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Laser-induced plasma represents today a widespread spectroscopic emission source. It can be eas-
ily generated using compact and reliable nanosecond pulsed laser on a large variety of materials.
Its application for spectrochemical analysis for example with laser-induced breakdown spectroscopy
(LIBS) has become so popular that one tends to forget the complex physical and chemical processes
leading to its generation and governing its evolution. The purpose of this review article is to sum-
marize the backgrounds necessary to understand and describe the laser-induced plasma from its
generation to its expansion into the ambient gas. The objective is not to go into the details of each
process; there are numerous specialized papers and books for that in the literature. The goal here
is to gather in a same paper the essential understanding elements needed to describe laser-induced
plasma as results from a complex process. These elements can be dispersed in several related but
independent fields such as laser—matter interaction, laser ablation of material, optical and thermo-
dynamic properties of hot and ionized gas, or plasma propagation in a background gas. We believe
that presenting the ensemble of understanding elements of laser-induced plasma in a comprehensive
way and in limited pages of this paper will be helpful for further development and optimized use
of the LIBS technique. Experimental results obtained in our laboratory are used to illustrate the
studied physical processes each time such illustration becomes possible and helpful.
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1 Introduction

Laser-induced breakdown is a well-known phenomenon
which leads to a strongly ionized gas commonly named
laser-induced plasma (LIP). Such plasma occupies a par-
ticular place in the scales of temperature and density for
plasma as shown in Fig. 1 [1]. Using typical nanosecond
pulsed laser with fluence in the order of 10 J/cm? and
corresponding irradiance in the order of 10 GW /cm?, ini-
tial temperature in the range of 10 to 10° K and initial
electron density of 107 to 10" c¢cm™3 can be typically
reached in an LIP [2]. Excitation energy in the order of
several to tens of eV is typically available allowing a large
number of processes to occur for particles constituent
of the plasma, ions, atoms as well as molecules and
clusters. Such processes include absorption/emission,
ionization/electron capture, and dissociation/formation
of molecule, cluster and nanoparticle. In addition to
primary interest as a convenient way for easy plasma
production with commercially available laser, LIP repre-
sents an alternative to simulate what happens in various
inaccessible and/or harmful environments such as the
ionosphere, the interstellar space or the solar corona. In
the presence of laser radiation, such plasma can be char-
acterized by the energy scale, KT" S hv < I, involving
the thermal energy kT of the plasma, the energy of laser
photon hv, and the ionization potential of the particles in
the plasma I,,. The plasma appears therefore as a hot and
ionized gas with optical absorption and demission prop-
erties sensitively dependent on its thermodynamic state.
The last is in turn influenced by the radiative processes
in the plasma. Strongly nonlinear processes take place
in the plasma, which determine its hydrodynamic, opti-
cal as well as chemical behaviors. Such medium situates
thus between hot plasma and cold gas and its descrip-
tion requires disciplines including atomic and molecular
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Fig. 1 Position occupied by laser-induced plasma in the scales
of temperature 7" and electron density n., with respect to those
occupied by other types of plasma (adapted from Ref. [1].).
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physics, thermodynamics, hydrodynamics, nonlinear op-
tics, spectroscopy and also photochemistry.

Besides the fundamental interests, applications of LIP
have been recently more and more attractive, especially
with laser-induced breakdown spectroscopy (LIBS) [3—
8]. Growing interest in spectrochemical application of
LIBS is due to the unique advantages of the technique in-
cluding easy sample preparation, capacity of non-contact
and remote measurement, instantaneous response for
multi-elemental identification and analysis and possibil-
ity of precisely localized (micro) surface analysis. Initially
demonstrated in the early 60’s shortly after the invention
of the laser [9, 10], LIBS was first applied in detection
of hazardous gas and vapors in air at Los Alamos in
1980’s [11]. Further development of the technique turned
to very practical problems, such as monitoring environ-
mental contaminations, industrial applications for con-
trol of material processing, and sorting of materials or
wastes [12, 13]. More specific needs from security and
homeland defense trigger investigation of LIBS applica-
tion in detection and analysis of explosives [14] and bac-
teria [15, 16]. Versatility of the technique also leads to its
use for biomedical samples [17] and agriculture products
[18]. The capability of LIBS to perform remote detection
enables its application in the nuclear industry [19]. The
integration by the NASA of a module of LIBS in the
Mars exploration rover “Curiosity” for analysis of the
soil of Mars highlights the application of LIBS for space
exploration [20, 21].

Fast development of the LIBS technique and its ap-
plication in a wide range of domains make laser-induced
plasma today so popular that one tends to forget the
complex physical and chemical processes leading to its
generation and governing its evolution. Further develop-
ment of the technique is however crucially dependent on
a deeper understanding and more detailed description
of the mechanisms involved in the generation and the
evolution of the plasma. Compared to the established el-
ement analytical techniques such as inductively coupled
plasma atomic emission spectroscopy or mass spectrom-
etry (ICP-AES or ICP-MS), LIBS is still currently con-
sidered as an emergent technique in despite of its demon-
strated potentials. Its sensitivity, the precision and the
accuracy of its measurements, or in one word, its per-
formance for quantitative analysis, are expected to be
significantly improved [22, 23]. Back to the fundamental
of the laser-induced plasma for a better understanding
and description of the phenomenon is currently consid-
ered by the international LIBS community as a necessary
approach to significantly accelerate the maturation of the
technique.

