry stretch), v,
(bending vibration) and v; (asymmetric stretch), and plotted in the upper part of
Figure 1. The fundamental vibration wavenumbers are 1354, 673 and 2396 cm'l,
respectively. The vibrational state of the molecule is described by the number of
vibrational quanta in these modes. The bending vibrational mode is twofold
degenerate and can have a vibrational angular momentum along the CO, axis.
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The number of quanta of this vibrational angular momentum is stated as an
upper index to the vibrational v, quanta. The upper laser level (00°1) denotes the
ground vibrational state for the mode v, the ground vibrational state for the
mode v, which is doubly degenerate, and the first excited vibrational state for the
mode v;. The active medium is a gas discharge in a mixture of He, N, and CO..
By electron impact in the discharge excited vibrational levels in the electronic
ground states of N, and CO, are populated (Figure 1). The vibrational levels v =
1 in the N, molecule and (v;, v,, v3) = (0001) in the CO, molecule are near-
resonant and energy transfer from the N, molecule to the CO, molecule becomes
very efficient. This populates the (00°1) level in CO, preferentially, creates
inversion between the (0001) and the (0200) levels, and allows laser oscillations
on many rotational transitions between these two vibrational states in the
wavelength range 9.6-10.6 um. The main laser transitions in CO, occur between
the excited states of the mode v5(00°1) and the symmetric stretching mode
v1(1000) (10.6 pum) or the bending mode v2(0200) (9.6 um). A single line can be
selected by a Littrow-grating, forming one of the resonator end mirrors.
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2000 & Energy transfer
5° I
0 0
(1%°) (0270) Electron
10001 peactivation = 1 impact
by collisions T{(ﬂ 0) excitation
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Figure 1. Level scheme and the three normal vibrational modes of the CO, molecule.

Helium atoms do not take part directly in the excitation of CO, molecules
but do play an important role in heat-transfer from the gas mixture to the tube
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walls, as well as facilitating the depopulation of the lower vibrational levels in
CO,; contributing in this way to the ,maintenance of the population inversion.
The power of CO, lasers depends on their configuration. The laser used in
these experiments was a transversely excited atmospheric (TEA) CO, laser in
which the electric discharge is transverse to the laser cavity’s axis. The
pressure in the tube is close to atmospheric pressure. The CO,:N,:He mixture
is exchange in a continuous way, enhancing the output power of the laser. The
laser can achieve a power of 50 MW. The optical materials used in lasers
emitting radiation in the infrared range are obviously different than those used
in the visible range. For example, materials such as germanium (Ge) or
gallium arsenide (GaAs) are completely opaque in the visible range, while
being transparent in the infrared range. Some materials, such as zinc selenide
(ZnSe), are transparent in both spectral ranges. Typical materials transparent in
the IR range are: NaCl or Csl. Metal mirrors (copper, molybdenum, gold) are
used in the IR range, owing to their small absorption (and large reflectivity) as
well as their large heat capacity which enables removal of heat from the active
medium.

3.2. SPECTROGRAPHS AND DETECTORS

A detection system consists in a wavelength dispersing element and an
electronic device as detector. Wavelength dispersing elements used for LIBS
generally have to fulfilled two opposite requests: (i) need for high resolving power
MAM because of highly pronounced spectral interferences in atomic-molecular
emission spectroscopy; (ii) For an analysis with a single laser pulse the wide spectral
region should be covered. Today, usually, four different spectrograph mountings are
mainly in use for OES: Czerny-Turner, Echelle, Rowland and Paschen-Runge. Here,
only the first system used by us will be described. A Czerny-Turner mount uses a
plane grating. The incident radiation passes through the entrance slit and strikes a
parabolic collimating mirror. This mirror produces a collimated light beam reflected
onto the grating, which spatially disperses the spectral components of the incident
radiation. Collimated rays of diffracted radiation strikes a second parabolic focusing
mirror. The dispersed radiation is focused in the focal plane producing the entrance
slit images in that plane. Because the parallel rays of a given wavelength are incident
on the focusing element at a specific angle, each wavelength is focused to a slit
image at a different center position on the focal plane. In this focal plane the detector
is placed (see Figure 2).
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Figure 2. Schematic diagram of the experimental set-up for pulsed laser ablation
diagnostics.

For the detection of plasma emissions in LIBS experiments,
photomultipliers (PMT), charge-coupled and intensified charge coupled
devices (CCD and ICCD) and optical multichannel analyzers (OMA) can be
utilized depending on the type of spectrometer. A PMT consists of the photo-
emissive cathode, several dynodes, and an anode. When the radiation hits the
chatted electrons are generated. A high voltage across the dynodes leads to
further multiplication of these photoelectrons. A PMT is relatively inexpensive
and very sensitive detector, which allows recording of time-integrated plasma
emission signals. It requires, however, a scanning mode monochromator to
obtain full spectral information. Therefore, the PMT is not convenient for
multielement analysis with a single laser pulse or when fast scan results are
required. The charge coupled devices (CCDs) are made up of a two-
dimensional array of semiconductor capacitors (pixels) that have been formed
on a single silicon chip. Commercially available CCD chips usually consisted
of 512x512 or 1024x1024 pixels. Performance characteristics of these
instruments with respect to sensitivity, dynamic range, and signal-to-noise
ratio appear to approach those of PMT’s in addition of having the
multichannel advantage. A CCD system can be equipped with an intensifier
(microchannel plate) which allows high photonics gain and possibility of
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electronic gating which is of essential importance for time resolved LIBS
measurements.

3.3. SCHEMATIC DIAGRAM FOR LIBS

The experimental configuration used to study carbon by LIBS is shown in
Figure 2. The laser-induced plasma was generated using a TEA CO, laser
(Lumonics model K-103) operating on an 8:8:84 mixture of CO;:N,:He,
respectively. The laser is equipped with frontal Ge multimode optics (35 %
reflectivity) and a rear diffraction grating with 135 lines mm™ blazed at 10.6
um. The CO; laser irradiation of the target was carried out using the 9P(28)
line at 2=9.621 um (AE=0.1289 eV) and the 10P(20) line at /=10.591 um
(AE=0.1171 eV). The temporal shape of the TEA-CO, laser pulse, monitored
with a photon drag detector (Rofin Sinar 7415), consisted in both cases in a
prominent spike of a full width at half maximum (FWHM) of around 64 ns
carrying ~90% of the laser energy, followed by a long lasting tail of lower
energy and about 3 ps duration. The laser pulse repetition rate was usually 1
Hz. The divergence of the emitted laser beam is 3 mrad. The pulsed CO; laser
beam was focused with a NaCl lens of 24 c¢cm focal length onto the target. The
primary laser beam was angulary defined and attenuated by a diaphragm of
17.5 mm diameter before entering to the cell. The CO, laser average energy
was measured in front of the lens with a Lumonics 20D pyroelectric detectors
through a Tektronix TDS 540 digital oscilloscope. Energy losses were
estimated by making pulse energy measurements with and without the NaCl
window in place. The focused radius of the laser beam (0.05 cm) was
measured at the target position with a pyroelectric array Delta Development
Mark IV. The laser intensity (power density or irradiance) on the focal volume
was varied using several calibrated CaF, attenuators and range from 0.29 to
6.31 GWxcm™. The high purity graphite target (~99.99 %) was placed in a
low-vacuum cell equipped with a NaCl window for the laser beam and two
quartz windows for optical access. The graphite target is initially at ambient
temperature (298 K) and it is not water-cooled. The cell was evacuated with
the aid of a rotary pump, to a base pressure of 4 Pa that was measured by a
mechanical gauge. Optical emission from the plume was imaged by a
collecting optical system onto the entrance slit of different spectrometers. The
light emitted from the laser-induced plasma was optically imaged 1:1, at right
angles to the normal of the target surface, by a quartz lens (focal length 4 cm,
f-number = f/2.3) onto the entrance slit of the spectrometer. The distance
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between plasma axis and entrance slit was 16 cm. The lens causes a bit
chromatic aberration for OES measurements, although the geometric
efficiency is barely affected. Two spectrometers were used: 1/8 m Oriel
spectrometer (10 and 25 um slits) with two different gratings (1200 and 2400
grooves mm™) in the spectral region 2000-11000 A at a resolution of ~1.3 A in
first-order (1200 grooves mm™ grating), and an ISA Jobin Yvon Spex (Model
HR320) 0.32 m equipped with a plane holographic grating (2400 grooves mm’
1) in the spectral region 2000-7500 A at a resolution of ~0.12 A in first-order.