In this review we will summarize the physical back-
grounds necessary to understand and describe the laser-
induced plasma from its generation to its propagation
into the ambient gas. Our objective here is not to go
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into the detail of each process, which has been treated in
many other specialized papers and books. The focus of
this paper is the understanding of the complex process
leading to laser-induced plasma. The basic understand-
ing elements can be dispersed in several related but in-
dependent fields such as laser-matter interaction, laser
ablation, optical and thermodynamic properties of hot
and ionized gas, and plasma propagation into a back-
ground gas. We believe that the presentation of the en-
semble of understanding elements in a comprehensive
way and in limited pages of this paper will be helpful
for further development and optimized use of the LIBS
technique. Often LIBS developers or users are faced with
a large variety of materials to be analyzed (metals, di-
electrics, organics, or biological materials) and wide pos-
sible choices for ablation configuration concerning either
laser parameters (fluence, wavelength, pulse duration)
or background (gas nature or pressure). Only a good
understanding of the physics behind LIBS allows for a
correct use of the technique and adapting it to each spe-
cific application. As we mentioned above, the majority
of plasmas for spectroscopic applications are generated
using a nanosecond pulsed laser because of the practical
convenience of such laser source. We limit therefore our
consideration in this paper to the physics of the interac-
tion between matter and a nanosecond laser pulse. Such
limitation excludes a large range of extremely important
processes of actual focus for a broad area of research. In-
terested readers can gain an insight into the interaction
of ultra-short laser pulse with matter through related
review papers or books [24, 25].

In Section 2 of the paper, we will provide a description
of the process of laser ablation, which is responsible for
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plasma generation. The generated plasma subsequently
expands into the background gas. For nanosecond-laser
ablation, the early stage of expansion of the plasma takes
place in the presence of the laser radiation. We will dis-
cuss in Section 3, the mechanisms of plasma propaga-
tion driven by the interaction between the plasma and
the laser radiation together with the coupling with the
background gas. Although theoretical models and exper-
imental results from the literature will be used in this
paper to provide the state of the art of our actual com-
prehension of laser-induced plasma, experimental results
obtained in our laboratory will also be presented to il-
lustrate the studied physical processes each time such
illustration becomes possible and useful.

2 Plasma generation during laser ablation

Laser-induced plasma produced during pulsed laser abla-
tion corresponds to the mass of target material removed
consequently to absorption of the laser radiation by the
target. Several steps can be distinguished to understand
and describe the generation of ablation plasma and its
subsequent evolution in the background gas. As illus-
trated in Fig. 2, the process starts at the instant when
the leading edge of the laser pulse reaches the target
surface. Energy of the incident laser pulse is first ab-
sorbed by material touched by the laser pulse, which
induces microscopic as well as macroscopic changes in
the material. In particular, if the fluence or the irradi-
ance of the laser pulse exceeds the threshold of ablation,
phase transitions occur in the irradiated volume leading
to the generation of a vapor. Such vapor can be neutral or
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Fig. 2 Sequential processes in the generation and evolution of a plasma induced a nanosecond laser pulse with a typical

timescale for the development of the sequence.
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ionized and in the case of nanosecond or longer dura-
tion pulse ablation, it interacts with the incoming laser
pulse. Its high density and temperature and initial free
electrons in it permit it to absorb efficiently the laser
energy and get highly ionized. A plasma is thus gener-
ated above the target surface, leaving behind it a crater.
The plasma expands into the background gas and in-
teracts strongly with it. Since the laser pulse may still
present during the early stage of the plasma expansion,
the so-called laser-supported absorption wave (LSAW)
dominates the propagation of the plasma into the back-
ground. After the termination of the laser pulse, the re-
sulting system continues to expand into the background.
Relaxation processes take place in the plasma including
the spectral emission from the plasma, which is the ba-
sis of the LIBS technique. The plasma finally condenses
itself. A typical timescale of the development of the se-
quential processes during the lifetime of the plasma is
also indicated in Fig. 2. In the present Part of the pa-
per we will describe the formation of the plasma. The
expansion of the plasma will be the subject of Section 3.
Attention will be focused on the understanding of the in-
volved physical processes. Useful theoretical models and
formulas will also be introduced.

2.1 Absorption of laser radiation and relaxation of
electronic excitation

Absorption of laser radiation by material and relaxation
of electronic excitation are the key processes in laser ab-
lation. Such processes depend on the microscopic inter-
action mechanisms between the laser radiation and the
matter, as well as the macroscopic property of the mate-
rial. Since for LIBS applications, laser ablation can con-
cern matter in any state of gas, liquid or solid phases, a
complete review of laser-induced plasma for LIBS should
discuss specifically each case. Such review represents ob-
viously a huge work that will not be the purpose of this
paper. In the following instead, we will focus on solid
materials, which include usual solid state or crystalline
materials (metals or inorganic dielectrics) and so-called
molecular solids (polymers and some biological materi-
als). The study of laser-induced plasma from these ma-
terials already concerns such large range of fundamen-
tal processes, the understating of which also helps us to
deal with laser-induced breakdown in gas and in liquid
although specific features have to be included in the con-
sideration for each specific state of the matter.

Optical property of a material can be influenced by
the characteristics of the laser pulse. Among the most
important parameters of a laser pulse, there are pulse
duration (and more generally the temporal profile of the
pulse), fluence and wavelength. For LIBS, Nd:YAG laser
is typically used because of its reliability and efficiency
for ablation on any material with easily generated har-
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monics from the near ultraviolet (UV) to the near in-
frared (IR). The typical pulse duration of a Nd:YAG
laser ranges from several to tens of nanoseconds. Typ-
ical fluence used in LIBS is in the order of 10 J/cm?
which corresponds to an irradiance of 10°-10*° W /cm?.
The available wavelengths with the fundamental and the
harmonics of a Nd:YAG laser are listed in Table 1 to-
gether with the corresponding photon energy.

Table 1 Available wavelengths with a Nd:YAG laser associated
to harmonics generation together with associated photon energy.

Wavelength /nm Photon energy /eV

1064 1.17
532 2.33
355 3.49
266 4.66

Attenuation of a laser beam propagating in a material
medium can be described by the Beer-Lambert law [26],
if the beam is propagating in the x direction and I(z) is
its irradiance at a position z,

dI(x)
dz

where the used derivative form provides a more general
description and when the parameter a becomes constant
and homogenous, the usual integrated Beer-Lambert law
can be obtained,

=—ax I(z) (1)

I(x) = Iy exp(—ax) (2)

where Iy is the irradiance at = 0. The physics of laser—
matter interaction is included in the parameter a which
is the attenuation coefficient. In such global attenuation
one can distinguish the contributions of absorption and
scattering. In a homogenous material however, the scat-
tering becomes negligible, and in general the parameter
« is considered as absorption coefficient. Optical absorp-
tion coefficient represents one of the most important op-
tical properties of the matter. It is obviously specific for
each type of solid and for each considered material. It
depends on the detailed microscopic interaction between
laser radiation and matter. It is usual to consider the
crystalline materials on the one hand and the molecular
solids on the other hand because of the different domi-
nant mechanisms in these two classes of solid materials.

Relaxation occurs subsequently to optical absorption
leading to electronic excitation in matter, which is re-
sponsible of energy coupling between the different de-
grees of freedom in the matter and consequently the
degradation of the material through the absorption of
laser radiation. Different relaxation channels and mech-
anisms can be observed in crystalline materials or in
molecular solids due to their distinguished microscopic
structures as for optical absorption. In the following we
will continue our discussion separately for crystalline ma-
terials and molecular solids.



Jin Yu, et al., Front. Phys., 2012, 7(6)

2.1.1 Absorption and electronic excitation relaxation in
crystalline materials

Band structure is a well-known concept to describe the
electronic energy structure in solid state materials [27,
28]. A figure adapted from Ref. [26] can be used to illus-
trated electronic structure of crystalline materials (we
limit ourselves here to metal and dielectric for simplicity)
as shown in Fig. 3. In a pure dielectric, the valence band
is filled by electrons while the conduction band is totally
empty (strictly true at 0 K). Only interband transition
can be responsible for optical absorption leading to the
creation of an electron—hole pair. A typical value of band
gap of dielectrics is that of diamond of 5.5 eV [26]. Com-
pared to photon energies available with a Nd:YAG laser,
one can see that single photon absorption is in general
not possible in dielectric. Multiphoton absorption can
lead to interband transition in a dielectric which becomes
important when laser irradiance increases. For moderate
irradiance usually encountered in LIBS, the presence of
defects is crucial for optical absorption of a dielectric
since they introduce energy levels inside of the band gap
in such way that the electrons occupying the defect levels
can be excited into the conduction band through single
photon absorption. The balance between the multipho-
ton interband absorption and the single photon defect
absorption depends on the concentration and the nature
of the defaults in the crystal and the characteristics of the
used laser. The calculation of the absorption coefficient
« can be very complicated and depends on the specific
structure of the dielectric and the characteristics of the
laser pulse. The situation is quite different for metal
where simple model can be used to calculate the absorp-
tion coefficient. In a metal, the highest occupied band is
only half filled by the valence electrons. The Fermi level
lies therefore in the middle of the band. Intraband single
photon transition is possible for an electron under the
Fermi level to be excited into an energy level above the
Fermi level in the same energy band. The mechanisms of
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Fig. 3 Band structure in solid state materials where energy bands
are separated by band gap Eg. The bands are filled with electrons
up to the Fermi level Ep. Such occupation is indicated by the
shading.
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optical absorption in crystalline materials, dielectric and
metal, can be therefore summarized by intrinsic inter-
band or intraband transitions and transition from a de-
fect level as illustrated in Fig. 4.

Conduction
o band ?

l (b)
(a)

Defect level

&
5 o c
o Valence 1 l __
band
Dielectric Metal

Fig. 4 Optical absorptions in crystalline materials: (a) Inter-
band multiphoton absorption; (b) Defect transition; (c¢) Intraband
absorption.

In the classical treatment of the optical response of
metals with the Drude model [29], the valence electrons
are treated as free electrons that interact with electro-
magnetic field “freely” without restoring force from the
ions which form the crystalline lattice. The electrons
interact with the lattice through collisions with heavy
and relatively immobile positives ions. With such sim-
ple model, analytical expression of the absorption co-
efficient can be obtained for metal. Coupled with the
Lorentz dipole oscillator model of atom, the Drude—
Lorentz model describe the oscillation of a free electron
induced by the AC electric field associated to a laser ra-
diation, £(t), with the following equation [26]:

2

(3)

where m} is the effective mass of the electron, & the am-
plitude of the laser electric field and w its pulsation. The
friction coefficient v is considered as equal to 1/7, where

L dzx _
m; g2 TV g = —e&pe !