Two detectors were attached to the exit focal plane of the spectrographs and
used to detect the optical emissions from the laser-induced plasma: an Andor
DU420-OE (open electrode) CCD camera (1024x256 matrix of 26x26 umz
individual pixels) with thermoelectric cooling working at —30 °C; A 1024x1024
matrix of 13x13 pm’ individual pixels ICCD (Andor iStar DH-734), with
thermoelectric cooling working at —20 °C. The low noise level of the CCD
allows long integration times and therefore the detection of very low emission
intensities. The intensity response of the detection system was calibrated with a
standard (Osram No.6438, 6.6-A, 200-W) halogen lamp and Hg/Ar pencil lamp.
Several (Cu/Ne, Fe/Ne and Cr/Ar) hollow cathode lamps (HCL) were used for
the spectral wavelength calibration of the spectrometers.

3.4. TIMING CONSIDERATIONS

For synchronization, the CO, laser was operated at the internal trigger mode
and the ICCD detector in external and gate modes. The external trigger signal
generated by the laser is fed directly into the back of the ICCD detector head.
The total insertion delay (or propagation delay) is the total length of time taken
for the external trigger pulse to travel through the digital delay generator and
gater so that the ICCD will switch on. This insertion delay time is 45 + 2 ns. The
time jitter between the laser and the fast ICCD detector gate was about + 2 ns.
The delay time #, is the time interval between the arrival of the laser pulse on the
target and the activation of the ICCD detector. The gate width delay time ¢, is
the time interval during which the plasma emission is monitored by the ICCD.
Both parameters were adjusted by the digital delay generator of the ICCD
detector. The resolution of the gate pulse delay time and the gate pulse width
time are 25 ps. The CO, laser pulse picked up with the photon drag detector
triggers a Stanford DG 535 pulse generator which is used as external trigger in
the ICCD camera. The laser pulse and the gate monitor output were displayed in
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a Tektronix TDS 540 digital oscilloscope, allowing to control #; eliminating the
insertion time of the camera.






Chapter 4

RESULTS AND DISCUSSION

When a high-power laser pulse is focused on a solid surface the target
becomes ablated. If the laser irradiance in the focal volume surpasses the
breakdown threshold of the system formed by the vaporized atoms and
residual gas, a breakdown, characterized by a brilliant flash of light
accompanied by a distinctive cracking noise, is produced. At the top of figure
2 we show an image of laser-induced breakdown (LIB) plasma in graphite
induced by a single CO, laser pulse. The plume size is around 14 cm. The
laser was focused on a point at the centre of the target. The observations of the
LIB geometry during the experiments indicate that the actual plasma region is
not entirely spherical, but lightly elongated in the direction of the laser beam
propagation. The CO, laser pulse remains in the focal volume after the plasma
formation for some significant fraction of its duration and the plasma formed
can be heated to very high temperatures and pressures by inverse
bremsstrahlung absorption. Since plasmas absorb radiation much more
strongly than ordinary mater, plasmas can block transmission of incoming
laser light to a significant degree; a phenomenon known as plasma shielding
[49]. The high temperatures and pressures produced by plasma absorption can
lead to thermal expansion of the plasma at high velocities, producing an
audible acoustic signature, shock waves, and cavitation effects. The plasma
also tends to expand back along the beam path toward the laser, a phenomenon
known as moving breakdown. The shock wave heats up the surrounding gas
which is instantaneously transformed in strongly ionized plasma.

For the present experiments the measured focused-spot area was 7.85x107
cm®. This value is higher than the calculated area (2.2% 10" sz) obtained from
the beam waist (Eq. 2.32). This fact is due to the non-gaussian profile of the
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CO, laser beam. Moreover the CO, laser beam passes through a circular
aperture of diameter 17.5 mm. For this diaphragm the calculated divergence
angle for the laser beams at 9.621 and 10.591 pm are 1.3 and 1.5 mrad,
respectively. Thus, considering the total beam divergence (~4.4 mrad), the
calculated diameter of the focused TEA-CO, laser (beam waist) is 1.06 mm,
which is very similar to the measured value (~1 mm). If the focal region of the
laser beam is assumed to be cylindrical in shape, the spot size in terms of
length / (Eq. 2.33) of the focused TEA-CO, laser is 6.0 mm, which is similar
to the measured value (~7 mm).

Table 1. Laser parameters for some LIBS experiments

Energy Power Intensity Fluence Photon Flux, Fy, Electric Field
Ew (ml]) Pw Ly Dy (photon cm™ s™") Fr
(MW) (GW cm?) (J em?) MV cm™)

3161 49.5 6.31 403 3.07x10% 1.54
2685 42.1 5.36 342 2.60x10% 1.42
2256 354 4.50 287 2.18x10% 1.30
1732 27.1 3.46 220 1.67x10% 1.14
1209 19.0 2.41 154 1.17x10% 0.985
503 7.88 1.00 64.0 4.86x10% 0.615
324 5.08 0.648 413 3.14x10% 0.494
273 427 0.544 34.7 2.64x10% 0.453
242 3.79 0.483 30.8 2.34x10% 0.427
203 3.19 0.406 25.9 1.97x10% 0.391
171 2.68 0.341 21.8 1.65x10% 0.358
149 233 0.297 19.0 1.44x10% 0.335
131 2.08 0.262 16.7 1.26x10%* 0.314
110 1.73 0.220 14.0 1.07x10% 0.288
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Figure 3. (a)-(f). Low-resolution PLA of carbon emission spectrum observed in the
1920-9680 A region at an air pressure of 4 Pa, excited by the 10P(20) line at 944.20
cm’' of the CO, laser, and ass1gnment of the atomic lines of C, C C ,C7,CY N, 0
and molecular bands of CZ(E Z —A'T1,; Freymark system), CZ(D o X1 Eg 5 Mulhken
system), Cz(e I, — a *,; Fox- Herzberg system), CN(D -AT1), OH(A X H)
CH(C’E"-XT0), CN(322 —X’%"; Violet system), NH(A'TI- X32) Cy(C' I~ PRI
Deslandres-d’ Azambu]a system) Cy(d'TI o ’I1,; Swan band system) CH(B’T-X'TI),

CH(A*A-X"T1), Cy(A'T1— X' Eg ; Phillips system) and CN(A -X°%"; red system).

4.1. IDENTIFICATION OF THE CHEMICAL SPECIES IN THE
PULSE LASER ABLATION PLASMA PLUME

For the different pulse laser energies measured in this work, the calculated
laser peak power (Eq. 2.27), intensity (Eq. 2.28), fluence (Eq. 2.29), photon
flux (Eq. 2.30), and electric field (Eq. 2.31) are tabulated in Table 1. In the
scanned spectral region, from UV to NIR, OES reproduce particular emission
of carbon plasmas in a low-vacuum air atmosphere (P,;=4 Pa). Typical time-
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integrated and spectral-resolved low-resolution OES from LIB of graphite is
shown in Figure 3(a)-(f). In the recording of the spectra of Figure 3(c-f) a
cutoff filter was used in order to suppress high diffraction orders. In general,
the spectra of the PLA plume are dominated by emission of strong electronic
relaxation of excited atomic C, ionic fragments c, C* and C3+, and molecular
features of Cz(d3Hg—a3Hu; triplet Swan band system). The medium-weak
emission is mainly due to excited atomic N, H, O, ionic fragment C* and
molecular features of C2(E12+g—A1Hu; Freymark system), C2(D12u+— X' Z;;
Mulliken system), CN(DZH—AZH), C2(63Hg—a3l'[u; Fox-Herzberg system),
Cz(Clﬂg—AIHu; Deslandres-d’ Azambuja system), OH(AZY—XZH), CH(C22+—
XI), NHUAT-X’T), CN(B’L-X’T"; violet system), CH(B’T—XII),
CH(A*A-X"TI), Cy(A'TI—X' Zg; Phillips system) and CN(4ATI- X°X"; Red
system).