7 is considered as the mean time between two consequent
collisions between an electron and an ion. Compared to
the standard Lorentz model of the atom, in Eq. (3) the
term due to the restoring force of the ion on the electron
is set to zero (wp = 0). The solution of this equation for
the displacement of the electron, z, leads to the relative
permittivity of the metal. A characteristic parameter is
introduced to describe the optical response of the metal,
wp, the plasma frequency which is defined by

nee?
Wy =
P gomy

where ¢ is the permittivity of the free space, n. stands
for the free electron number density, which is in the or-
der of 10%2 to 10%® cm™2 for metals [26]. The plasma
frequency is a key parameter for the optical property of

(4)
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a metal. A radiation with w < w,, is reflected by the sur-
face of the metal with a reflectivity R close to 1. The
absorption coefficient o can be thus expressed as a func-
tion of wy, 7, and w,

2wiTw
o= % ; (5)

From «, one can define the skin depth, §, which repre-
sents the distance under the target surface where the
laser field strength decreases to e !
strength.

2
-l 0
P

The value of a for metals is in the order of 10% cm™!,
which leads to a skin depth in the order of 10 nm. In
a real metal, the simple free-electron behavior is modi-
fied by a number of secondary effects, such as interband
transitions [30]. Measured reflectivity and absorption co-
efficient for Al and Cu are shown in Fig. 5 reproduced
from Ref. [30]. Extensive data for R and « are available
in the literature [30, 31].
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Fig. 5 Measured absorption coefficient o and reflectivity R for
Al and Au as a function of wavelength. Reproduced from Ref. [30],
Copyright (© 1998 Springer-Verlag.

It is however important to remark that the optical
properties of a metal are sensitively dependent on its
temperature. In particular, the reflectivity drastically
decreases with the increasing temperature basically be-
cause of the increasing electron—phonon collision fre-
quency with the temperature [32, 33]. During laser abla-
tion of a metal, the absorption of laser radiation by the
target raises its temperature. Such a rise in turn induces
a lower reflectivity and thus a stronger energy absorp-
tion in the metal. A detailed treatment of laser ablation
needs to take into account such nonlinear and dynamic
processes.

An excited electron is in contact with a large number
of particles in solid, ions which form the lattice, other
free electrons, or the hole which has been created at the
same time as the excited electron. The energy stored by
the electron can be efficiently relaxed into other forms of
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excitation. Radiative relaxation corresponds to electron—
hole recombination. It is the inverse process of optical ab-
sorption. The ratiative lifetime of an electron—hole pair is
in the nanosecond rang, much longer than the timescales
of electron—electron collision and electron—lattice cou-
pling. Collision time between free electrons in a solid can
be very short in the range of 107!* s due to high free
carrier density [26]. Coupling with the lattice can be con-
sidered as electron—phonon coupling, and electron scat-
tering takes place on a timescale as short as 10712 s [30].
These different timescales determine the principal ways
of the relaxation of an excited electron through non ra-
dioactive processes, i.e., electron—electron and electron—
phonon couplings. For a nanosecond pulse, these relax-
ation processes occur instantaneously and transfer the
absorbed optical energy into the thermal energy of the
free electron and then that of the lattice. The laser pulse
acts therefore as a source of heat which, during its prop-
agation in to a solid target, induces a rise of temper-
ature in it. The consequence can be the melting, then
the evaporation of the target material, if the correspond-
ing thresholds in fluence or in irradiance are successively
reached.

2.1.2  Absorption and electronic excitation relaxation in
molecular solids

Molecular solids can include a wide range of solid state
materials such as polymers or some biological materials
frequently concerned by LIBS application. The structure
of these materials is characterized by assemblage of long
molecular chains with strong covalent bonds inside. At
the same time, the molecules of different chains interact
weakly, in such way that the optical property of the ma-
terial is predominantly determined by that of the individ-
ual molecules which compose the material [34]. Molecular
optical spectra are generally divided into three spectral
regions: the far-infrared spectra (A > 100 um), the in-
frared spectra (A ~ 1-100 um) and the visible and ultra-
violet spectra (A < 1 um), respectively corresponding to
transitions between the rotational, vibrational and elec-
tronic states of the molecule. For laser ablation, only vis-
ible and ultraviolet spectra are concerned, which affect
the electronic state of the molecule.

Due to the coupling between the electronic and vi-
brational states of a molecule, a transition between two
electronic states is always accompanied by a change in
its vibrational state. The concept of vibronic transition
is used to describe vibrational-electronic transitions in a
molecule. The disconnection of the motions between the
electrons and the nuclei permits to understand molec-
ular vibrational-electronic spectra with the aid of the
configuration diagrams as shown in Fig. 6 for a sim-
ple diatomic molecule. According to the Franck—Condon
principle, vibrational—electronic transitions occur verti-



Jin Yu, et al., Front

cally between potential energy curves, at a constant in-
ternuclear distance, and become more probable when the
overlap between the vibrational wave functions between
the lower and the upper electronic states is maximal.
This means that a typical optical absorption occurs be-
tween the vibrational equilibrium position in the ground
electronic state and the return point in the vibrational
potential of the excited electronic state as shown in Fig.
6 at the internuclear distance r = 1. This distance does
not, correspond to the vibrational equilibrium distance
in the excited electronic state, rapid non radiative relax-
ation occurs for the molecule to reach its new vibrational
equilibrium in the electronic excited state, r2, as shown
in Fig. 6 by a dashed arrow.

E(r)

Excited state

Ground state

. e
-—

8

ryors r

Fig. 6 Energy-level diagram for the ground and an excited state
of a diatomic molecule as a function the internuclear distance 7.
Optical absorption and emission as well as relaxations of vibr-
taional energy are indicated by arrows. Reproduced from Ref. [26],
Copyright (© 2010 Oxford University Press.

In a molecular solid, an optically excited molecule is
in close contact with other molecules, the vibrational
relaxation takes place in a very short timescale of less
than 1 ps [26]. And the released energy ends up as heat.
The molecule in its new vibrational equilibrium position
emits then a fluorescence photon and returns back to its
ground electronic state. Again the Franck—Condon prin-
ciple leads its departure from the vibrational equilibrium
position in the ground electronic state and non radiative
relaxation occurs as for absorption. The typical fluores-
cence lifetime is about 1 ns which is much longer than
the non radiative relaxation. One encounters here a sim-
ilar situation as in the case of nanosecond laser ablation
of metal, the laser pulse acts as a heat source that in-
duces a rise of the temperature in the irradiated material
through the cycle of absorption-relaxation. Such temper-
ature rise in molecular solid can lead to dissociation of
a molecule from its ground electronic state when its vi-
brational state is so highly excited to break the bond.

Unlike the case of metal, other bond breaking mecha-
nisms are possible for molecular solids. In particular, an

. Phys., 2012, (6)
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optical absorption can directly bring a molecule into a
dissociative electronic excited state. Expulsive force be-
tween the two atoms breaks the bond and renders them
free each other. Such mechanism can directly evaporate
fragments from a molecular solid without temperature
rise in the target. This non thermal process is called
photochemical process. A threshold is often observed for
photochemical process with respect to laser irradiance
or laser wavelength, and depends on the energy poten-
tial diagram of the molecule. Different configurations of
optical dissociation can be resumed in Fig. 7 reproduced
from Ref. [35].
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Fig. 7 Potential energy curves for the ground and excited states
of a diatomic molecule as a function the internuclear distance. Dif-
ferent configurations of optical dissociation are shown. Reproduced
from Ref. [35], Copyright (© 2000 Springer-Verlag.

When the excitation photon energy exceeds the
molecule dissociation energy, E}, [Figs. 7(a) and (b)],
a single photon absorption can lead to molecule dissoci-
ation because either the excited electronic state is dis-
sociative [Fig. 7(a)] or the vibrational state in the ex-
cited electronic state is over the dissociation energy [Fig.
7(b)]. Dissociation takes place quickly in a timescale of
typically 107! to 107'3 s. When the excitation pho-
ton energy is below the molecule dissociation energy, the
molecule can still be dissociated. Figures 7(c) and (d)
show the cases where a single photon absorption brings
the molecule to an excited state which either crosses a
dissociative potential curve [Fig. 7(c)] or another excited
state with lower dissociation energy, Fp [Fig. 7(d)]. In
Figs. 7(e) and (f), coherent and non coherent two-photon
absorptions are shown for the excitation of a molecule
into its dissociative state.
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2.2 Mechanisms and modeling of plasma generation
during laser ablation

After discussing in Section 2.1 the principal mechanisms
of optical absorption and electronic excitation-relaxation
in solid state materials, we will study in this Section the
mechanisms leading to the generation of a plasma during
laser ablation. It is clear that the phenomenon starting
from the absorption of laser radiation by solid material
and ending by the formation of a plasma implies a very
complex process. Simplified models are always useful to
get insights of essential mechanisms involved and their
interrelationship, although complicated numerical codes
can take into account all significant processes in laser ab-
lation of solid materials with a high degree of complex-
ity. In general, nanosecond laser ablation of solid materi-
als is treated according to the three following simplified
pictures: photothermal ablation, photochemical ablation
and photophysical ablation [35]. In photothermal abla-
tion, the electronic excitation due to photon absorption is
thermalized in a very short timescale. And accumulated
heating can lead to thermally activated lattice degrada-
tion or bond breaking. On the other hand, in photochem-
ical process, the electronic excitation results in direct lat-
tice degradation or bond breaking without heating of the
material. When both thermal and nonthermal processes
play a role, photophysical process is more suitable to
describe the phenomenon. According to the discussions
in Section 2.1 we can see that the nanosecond ablation
of metal is a typical case where the photothermal pro-
cess dominates. A typical scanning electronic microscope
(SEM) image of a crater left by an infrared pulse on an Al
target is shown in Fig. 8. We can observe polished bottom
surface of the crater suggesting solidification of molten
metal after the laser pulse. The ablation of molecular
solids however can be very complex, implying thermal
or non thermal processes [34, 36]. Generally applicable
model does not exist today and the discussions is still go-
ing on concerning the mechanism of polymer ablation 30
years after the first reports on the phenomenon in 1982
[37]. In the following we will focus on the case of abla-
tion of a metallic target and present a description with
a model based on the photothermal process in order to
get insight of the process leading the generation of va-
por plasma following the absorption of a laser pulse. For
this purpose, we choose to follow the paper published
by Bogaerts et al. in 2003 [38]. In this paper and in a
series of papers published by the same authors between
2003 and 2006, the authors present in a comprehensive
way their model and numerical results on ablation of a
pure copper target by a nanosecond pulse and the sub-
sequent propagation of the generated plasma into the
background gas [38-41]. With this basic one dimension
model, we will follow step by step the development of the
complex process which leads to the final formation of a
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plasma consequently to the absorption of a laser pulse
by the target.