In the spectrum of Figure 3(a) in the 1920-3480 A region, very strong
atomic C, C", C* and C*" lines dominate, but also weak C* and molecular
bands of Cy(E-4; Av=v"-v"’=+2, +1, 0, -1 sequence from 200 to 222 nm), Cy(D-
X; Av=0 sequence near 231.4 nm), CN(D-4; in the spectral range 223 to 260
nm), C,(e-a; in the spectral range 240 to 290 nm), CN(B—X; Av=3 sequence
from 306 to 326 nm), OH(A4—X; Av=0 sequence from 306 to 318 nm), CH(C—
X; Av=0 sequence from 314 to 317 nm), NH(4—X; Av=0 sequence near 336
nm) and CN(B-X; Av=2 sequence from 326 to 348 nm) are observed. In this
spectrum the predominant emitting species are the c* 2p2 'D, > 2s2p P
atomic line at 2296.87 A, C 2p(*P)3s 'P° - 2p* 'S, atomic line at 2478.56

A, two lines of C** at 2524.41 and 2529.98 A, several lines of C" at 2836.71
and 2992.62 A and the v’=0-v"=0 band of NH(A-X) at 3360 A. In the
spectrum of Figure 3(b), the predominant emitting species are C (doublet

at 391898 and 3920.69 A, respectively, and
multiplet |

ea e avtsa p around 4267 A), and the molecular bands of

CN(B-X; Av=0 sequence). Many medium intensity atomic lines of C", C*"and
C3+, weak hydrogen lines of the Balmer series (Hp, H, etc), and several
molecular bands of CN, C,, and CH are also present. In the spectrum of Figure
3(c), the predominant emitting species are C* and C, (molecular bands: d-a;
Av=0, -1, and -2 sequences from 480 to 630 nm). Many weak lines of C, C",
C*" and C*" are also present. In the spectrum of Figure 3(d), the most intense
lines are the doublet structure of C” 25?3p ZP;sz/z - 25?35 %5, at 6578.05

2545 PS8, - 2s3p P, ..,

and 6582.88 A, respectively, C 25°2p(>P,)4d 'P’ - 2s>2p(>P,)3p 'P, atomic
line at 6587.61 A, C" 25°34°D,, - 2s*3p *P, at 7231.32 A and C’



Results and Discussion 37

2523d ’D,,, — 2s°3p 2P, at 7236.42 A. Also many weak lines of C, C", c*,

H,, N, and several bands v’-v” (5-1, 6-2, 7-3, 8-4, 3-0, 4-1, 5-2 and 6-3)
corresponding to CN(4—X) are also present. The spectrum of Figure 3(e),
shows the emission of many atomic lines of C, O, and N, the 3-0 band of
Cy(4-X) and several bands (2-0, 3-1, 4-2, and 5-3) of CN(4—X). Finally, in the
spectrum of Figure 3(f), the emission of many atomic lines of C and N and
mainly the 1-0 and 2-1 bands of CN(A—X) can be appreciated.

a) Pulsed laser ablation of Carbon

b) Acetylene/oxygen flame

C; A'n X'z
u 5

T T T T l T T T T l T T T T l T T

: CH: Ala-XT

c) Propane-butane/air flame 00 ' c d'n-a'n
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Figure 4. Low-resolution emission spectra from: a) PLA of carbon at an air pressure of
4 Pa, excited by the 9P(28) line at 1039.36 cm™ of the CO, laser; b) Acetylene/oxygen
flame; c) Propane-butane/air flame; d) Free-burning carbon arc.

For the assignment of the atomic lines of C, c’, C2+, C3+, C4+, H, N and O
we used the information tabulated in NIST Atomic Spectral Database [36].
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The observed emission molecular bands are identified using the spectroscopic
information available in Refs. [S0]. Moreover, these molecular bands were
compared with the spectra obtained in our laboratory by conventional sources
(free-burning carbon arc, propane-butane/air flame and acetylene/oxygen
flame). As example figure 4 shows several time-integrated OES at low-
resolution from: (a) PLA of carbon (air pressure of 4 Pa and CO, laser power
density Iw=1.00 GW cm™); (b) Acetylenc/oxygen flame; (c) Propane-
butane/air flame; (d) Free-burning carbon arc. In the Acetylene/oxygen flame
around 405 nm, several bands of the Cs( s ;) comet head group are

observed which were not detected in the PLA of carbon. As shown in Figure 4,
jonic carbon lines C”, C2+, C*" and C*" cannot be observed in flames [Figure
4(b,c)] or carbon electric arcs [Figure 4(d)].
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Figure 5. (a)-(f). Measured high-resolution PLA of carbon emission spectra observed
in different regions at an air pressure of 4 Pa, excited by the 9P(28) line of the CO,
laser with a laser intensity of 5.36 GW cm™ , and assignment of some atomic lines and
molecular band heads.

In order to get more insight into PLA of graphite and to obtain an
unambiguous assignment of the emission lines and molecular bands, we have
scanned the corresponding wavelength regions with higher resolution (~0.12 A
in first-order). The spectra have been obtained with twenty-four successive
exposures on the CCD camera in the spectral region 200-750 nm by a ISA
Jobin Yvon Spex 0.32 m spectrometer. As examples, Figure 5(a-f) shows
several spectra recorded in the PLA of carbon experiment at high-resolution.
These spectra were recorded in the following experimental conditions: air
pressure 4 Pa, CO, laser excitation line 9P(28) at 9.621 um and laser intensity
536 GW cm™. The relative intensities of the observed emission lines
reasonably agree with tabulated values in NIST Atomic Spectral Database
[36]. In Figure 5(a-f) we have indicated with italic the position of the band
heads v’-v” of violet system of CN while in regular typeface the bands of the
other molecular systems. In Figure 5(a-f), a rather complex structure is
observed, in consequence of the overlapping between rotational lines of
different molecular band systems. Figure 5(a) displays the overlapping
between CH(C-X; Av=0 sequence), CN(B-X; Av=3 sequence), and OH(4-X;
Av=0 sequence). The relative position of the main branches for the OH(4-X) 0-
0 band is indicated. In Figure 5(b), the high intensity of the 0-0 band for
NH(4-X) is observed. This fact is in agreement with the high Franck-Condon
factor (qpp=0.9998) for this transition. In Figure 5(c) a partial overlapping
among CN(B-X; Av=1) and C,(C-4; Av=1) is observed. This spectrum clearly
shows the reversal of the bands from v”=5, which is due to the overlap
between high vibrational quantum number bands with low vibrational
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quantum number bands. So, the first vibrational bands (1-0, 2-1, 3-2, 4-3 and
5-4) are shaded to the violet and after reversal (6-5, 7-6, ...) are shaded to the
red. Figure 5(d) shows a portion of the rotational lines for the CH(B-X) 0-0
band with several single ionized carbon lines. A coincidence in the position
among the CN(B-X) 4-4 and C,(C-A4) 0-0 band heads is observed. Very weak
emission attributable to the N2+(BZZU+—X22g+) system (the most prominent
v’=0-v”=0 transition appears at ~ 391 nm) is also identifiable. In the spectrum
of Figure 5(e) the CN(B-X) Av=-1 sequence, CH(4-X) 0-0 band, and C,(d-a)
Av=2 sequence were identified. Also, several C*, C*, and atomic hydrogen
lines are observed. Finally, Figure 5(f) displays the rotational structure of
Cy(d-a) 0-1, 1-2, and 2-3 bands. The spectral features clearly show the
complexity of the relaxation process and bring out the possibility of cascading
processes.