HE . .

Fig. 8 SEM image of a crater caused by a series of 10 infrared
pulses (1064 nm) on the surface of an aluminum target.

2.2.1 Absorption of laser radiation and material
vaporization from the target

Input parameters of the model described in Ref. [38] are
provided in Table 2.

Table 2 Input parameters with definitions and values used in
the presented model adapted from Ref. [38]. For the references for
these data see Ref. [38].

Values for Cu
380 (solid), 170 (liquid)

Parameters
Thermal conductivity,
Kk (W-m~—1.K™1)
Specific heat, Cp (J-kg™!-K™1)
Mass density, p (kg-m~3)

420 (solid), 494 (liquid)
8960 (solid), 8000 (liquid)

Absorption coefficient, o (m™1) 7.44 x 107
Reflectivity, R 0.34
Melting point, Tr, (K) 1358
Boiling point, T}, (K) 2836

Heat of fusion, AH; (J/mol) 1.3 x 10%

Heat of vaporization, AHj, (J/mol) 3.048 x 10°
First ionization potential, IP; (eV) 7.73
Second ionization potential, P> (eV) 20.29
Electronic work function, ¢ (eV) 4.5

Following the impact of a laser pulse on the target
surface and as a consequence of the absorption of laser
energy, the temperature in the target rises in the vol-
ume touched by the laser pulse. Because the penetration
depth of the laser pulse in the order of 10 nm (1/a) is
much smaller than the size of the focused laser beam
on the surface of the target of typically 100 um, one-
dimension heat conduction equation is used to deduce
the temperature profile, T'(x, t), in the target during laser
pulse propagation in it:

oT(x,t) 0 {

wo_ 2 K 8T(z,t)} L (1) )

Cpp Ox Cpp

where zx is the distance in the target from the target sur-
face. Other used parameters are defined in Table 2. The
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second member of the right side of Eq. (7) represents
the energy source by absorption of laser energy. I(x,t)
stands for the laser irradiance as a function of time and
position in the target. It can be written by including the
surface reflection in Eq. (2):

ar)(1 - R) (8)

where Iy(t) is the incident laser irradiance. A Gaussian-
formed pulse is taken with 10 ns duration at full width at
half maximum (FWHM). In the model, & and R are con-
sidered as constants during the ablation process, which

I(x,t) = Ip(t) exp(—

is obviously a simplification.

When the temperature rises in the target, melting
takes place inside the target where the temperature
reaches the melting point. The melting starts at the
surface and the melt front propagates inside the tar-
get. When the temperature further rises, vaporization
becomes significant on the surface. The vapor pressure,
Dvap, is calculated from the surface temperature, T, by
the Clausius—Clapeyron equation:

AH,,(Ts — Tb)} (9)

va, Ts =
Puap(Ts) poeXp{ RTT,

where pgp = 1 atm, R the gas constant and other pa-
rameter are defined in Table 2. From the vapor pressure,
the vapor density at the surface, pyap,s can be calculated
using the ideal gas law:

Pvap

= kT, (10)

Pvap,s
where kp is the Boltzmann constant. Further assuming
that the vapor atoms leaving the surface follow the one-
dimensional Maxwellian velocity distribution, the mean
velocity of the vapor can be deduced:

2kpTs
Uvap,s = .

where m represents the mass of a Cu atom.

The numerical results of the model concerning the evo-
lution of the temperature in the target and the genera-
tion of a vapor at the target surface can be presented

(11)

using the several figures reproduced from Ref. [38]. In
Fig. 9, the temporal profile of the incident laser pulse is
plotted together with the laser irradiance arriving at the
sample surface. We can observe a drop of laser irradi-
ance arriving on the sample surface at around 10 ns due
to the formation of a vapor over the target surface and its
screening by the laser pulse. The temperature profile in
the target as a function of the time after the arrival of the
laser pulse is shown in Fig. 10. We see in the figure how
the melt front propagates inside the target. The obtained
vapor density, vapor velocity and vapor temperature at
the surface are used as inputs for the calculation for the
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expansion of the vapor in the next step of the model.

1%10%

from laser

8x10% 4

G eX 108

TH(W-cm

4108

2108 |

0x10°
0 10 20 30

tins

Fig. 9 Temporal profile of the irradiance of the incident laser
pulse (solid line) and the laser irradiance arriving on the target
surface. Reproduce from Ref. [38], Copyright © 2003 Elsevier.
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Fig. 10 Temperature profile inside of the target as a function
of the time after the arrival of the laser pulse (a) and the con-
tour of liquefaction in the target (b). Reproduced from Ref. [38],
Copyright (© 2003 Elsevier.

2.2.2  Ezpansion of the evaporated material plume and
plasma formation

The produced vapor expands into the background. The
simplest configuration is a vacuum background. The
specificity of a background gas with a relative high pres-
sure will be discussed in Section 3 of this paper. Here
we first take interest in the expansion into the vacuum,
which is representative of the expansion behavior of a
plasma at short delays even into a background gas. The
expansion of the evaporated material into vacuum is de-
scribed by the Euler equations of hydrodynamics which
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express the conservation of the mass, the momentum and

the energy:
0 d(pv
a? T fapx) (12)
d(pv 0
)2 ) (13)
0 V2 0 p 22
ol (B+%)| == an oo (545 +2)
+arpliaser — €rad (14)

where p is the mass density of the vapor, pv is the mo-
mentum, pE is the internal energy density, pv?/2 is the
kinetic energy density, and p the local pressure. The
source term in the right-hand side of Eq. (14), a;p is
due to the absorption of laser radiation by the expand-
ing vapor through the inverse bremsstrahlung [42]. We
will go back to this topic more in detail in Section 3 of the
paper. £r,q represents the amount of energy lost by the
vapor through bremsstrahlung emission. Assuming that
the electrons are characterized by a Maxwellian velocity
distribution, €,,q4 can be expressed as [43]:

B \/2nkBT 32me"
Frad = 3me 3hmec3

where m. and e are electron mass and charge, ne, nz, and

ne(anzl + Z22nz2) (15)

nz, represent the number densities of electrons, Cu™ and
Cu?* ions, and Z; = 1 and Z» = 2 refer to the charges
of singly and doubly ionized ions.

Assuming that the vapor follows the ideal gas law, the
pressure and the internal energy density can be expressed
as follows [44]:

kT
. (1+$8)P B (16)
3
oE = :@ o (1 +ze)knT + IPixz, + (1P + I Py)az,

(17)

where x.,xz, and xz, are the fraction of electrons, singly
and doubly charged ions of Cu in the vapor, respectively.
Considering the vapor is in local thermodynamic equilib-
rium (LTE) [45] because of high electron density in the
plasma, which assures many collisions between different
species in the vapor. Such consideration can be verified
by the McWhirter criterion requiring a minimum elec-
tron density typically in the order of 10'6 cm~3. For
a plasma in LTE, all species of particles in the vapor,
electrons, atoms and ions are in thermal equilibrium and
they are characterized by a common temperature. In this
case, the Saha—Eggert equation can be used to describe
the ionization degree of the vapor:

3/2
TeTyz, 1 2mmekpT 1P
= — 18
T Nvap ( h? exp kgT (18)

3/2
TeTz, 1 2mmekpT 1P,
= - 19
Tz, TNvap ( h2 exp kBT ( )
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where nyap, = p/m represents the total vapor number
density, and zy the fraction of neutral Cu atoms in
the vapor. In typical ablation plasma, we assume that
only single and double ions are possible. The matter and
charge conservations lead to

(20)
(21)

o +Tz +Tz, =1
Tz, +2xz7, = 2,

Very close to the target surface, the main source of
ions and electrons is the thermionic emission from the
hot surface [46]. The ionization degree of the vapor is
described by the Langmuir—-Saha equation:

Yo _ exp <¢ - IP1> (22)

To kpTs
where ¢ is the electronic work function defined in Table
2.

Numeric results are shown in Figs. 11 and 12 for a
delay of 15 ns and 100 ns respectively. We can see in
Fig. 11 that 15 ns after the arrival of the laser pulse on
the target, a vapor is observed over the surface up to a
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Fig. 11 Calculated vapor density (a) temperature distribution
(b), fractions of Cu atoms, Cu® and Cu?t ions and electrons
(c), and species number density as a function of the distance from
the target surface at a delay of 15 ns. Reproduced from Ref. [38],
Copyright (© 2003 Elsevier.
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distance of 100 um with a temperature in the range from
20 000 K to 60 000 K. This temperature is much higher
than the boiling temperature of 2836 K of copper. Such
high temperature shows the efficiency of the heating of
the metallic vapor due to the laser radiation. The vapor
is almost totally ionized with an electron density in the
order of 102°%cm~3. The observed electron density justi-
fies the LTE condition in the plasma. At a longer delay of
100 ns (Fig. 12), the expansion of the plasma leads to an
extension of the plasma up to 2.5 mm, a more homoge-
nous temperature of around 20000 K, and an ionization
degree which remains always very high with an electron
density in the order of 10'®cm™3. Although the propa-
gation of the plasma is studied here in the vacuum, it
provides actually a good approximation at short delays
of the description of the formation of a plasma and its
expansion into a background gas even at relative high
pressure of one atmosphere. The behavior of the plasma
at longer delays and the specificities related to a high
pressure background gas will be the subjects of Section
3 of the paper.
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Fig. 12 Calculated vapor density (a) temperature distribution
(b), fractions of Cu atoms, Cut and Cu?* ions and electrons (c),
and species number density as a function of the distance from the
target surface at a delay of 100 ns (d). Reproduced from Ref. [38],
Copyright (© 2003 Elsevier.
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3 Expansion of the plasma into the
background gas

In the most of the cases, an LIBS measurement is per-
formed in a background gas at the atmospheric pressure,
with the ambient air or an introduced gas, such as argon
or helium. The property of the plasma as a spectroscopic
source directly depends on its expansion behavior into a
background gas at a pressure of one atmosphere, because
its emission is detected during this time interval. In this
part, we will discuss the main mechanisms involved in
the expansion process with emphasis on the specificity
due to the high pressure of the background gas.