4.2. Plasma Excitation, Vibrational and
Rotational Temperature Measurements

The excitation temperature 7., was calculated from the relative intensities
of some C' atomic lines (250-470 nm spectral region) according to the
Boltzmann equation (2.23). The estimated excitation temperature was 7Tey—
23000 + 1900 K (Figure 6). The relevant spectroscopic parameters for the C”
transitions have been listed in Table 2.
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Figure. 6. Linear Boltzmann plot for several C" transition lines used to calculate
plasma temperature, 7, . Plot also shows linear fit to the data with a regression
coefficient of R*~0.98.



Table 2. List of C* transition lines and their spectral database

(NIST Atomic Spectra Database, 2006) used for

plasma temperature calculation

Transition array Air A (A) g g A5 (s Ei(cm™) Ej(cm™) Rel. Int.
(Arb. Uni.)

252p® ’P1p-2p° *D'% 2509.12 2 4 4.53x107 110624.17 150466.69 20795
252p” *P3p-2p° D' 2512.06 4 6 5.42x10’ 110665.56 150461.58 41490
25%3p *P°) p-257 4d *Dsp 2746.49 2 4 4.36x107 131724.37 168123.74 8500
252p” 285-28"3p P’ 2836.71 2 4 3.98x10’ 96493.74 131735.52 76920
252p* 2S12-25%3p 2P’ 2837.60 2 2 3.97x107 96493.74 131724.37 44700
25™3p 2P’ p-25% 45 Sy 3918.98 2 2 6.36x10’ 131724.37 157234.07 7500
2573p ?P%,-25? 45 %S 3920.69 4 2 1.27x10" 131735.52 157234.07 16000
2573d 2D p-25 4f 2%, 4267.00 4 6 2.23x10° 145549.27 168978.34 45000
25?3d *Dsp-25” 4f *F%, 4267.26 6 8 2.38x10° 145550.70 168978.34 70000
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Figure 7. Left (a) panel: Linear Boltzmann plot of the C, Swan Av=-1 band sequence
intensity versus the normalized energy of the upper vibrational level; Right (b) panel:
Linear Boltzmann plot of the CN violet Av=0 band sequence intensity versus the
normalized energy of the upper vibrational level; Experimental conditions: laser power
density of 4.5 GW c¢m™ and vacuum pressure 4 Pa. Plots also show linear fit to the data
and the corresponding Franck-Condon factors.
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Figure 8. The vibrational temperature 7,y calculated from the C, Swan Av=-1
sequence bands as a function of the CO, laser fluence.

The detection of the Cy(d—a) Swan and CN(B-X) bands is of particular
interest since it provides an estimation of the plasma vibrational temperature.
The emission intensities of the C; Swan Av=-1 and CN Av=0 band sequences
were analyzed in order to calculate the molecular vibrational temperature 7,
For a plasma in LTE, the intensity of an individual vibrational v’-v” band I, .,~
is given by Eq. (2.24). Two Boltzmann plots of the band intensities against the
vibrational energy are given in Figure 7, along with the corresponding Franck-
Condon factors. For C, and CN the estimated vibrational temperatures were
T.%=18800 + 860 K [Figure 7(a)] and 21400 = 900 K [Figure 7(b)],
respectively. Figure 8 shows the variation of vibrational temperature at 4 Pa of
air pressure with laser fluence. The vibrational temperature is maximum at a
most efficient laser fluence of 287 J cm™. These results are consistent with
earlier reports on vibrational temperature by different authors [6,11,12,16].

Figure 9 presents a typical resolved LIB emission spectrum of graphite
and its rotational assignment for the v’=0-v’=0 band of the APA-XTI system
of CH. This electronic band is the strongest visible feature of the air,
oxygen/acetylene flame and a dominant feature of all hydrocarbon combustion
(see figure 4). This spectrum consists in a doublet due to a transition between a
A upper state (Hund case (b), 4.=-1.11 cm'l) and a IT ground state intermediate
between Hund cases (a) and (b) (4.=1+28.1 cm'l) depending on the J value. The
fine-structure components are indicated on the branch designations by
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subscript: 1 = 2A5/2-2H3/2 and subscript 2 = 2A3/2-2H1/2. The upper and lower
states, A doublets are labelled by e and f; when there are the same for both
rotational levels ee is abbreviated by e and ffis abbreviated by f. The selection
rules involving the parity levels (e or f) are: e «i> f, e «— e, f «— f for
AJ=£1 (R and P branches) and e «— f, e <1 ¢, f < ffor AJ=0 (Q branches)
[42]. For each value of the quantum number N (N=J-S), there are four nearly
degenerate energy levels, e or f, J=N+1/2. Based on these assumptions we can
expect 12 main branches (AJ=AN corresponding to R, P and Q branches) and
12 satellite branches (AJ#AN). A partial overlapping of the 0-0 band in the
region of P, and P, branches of the Av=+2 of the C, Swan band, whereas two
lines of C” and C** are also present. To estimate the effective rotational
temperature, we consider the J value for the maximum of the 0-0 band (4-X)
of CH. This effective rotational temperature is found to be 7,,=2060 + 50 K
for J.x=13/2 of the R, branch. Figure 10 shows the simulated spectra for the
0-0 A*A-X*T1 band of CH calculated (Eq. 2.25) at different temperatures. A
good agreement between simulated and observed spectra at a temperature of
about 2000 K over the entire range 4200-4400 A proves that self-absorption is
negligible and the rotational levels follow a Boltzmann distribution.
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Figure 9. High-resolution PLA of carbon emission spectra at an air pressure of 4 Pa,
excited by the 10P(20) line of the CO, laser with a laser intensity of 6.31 GW c¢m™, and
assignment of some ionic carbon lines, the band heads of C,(d-a) Av=+2 sequence and
the rotational structure of the 0-0 A*’A-XTI band of CH.
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Figure 10. Simulated spectra for the 0-0 4°A-X’TT band of CH calculated at different
temperatures.

4.3. IONIZATION DEGREE OF THE PLASMA

As the CO; laser beam is focused on the graphite surface, the carbon material
absorbs the laser energy to melt, vaporize, and excite the target material. The
carbon vapor absorbs more energy and forms high temperature plasma near
the surface. The plasma expands into the low-vacuum atmosphere (N, O,
H,O, etc) and transfers its energy to it. If the pressure around the target is
bigger than ~1000 Pa, the breakdown of the air takes place in a significant
way. Neutral, single and highly ionized carbon emission lines are found close
to the target graphite surface. The carbon clusters and the molecules of the
atmosphere obtain an energy that exceeds the binding energy. In these
conditions the plasma becomes a mixture of electrons, positive ions such as
c, C2+, C3+, C3+, C4+, neutral atoms such as C, N, O and H, and molecules
such as C,, CN, CH, NH, and OH in excited electronic states. Let us consider
the first three different ionization equilibria of carbon:

C(2s2p” *P, ) <> C'(25°2p P, ) + e + IP(C-D),

C'(2s2p2PY,) <> C*'(25° 'S, ) + e + IP(C-II),
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C(2s7's,) = C(2s' 28,,,) + e+ IP(C-III),

where the first three ionization potentials (IPs) for carbon are IP(C-1)=11.2603
eV, IP(C-11)=24.3833 eV and IP(C-II1)=47.8878 eV [51]. Taking into account
the consideration of section 2.4.5, we can obtain the ionization degree. Figure
11 shows the ionization degree N/(Ny+N;) of C, C" and C2+, plotted as a
function of the gas temperature 7 at a constant total pressure
P=(Nytn+N)kgT. The graph shows that carbon is already fully ionized at
thermal energies well below the first ionization-energy of 11.2603 eV
(equivalent to 130670 K). If we consider a temperature of 23000 K, the
ionization degrees of C, C" and C*" obtained by means of the Saha equation
are 0.999, 0.999 and 0.28, respectively. These so high values of the ionization
degrees justify the observed emission spectra. Keeping in mind these results,
the temperature obtained from the relative intensity of C" lines was chosen as
the first approximation for the average excitation temperature.

4.4. ELECTRON NUMBER DENSITY

The electron number density was obtained by considering the discussion
reported in section 2.4.3. In our experiments, for C" lines, the Doppler line
widths are 0.08-0.13 A at 23000 K (Eq. 2.18). Stark line broadening from
collisions of charged species is the primary mechanism influencing the
emission spectra in these experiments. In our case, the estimation of electron
density n. has been carried out by measuring the broadening of the spectral
profiles of isolated lines of C* (2174, 2747, 2837, 2993, 3877, 3920, 4267, and
5890 A) from the time-integrated high-resolution spectra. The electron number
densities of the laser-induced plasma were determined at a laser power density
of Iy=1 GW cm™ and air pressure of 4 Pa. A Lorentz functions were used to
fit the spectra. In order to extract the Stark broadening from the total
experimentally measured line broadening, we have to previously deconvolute
the main effects that contribute to the broadening of the spectral line. Values of
the electron impact half-width W were taken from the extensive tables given
by Griem [27]. Electron densities in the range (0.69-5.6)x10'® cm™, with an
estimated uncertainty of 10%, were determined. At the evaluated temperature
of 23000 + 1900 K, Eq. (2.4) yields n:~(0.39-2.2)x10'® cm ™. These electron
densities are close to measured values. Based on these calculations, it is
difficult to tell whether the plasma is in LTE or not. A possible reason for non-
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thermal equilibrium could be the large integration time used in the
experiments.
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Figure 11. Temperature dependence of the ionization degree Ni/(N, + N,) of carbon C,
carbon singly ionized C" and carbon doubly ionized C** at a constant pressure of 4 Pa.

The formation of ionic species is a usual phenomenon in LIB technique.
The interaction between the laser and the ablation plume is governed by EII
and/or by multiphoton ionization, both followed by electron cascade. EIl is the
most important for the longer wavelengths used in this work. MPI (Eq. 2.10)
on the other hand is relatively improbable for carbon atoms in the ground state
C(2522p2 3P0), since its high ionisation potential (11.2603 eV [51]), means that
88 photons are required for this process. The observed ionic emissions are best
explained by an EIl mechanism (Eq. 2.11). The free or quasifree electrons are
produced by the high-power laser pulse at the target surface. These electrons
gain sufficient energy from the laser field through inverse bremsstrahlung
collisions with neutrals, to ionize carbon atoms or ions by inelastic electron-
particle collisions resulting in two electrons of lower energy being available to
start the process again (Eq. 2.11). In general, the probability of MPI is
Calculations of PMI probability for carbon give a

Wy O ®, O Fp2"°
negligible value of Wyp; for the CO, laser at 4=10.591 pm and Iw=6.31
GWxcm™ (n=88) (Eq. 2.9).
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4.5. EFFECT OF
LASER IRRADIANCE

Laser-sample and laser-plasma interactions are strongly dependent on the
laser beam irradiance on the target. To see the effect laser irradiance the
measurements were also carried out at different laser fluences. Optical
emission spectra of the carbon plasma plume in medium-vacuum (~4 Pa) as a
function of the laser intensity are shown in Figs. 12(a) and 12(b). These
spectra were recorded at a constant distance of 1.5 cm from the target surface
along the plasma expansion direction. An increase of atomic and molecular
emission intensity with increasing the laser fluence was observed. Figure 13(a)
shows the emission intensity change of C(247.856 nm), C'(251.206 nm),
C*'(269.775 nm), C*'(252.998 nm), C*(227.792 nm), OH 0-0 band head
(306.35 nm), and NH 1-0 band head (336.00 nm) as a function of the carbon
dioxide laser fluence. The C**, C* and C emission intensity increases
drastically with the laser fluence. Beyond ~100 J cm?, a sharp increase of
atomic (especially for C**, C" and C) and molecular line intensities was
observed. The C**, C*', OH 0-0 band head, and NH 1-0 band head emission
intensity increases lightly with the laser fluence. Figure 13(b) shows the
emission intensity change of C'(392.07 nm), C2+(418.69 nm), NH 1-0 band
head of the A-X system, CN 1-0, 2-1, 0-0, 1-1 band heads of the B-X violet
system, C, 1-0 band head of the CIHg-AlHu Deslandres-d’ Azambuja system,
CH 0-0 band head of the A-X system, C, 1-0 band head of the d-a Swan
system, and Hg line as a function of the laser fluence. An increase of atomic
and molecular emission intensity with increasing the laser fluence was
observed. Also the background increases with the laser power. At higher laser
fluences (154-342 J cm'z), the spectral lines and molecular bands are
considerably more broadened than at lower fluences as a result of the high
pressure associated with the plasma. It is assumed that at higher laser fluence
the PLA plasma is more energetic and more ionized so that the surrounding air
can better confine the plasma; the plasma also cools down more rapidly due to
the confinement.



Results and Discussion 49

2+

Ol ——5.36 GW ¢cm™

|_|_|_I_|_'_|':l‘||||||l_l||l|||||l_||;.|||'|_|_||||4|||||.|
2000 2200 2400 2600 2800 3000 3200 3400 3600

Air Wavelength / A

——536GWcm? Q" :
————— 4.50 &0
-------- 3.46 g ]
——————— 2.41 =l
~----1.00 _ 2
—————————— 0.65 GW cm? g 2l
@ 2 el

[32] o ‘:é

(b) -
Q!

Air Wavelength / A

Figure 12. Low-resolution PLA of carbon emission spectrum observed in the (a) 2000-
3640 A and (b) 3660-4800 A regions, at an air pressure of 4 Pa, excited by the 9P(28)
line at 1039.36 cm™ of the CO, laser, as a function of the laser power density.
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head of the A°TI-X’% system, CN 1-0, 2-1, 0-0, 1-1 band heads of the B X5 violet
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4.6. EFFECT OF AMBIENT PRESSURE ON THE PLASMA

The emission characteristics of the laser-induced plasma are influenced to
a large extent by the nature and composition of the surrounding atmosphere.
The pressure of the air ambient atmosphere is one of the controlling
parameters of the plasma characteristics, as well as the factors related to the
laser energy absorption. An interesting observation was the effect of the air
pressure, studied in the range 4.6 to 63500 Pa. Figs. 14(a)-(b) show typical
OES from a carbon plasma plume at different air pressures. These plasma
plumes were generated by the CO, laser intensity of 1.00 GW cm™. In general,
the spectra of the PLA plume at low pressures (P<1500 Pa) are dominated by
emission of electronic relaxation of excited atomic C, N, H, O, ionic fragments
C*, C*" C*" and C*', and molecular features of Cao(E-A), Cy(D—-X), Cy(d—a),
Cy(D-X), Cy(e—a), Co(C-4), Cy(4-X), CN(D-4), CN(B-X), CN(4—X), OH(4—
X), NH(4-X), CH(C-X), CH(B-X) and CH(4—X). The spectra of the PLA
plume at high pressures (P>10000 Pa) are dominated by emission of electronic
relaxation of excited atomic N, O, H, ionic fragments N" and O, and
molecular features of CN(B—X) and CN(4—X). The intensities of the C, 1-0
band head of the C'TI,-4'TI, (3607 A), C, 1-0 band head of the D'S"—X'T",
(4737 A), CN 1-0 and 0-0 band heads of the B’S"-X*%" violet system, CH 0-0
band head of the 4’A-X"TI (4307 A), C'(3919 A), C'(4267 A), C* (4593 A),
C3+(4657 A), and Hg spectral lines increase with increasing pressure, reach a
maximum at about 200 Pa, and then decrease with higher pressures. Similar
results were reported in the literature [52, 53]. Figure 15 shows the evolution
of the emission intensity of C, 1-0 band head of the C'TI~4'TI, (3607 &), C,
1-0 band head of the D12+u—XlZ+g (4737 A), CN 1-0 and 0-0 band heads of the
B’S-X’5" violet system, CH 0-0 band head of the A*A-XPT1 (4307 A),
N'(3437 A), 073410 A), C'(3919 A), C7(4267 A), C*'(4593 A), C*"(4657 A),
and Hp atomic lines as a function of air pressure. From figure 15, the intensity
of the C*'(4593 A), C"(4267 A), and C*(4657 A) spectral lines is found to be
more sensitive to the pressure that the CH 0-0 band head of the 4-X (4307 A),
C'(3919 A), and H; atomic lines. The lines N'(3437 A) and O'(3410 A)
produced in the breakdown of the air, are not observed in the PLA of carbon at
low-air pressures. The intensity of CN (Av=0 sequence) increases with
increasing air pressure, reach a maximum at about 200 Pa, and then stays
constant as the pressure is increased further. Beyond 200 Pa (see Figure 15), a
decrease in the time-integrated emission intensities of c, C2+, C3+, CN, C,,
CH, NH and H was found. However, an increase in the emission intensities of
the N" and O lines was observed. We suggest that these effects are related to



52 J. J. Camacho, J.M.L. Poyato, L. Diaz et al.

shielding by the air plasma, where a part of the laser energy is absorbed by the
air plasma during its expansion.
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Figure 14 (a)-(b). Low-resolution PLA of carbon OES observed at various air
pressures in: (a) 3400-4880 A region and (b) 4800-6300 A region.
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This result in a reduction of the atomic and ionic emission intensity of
species formed from the carbon target. At low pressures (P<200 Pa), the C, C",
C2+, C3+, and CN, C,, CH, NH emissions are produced nearer to the carbon
target than the N" and O" emissions produced nearer to the air plasma position.
In general, the air ambient gas will confine the plasma near the target
(produced mainly by C, C, C*, C**, and CN, C,, CH) and prevent the
electrons and species produced near the target escaping quickly from the laser
focal volume (observation region). Therefore, the emission intensity increases
with increasing pressure. However, at higher pressures (more than 200 Pa in
our case), the ambient gas will hinder the plasma from penetrating the
atmosphere and predictably cause a higher plasma temperature. The emission
intensity of H, C, C, C*, C*, and CN, C,, CH decreases because of the fact
that the laser energy is absorbed by air, producing air breakdown and
increasing the N, O, N', and O" emission intensity, in agreement with our
observation in Figure 15. At lower air pressures, the absence of the shielding
air plasma results in a strong increase in the intensity of the C, C, C2+, c*
emission from the carbon target plasma. At such lower air pressures the
relative contribution of the N, O and O emission diminishes, and the
emission from carbon surface component becomes dominant.
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Figure 15. Emission intensity change of C, 1-0 band head of the Cll'[g-All'[‘l (3607 A),
C, 1-0 band head of the @’T1,-a’I1, (4737 A), CN 1-0 and 0-0 band heads of the B°X'-
X°X" violet system, CH 0-0 band head of the 4°A-XTI (4307 A), N* (3437 A), O
(3410 A), C'(3919 A), C'(4267 A), C*'(4593 A), C*(4657 A), and Hy line as a
function of the air pressure around the carbon target.
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Figure 16. Optical emission spectra of the graphite ablation plume at: 5, 8, 14, and 18
cm from the target.

4.7. SPATIAL CHARACTERIZATION

In this section we present experimental results on the laser ablation of a
graphite target at P,;=4 Pa by using a high-power IR CO, pulsed laser
(/=9.621 pm and laser fluence of 342 J cm™) and distances from 0.2 up to 20
cm, from the target along the plasma expansion direction. We discuss the
dynamics of the plume expansion and formation of different atomic (C, N, H
and 0O), ionic (C", C*, C** and C*") and molecular (C,, OH, CN, CH and NH)
species. Although OES gives only partial information about the plasma
particles, this diagnostic technique helped us to draw a picture of the plasma in
terms of the emitting chemical species, to evaluate their possible mechanisms
of excitation and formation and to study the role of gas-phase reactions in the
plasma expansion process, allowing a discussion of the probable OH, NH, CH,
CN, H, O and N formation by gas phase reactions during the propagation of
the plasma plume.
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The plasma emission was recorded at several distances along the plasma
expansion direction (Z axis of Figure 2) at a constant distance y=10 cm with
respect to the focusing lens onto the entrance slit of the monochomator and
parallel to the target surface. Figures 16-18 show time-integrated OES
following nanosecond pulsed laser ablation of graphite monitored at several
distances from the target in different spectral regions. One can see from these
figures that the emission along the plasma Z-axis is, in the conditions of
sensitivity of our detection system, about 20 cm. Also we can observe that the
intensity of the C*, C* and C* ionic emission lines decays rapidly at
distances higher to 1.5 cm. On the other hand it can be see that at high
distances from the graphite target (z=18 cm) atomic lines from C', C,H, O,
and N are still observed. The intensities of the molecular bands for different
species (OH, NH, CH, CN and C,) generally decay with distance, being
observed up to 18 cm.
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Figure 17. Optical emission spectra of the graphite ablation plume monitored at: 0.2, 5,
8, 14, and 18 cm from the target: (a) 3500-4200 A; (b) 4200-4950 A regions.
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Figure 19(a) shows the emission intensity change of C'(3920.7 A),
C*'(4186.9 A), Hy(4861.36 A), NH 1-0 band head (3365 A), CN B-X 1-0, 0-0,
and 1-1 band heads (3591, 3887, 3875 A, respectively), C, C-4 1-0 band head
(3615 A), CH A4-X 0-0 band head (4317 A), and C, d-a 1-0 band head (4743
A), as a function of the distance. The C** emissions are only observable close
to the carbon target (z<4 cm). The intensity of CN, NH, CH bands, and Hj line
increase lightly with increasing the distance, reach a maximum at about 5 cm,
and then stay constant as the distance is further increased. Beyond 8 cm, a
decrease in the time-integrated emission intensities of these species was found.
The intensity of the C, band falls continuously with the distance to the target.
The continuous decrease of the C*, C2+, and C, emission intensities with the
distance indicates that these species are mainly formed from the carbon
surface. This decrease is more drastic for the C** emission intensity probably
due to the fact that the recombination with free electron is faster than for C”
species. The slight rise of the NH, CN, CH and Hg emission intensities as a
function of the distance up to zy,x = 5 cm indicates that these electronically
excited species are mainly formed by gas phase reactions during the
propagation of the plasma plume through the air gas. The NH, CN, CH and Hp
emission intensities diminish for z > 8 cm due to the decrease in density during
the expansion of the plasma plume. In figure 19(b), the emission intensity
change of O(8446.359 A), 0(9262.776 A), N(8680.28 A), C(9061.43 A),
C(9078.28 A), C(9088.51 A), C(9094.83 A), C(9111.80 A), and CN A-X 1-0
band head at 9192 A as a function of the distance from the target are shown.
The intensity of O(8446.359 A), 0(9262.776 A), N(8680.28 A) and CN 4-X 1-
0 band head increases lightly with increasing the distance from the target
expansion direction, reach a maximum at about 5 cm, and then stays constant
as the distance is further increased. Beyond 8 cm a decrease in the time-
integrated emission intensities of these species was found. However, all the
carbon emission lines decrease with increasing the distance from the target. As
previously discussed in figure 19(a) the behaviour of carbon species are
mainly formed from the surface target but, molecular species such as NH, CN
and CH are produced in gas phase.
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Figure 19. (a)-(b). Emission intensity change of: (a) C’, c, Hg, NH, CN, C, (C-4 1-0
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In order to further identify properties of the ablation plasma plumes
originated from graphite targets, we have estimated the vibrational
temperatures (Eq. 2.24) of C, molecule (d-a Swan Av=-1 band sequence) as
function of z-distance. The estimated vibrational temperatures were
Tiv=23000£1000, 16200+£900, 10800600, 7700+£500 K at 0.2, 1.5, 5 and 9
cm from the target along the plasma expansion direction, respectively
compatible with a cooling stage.

4.8. TEMPORAL EVOLUTION OF THE PLASMA

In this section time-resolved OES analysis for the plasma plume, produced
by high-power tunable IR CO, pulsed laser ablation of graphite, at 2=10.591
pm and a laser fluence of 402 J em” is presented. We focus our attention on
the temporal evolution of different atomic/ionic and molecular species over a
broad spectral range from 190 to 1000 nm. Excitation temperature, electron
density and vibrational temperature in the laser-induced plasma were
estimated from the analysis of spectral data at various times from the laser
pulse incidence.

In time-resolved measurements, the delay #; and width ¢, times were
varied. It was verified that the plasma was reproducible over more than 7
ablation events by recording the same spectrum several times. The temporal
history of laser-induced breakdown carbon plasma is illustrated schematically
in Figure 20. The time when beginning of the CO, laser pulse is triggered is
considered as the origin of the time scale (+=0). Inserts illustrate some
emission spectra recorded at different delay and width times. The temporal
shape of the CO, laser pulse is also shown. Because the LIB plasma is a pulsed
source the resulting spectrum evolves rapidly in time.

The LIBS spectra of carbon were measured at different delay and width
times. As an example figure 21(a) show OES of the graphite ablation plume at
low-resolution in 2000-2800 A region monitored at several delay times for a
fixed gate width time of 0.1 ps. At early times (t4<2 ps) the predominant
emitting species are the c* 2p2 'Dy > 2s2p2 'P, atomic line at 2296.87 A and
two lines of C** at 2524.41 and 2529.98 A. The three molecular band systems
observed in this spectral region are the Co(E'S, -4'Tl,; Freymark), C5(D'%, -
X12g+; Mulliken) and Cz(e3 I,- a I1,; Fox-Herzberg). These bands stay
approximately constant as the delay time is increased up to ~5 ps, and
decrease for higher delay times.



60 J. J. Camacho, J.M.L. Poyato, L. Diaz et al.

] t,=4ps 3
t,=0lps £
il B nE
5 00| | TR Mw]k p
< | / O
) 1 o
E ™ Trw= 8418t (gate width time)
% 0.05
© .
— 1| t, (gate delay time)
_ CO, Laser pulse
0.00
ISR ARAN RARAN RARAE RRRLE LARAE RRRRE RARES RARLE AR RAREN RALLE LAY LARLLE RARLE BN
0.0 05 1.0 15 20 25 3.0 35 40 45 50 55 6.0 65 70 75

Time / ps

Figure 20. A schematic overview of the temporal history of laser-induced breakdown
carbon plasma. Here ¢, is the gate delay time and ¢, is the gate width time during which
the plasma emission is monitored. Inserts illustrate some spectra observed at different
delay and width times. The temporal shape of the CO, laser pulse (recorded with the
aid of the photon-drag detector) is also shown.

Figure 21(b) shows the LIB emission spectrum of graphite plasma plume
recorded 1, 1.2, 4 and 11 ps after the CO, laser irradiation in the spectral
region 2850-3600 A. The main features in this region are the emission of C"
ionic species and several molecular emission bands from C,, OH and CN. The
C" emission intensities fall considerably as the delay changes from 1 to 11 ps.
On the other hand, the molecular bands of C,, OH and CN emission intensities
stay approximately constant as the delay time is increased up to ~5 ps, and
decrease for higher delay times. From our results at low-resolution we can
appreciated that the intensity of the C”, C*" and C*" ionic emission lines
decays rapidly at delay times higher to 2 ps. On the other hand we can see that
at high delay time after plasma ignition, atomic lines from C, H, O, and
molecular bands of C,, CN and OH are still observed.
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Figure 21. Optical emission spectra of the graphite ablation plume monitored at
different delay times for a fixed gate width time of 0.1 ps in two spectral regions.
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In order to get more insight into laser ablation of graphite and to
understand the laser-induced breakdown dynamics, we have scanned in the
UV-Visible spectral region with higher resolution. As an example some results
for the spectral region 4640-4750 A are shown in figures 22-24. The spectral
range was chosen in order to detect both double and triple ionized carbon
species and C, diatomic molecule. In figure 22, the data acquisition was
performed by averaging the signal over: (a) 20 successive laser shots (4=0 and
t,>>30 ps) and (b) 7 successive laser shots (#=4 ps and #,=0.02 ps). The
emissions of ionized C2+(1522s3p 3P02,1,0 - 15%2s3s 3S1) around 4650 A, and
C** around 4658.3 A are considerably higher in the spectrum of Figure 22a,
while the C,(d-a) Swan Av=+1 sequence emission is similar. Figures 23a-b
and 24 show the typical temporal sequence of laser-induced carbon plasma. At
early times (z3<0.02 ps) emission from C* and C*' is easily detected between
4645-4670 A (see inset within figure 23-a). As seen in figure 23-b during the
initial stages after laser pulse (£4<0.04 ps), C** emissions dominate the
spectrum. As time evolves (0.04 us<ty<1.5 ps), C*" emission dominate the
spectrum. As the delay is increased up to 2.5 ps (1.5 pus<t4<2.5 ps) again c*
emission dominates the spectrum. These ionic lines decrease quickly for
higher delay times, being detected up to ~ 3 ps. Some oxygen and nitrogen
ionic lines were also observed in the spectra at the gate delay from 0.02 ps to 1
ps and its emission intensities remain approximately constant in this time
interval (see Figure 23a). They vanished after the delay of ~1.5 ps. It shows
that the air is ionized by the CO, laser pulse and by the collisions with the
laser induced plasma. During the time period up to ~ 0.5 ps, no apparent C,
emissions were observed. As can be seen from Figure 24, the C,(d-a; Av=1
band sequence) emissions were clearly observed from ~2 ps. The C, emission
intensities increase lightly with increasing #4, reach a maximum at ~5 ps, and
then decrease as the time is further increased.

Space-and-time resolved OESs laser-induced measurements could be used
to estimate plasma expansion rate. To obtain additional time resolved
information about the optical emission of the plume, wavelength resolved
spectra have been recorded at different delay times at a distance of 9 mm. The
temporal evolution of spectral atomic, ionic and molecular line intensities at a
constant distance from the target can be used to construct the time-of-flight
(TOF) profile. TOF studies of the emission provide fundamental information
regarding the time taken for a particular species to evolve after the laser-
induced plasma has formed. Specifically, this technique gives an indication of
the velocity of the emitted species. A rough estimation of the velocity for the
different species in the plume can be inferred from the time resolved spectra
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by plotting the intensities of selected emission lines versus the delay time, and
then calculating the velocity by dividing the distance from the target by the
time where the emission peaks. This method for determination of plasma
velocity should be used with care due to the superposition of both expansion
and forward movements of the plasma plume.
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Figure 22. (a)-(b). Measured high-resolution pulsed laser ablation of graphite emission
spectra observed in the region 4645-4750 A region. The data acquisition was
performed by averaging the signal over: (a) 20 successive laser shots with #,=0 and
t,>>30 us; (b) 7 successive laser shots with #;=4 ps and #,=0.02 ps. The assignments of
some ionic lines of C** and C** and molecular bands of C, are indicated. The insert in
(a) illustrates the rotational structure of one triplet of C*" line.
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Figure 23.(a)-(b). Time-resolved high-resolution emission spectra from laser-induced
carbon plasma observed in the region: (a) 4645-4720 A region monitored at 40 ns
delay time; (b) 4645-4670 A region monitored at 20, 30, 100, and 500 ns gate delay
times for a fixed gate width time of 20 ns. The inset in (a) displays the spectrum the
first 20 ns after incidence of the laser pulse.
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Figure 24. Time-resolved high-resolution emission spectra from laser-induced carbon
plasma observed in the region 4645-4750 A region monitored at 2, 3, 5, and 10 us gate
delays for a fixed gate width time of 20 ns.

Figure 25 displays the TOF profile, for ablation experiments induced by
CO, laser pulses, of several C, C" and C*' lines intensities in UV region and
C*" in the visible as a function of delay time. However, the insert of the figure
shows the time dependence of C*" and C*" line intensities in the visible region
for ablation induced by CO; laser pulses in which the tail has been eliminated
by means of the suppression of the N, in the gas mixture of the active laser
medium. All the data are taken from high-resolution spectra and in the figures
the temporal profiles of both kinds of laser pulses are also plotted. In both
cases emissions from C** are stronger than emissions coming from the other
species. All the ionic lines follow the time profile of lasers pulses lasting until
four or three microseconds depending on the kind of the laser pulse. These
behaviours may be related to the laser absorption processes on the target
surface. Thus for “non tailed pulses” the line intensities start to growth at 400
ns while for “tailed pulses” start at 70 ns. Since the energy pumping (rise time)
of each kind of pulse is different, the species reach the maximum intensity at
different times: Ul ps for non tailed pulses and 700 ns for tailed ones,
indicating that the graphite target needs some energy threshold to eject the
different species. The higher intensity in the 0-400 ns time interval for the c*
may be due to the higher sensibility of our ICCD camera in the visible region
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than in the UV one. The different behaviour of atomic C can be also observed
in figure 25. Atomic C have a higher rise time and lasting more ( > 15 ps) than
ionic species, possibly due to the continuous recombination of ions with
electrons to give excited carbon. From these results has not been observed
excitation dependence on the pulse tail however the energy of the pulse
intensity seems to be the pulse parameter that influence on the graphite
ablation process. The peak velocities estimated for C**, C*" and C" species,
from figure 25, are about 7x10° m/s.
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Figure 25. Emission intensity change of C(2478.56 A), C"(2509.12 A), C*"(4647.42 A)
and C*7(2529.98 A) lines as a function of delay time (fixed gate width time of 20 ns)
for a CO, pulse laser with a tail of about 3 us. The insert shows the emission intensity
change of C**(4647.42 A) and C’"(4658.3 A) lines as a function of delay time (fixed
gate width time of 20 ns) for a CO, pulse laser without tail.

In this section the plasma temperature was determined form the emission
line intensities of several C" lines observed in the laser-induced plasma of
carbon target for a delay time of 1 ps and 0.02 ps gate width. The obtained
excitation temperature was 26000 = 3000 K. The carbon ionic multiplet line at
~3920 A was identified as candidate for electron-density measurements.
Figure 26-a shows, the 3920 A carbon ionic line with sufficient resolution to
measure the full width at half-maximum at 8 different time delays. All the data
points were fitted with Lorentzian function to determine the Stark line width.
By substituting these values in Eqn. (2.21) and the corresponding value of
electron impact parameter W (0.465 A from Griem [27] at plasma temperature
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of 26000 K), we obtain the electron density. Figure 26-b gives the time
evolution of electron density by setting the gate width of the intensifier at 0.02
ps. The initial electron density at 0.02 ps is approximately 3x10" cm”.
Afterwards, the density increases over the period of 0.1 ps and reaches a
maximum at 0.1 ps (time period of the peak CO, laser pulse), and then
decrease as the time is further increased. At shorter delay times (<0.1 ps), the
line to continuum ratio is small and the density measurement is sensitive to
errors in setting the true continuum level. For times >0.1 ps, the line to
continuum ratio is within reasonable limits and the values of electron density
shown in figure 26-b should be reliable. Initially the laser-induced plasma
expands isothermically within the time of the duration of the laser pulse. After
termination of the peak laser pulse (~0.1 ps) the plasma expands adiabatically.
During this expansion the thermal energy is converted into kinetic energy and
the plasma cools down rapidly. After 4 ps, the electron density is about
1.5x10" cm™. For a long time >4 ps, subsequent decreased C' emission
intensities result in poor signal-to-noise ratios, and there exits a limitation in
the spectral resolution. The decrease of n. is mainly due to recombination
between electrons and ions in the plasma. These processes correspond to the
so-called radiative recombination and three-body recombination processes in
which a third body may be either a heavy particle or an electron.

In order to further identify properties of the ablation plasma plumes
originated from graphite targets, we have estimated the vibrational
temperatures of C, molecule as function of delay time. The emission
intensities of the C, d-a Swan Av=+1 band sequence were used to estimate
these vibrational temperatures 7.;,. The estimated vibrational temperatures
were T,,=8000£500, 8300600, 7500+£600, 4500+900 K at 3, 5, 10 and 15 ps
after plasma ignition, respectively compatible with a cooling stage.

Optical emission accompanying TEA-CO, nanosecond laser ablation of
carbon is very long lived (~40 ps) relative to the average radiative lifetimes of
the excited levels that give rise to the observed emission lines. At distances
close to the target surface (<9 mm), all of the emission lines of C, c, C* and
C*" expected in the 2000-10000 A wavelength range are observed, illustrating
that the excited species giving rise to the optical emission are produced by
non-specific mechanism during the TEA CO, laser ablation process. However,
a direct excitation-de-excitation mechanism cannot explain the observed
emission spectra. EII would explain the emission intensity variation with the
time for C, C*, C**, C** and C, species. On the other hand, the formation of the
excited molecular species would happen in gas phase by collisions between
atomic or ionic species present in the plume and the residual gas at times far
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away from the plasma ignition. The emission process at this plasma stage is
divided into two different process associated, respectively with the shock
formation and the plasma cooling. During the former, the atoms, molecules
and ions gushing out from the carbon target are adiabatically compressed
against the surrounding gas. During the latter stage the temperature of the
plasma and consequently the emission intensities of atomic lines and
molecular bands decrease gradually.
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Figure 26. (a). Stark-broadened profiles of the C* line at 3920 A at different delay
times for a fixed gate width time of 0.02 ps. (b) Temporal evolution of electron density
at different delay times from plasma ignition.
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The evolution of the TEA-CO, laser-induced carbon plasma can be
divided into several transient phases. The initial plasma (t;<2 pus) is
characterized by high electron and ion densities (10'°-10" em™), and
temperatures around 2.2 eV. The emission spectrum from this early stage is
characterized by emission lines from C**, C*" and C” ions. Owing to the high
electron density, the emission lines are broadened by Stark effect. The ionic
emission lines (C**, C*, C") decay rapidly being observed up to ~3 ps.
Emission lines from C atoms and molecular species (C,, CN, CH, OH) in
excited electronic states can be found after about 1 ps time delay. As the
plasma expands and cools, the electrons and ions recombine. After the initial
plasma (t;>3 ps), the molecular emissions increase slowly up to ~5 ps and
after that decay slowly up to ~40 ps.






Chapter 5

CONCLUSION

This article reviews some fundamentals of LIBS and some experimental
studies developed in our laboratory on the ablation of graphite using a high-
power IR CO; pulsed laser. In this experimental study we used several laser
wavelengths (41=9.621 and 10.591 um) and laser intensity ranging from 0.22 to
6.31 GW cm™. Ablation was produced typically at medium-vacuum conditions
(~ 4 Pa). Emissions from the resulting ablation plumes, and from the collisions
with the ablated material and the background gas molecules (N,, O,, H,O, etc),
have been investigated by wavelength-, space-, and time-resolved OES from
UV-Vis-NIR. Wavelength-dispersed spectra of the plume reveal C, C", c™,
C3+, C4+, N, H, O, N*, O" and molecular features of C,, CN, OH, CH, N,, N,"
and NH emissions corresponding to different electronic band systems. For the
assignment of molecular bands a comparison with conventional emission
sources was made. Excitation, vibrational and rotational temperatures,
ionization degree and electron number density for some species were
estimated by using different spectroscopic methods. The characteristics of the
spectral emissions from the different species have been investigated as
functions of the ambient pressure, laser irradiance, the distance from the target
and delay time after plasma ignition. Time-gated spectroscopic studies have
allowed estimation of TOF and propagation velocities for various emission
species. Possible production routes for secondary emitters such as C,, CN,
OH, CH, N,, N," and NH are discussed.
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