The standard theory describing the expansion of a
plasma into an ambient pressure background gas is the
Sedov point-blast model [47, 48]. The basic idea of this
model is that the expansion of the plasma is driven by the
energy locally deposited on the target surface by the laser
pulse at the initial instant. In the presence of an ambient
gas, the vapor plume acts as a piston which pushes away
and compresses the background gas with the propaga-
tion of a shockwave. Discontinuities appear in the vicin-
ity of the contact boundary separating the vapor plume
and the compressed (or shocked) background gas. More
recent numerical simulations based on the gas-dynamic
model have included diffusion around the contact bound-
ary, which leads to a mixing zone between the vapor and
the shocked background gas with a limited width in the
vicinity of the boundary [40].

A specific feature of nanosecond pulsed laser ablation
is however that the pulse duration is significantly longer
than the initiation time of the plasma which is commonly
considered the interval between the initial impact of the
laser pulse on the target and the appearance of evapo-
rated material over its surface. Using picosecond time-
resolved shadowgraph imaging, the initiation time has
been measured in the range of several hundred picosec-
onds [49]. The expanding vapor plume as well as the
shocked gas can thus absorb energy from the incoming
laser pulse leading to its shielding. Such shielding is espe-
cially efficient in ambient pressure background, in which
the vapor plume is efficiently slowed down and confined.
Thermal ionization can thus occur in the shocked gas, in-
creasing the absorption rate of the gas. For nanosecond
ablation in high background pressure, the laser energy
is therefore not totally deposited on the target surface
at the initial instant as assumed in the piston model.
The early stage of the plasma expansion is more exactly
driven by laser-supported absorption waves (LSAW) [50].
The absorption of the laser pulse by the interacting sys-
tem, which can include the vapor plume and the shocked
background gas, is the key point which determines the
subsequent evolution of the plasma. In order to facilitate
our discussions below, we use a schematic representation
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adapted from Ref. [50]. of the interaction system includ-
ing the evaporated material from the target, the sur-
rounding background gas and the laser pulse as shown
in Fig. 13. In this figure, the vapor plasma above the tar-
get surface is vaporized from the target and subsequently
ionized by absorbing laser energy as discussed in Section
2.2.2. It can also contain ionized background gas which,
once ionized, is ingested by the plasma. An absorption
zone locates in the front of the plasma which can more
or less extend back into the plasma and toward the sur-
rounding background gas. The shocked gas corresponds
to a layer of background compressed by the outcoming
plasma. Absorption of laser radiation can also occur in
this layer. Finally the precursor shock separates the en-
semble of the plume (containing the vapor plasma and
the shocked gas) from the background gas still in the am-
bient temperature and pressure. Strong interactions can
take place between the different parts of the plume. Such
interaction can be of mechanical, themal or radiative na-
tures. The expansion of the vapor plasma mechanical
compresses the surrounding background gas leading to
the shocked gas layer behind the precursor shock. Ther-
mal conduction occurs from the hot vapor plasma to the
shocked layer. Finally the radiation emitted by the hot
vapor plasma can be absorbed by the surrounding back-
ground gas and lead to its heating. The optical property
of the background gas is modified consequently by its
interaction with the vapor plasma.

Background
Precursor gas
shock
T
A
R Napor Laser beam
plasma
G
E
T

Shocked
gas

Absorption
zone

Fig. 13 Schematic representation of the structure of a plasma
propagating in a background gas. Reproduced and adapted from
Ref. [50], Copyright © 1989 Marcel Dekker Inc.

3.1 Absorption of laser radiation by vapor plume and
shocked background

A hot and partially ionized gas, which may correspond
to the vapor plume as well as the shocked background
gas, absorb the laser radiation principally through in-
verse bremsstrahlung (IB) (free—free transitions) as well
as photoionization (PI) (bound—free transition) [50]. For
nanosecond lasers ablation, on the one hand, the pho-
ton energy is much smaller than the ionization poten-
tial and on the other hand, the laser irradiance is much
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too small for significant multiphoton absorption to oc-
cur. One can consider the total absorption coefficient as
contributed by the single photon ionization of excited
states (apr) and inverse bremsstrahlung (ayp). The sec-
ond is furthermore contributed by electronneutral in-
verse bremsstrahlung (arp o) and electron—ion inverse
bremsstrahlung (asp.e;). The total absorption coefficient
is thus given in the following form:

Qtot = AP] + AIB 0 T AIBei (23)

3.1.1 Absorption by inverse bremsstrahlung

Inverse bremsstrahlung corresponds to absorption by a
free electron when its trajectory is modified by passing
nearby a heavy particle, a neutral atom or an ion. After
such three body collision event, a photon (of wavelength
A) is absorbed by the electron which is accelerated. In
the classical electrodynamics the cross section for in-
verse bremsstrahlung is calculated separately for neu-
trals, 0§, and Z-times ionized ions o7 due to the dif-
ferent types of interaction forces between the two types
of particles and electrons [51]. The absorption coefficient
can therefore be written in the following form:

arp :noUgg—f— anoég (24)
Z=1
aIB,eO()\) = Al)\gnoneTs/2UdifG£OB (25)
hc
. — 311 — _
aIB,ez()\) Ag)\ [ exp )\kBTe

Z2 EGIB

. Z nzn eZ (26)

VTe

Here A; and As are two constants, and their expression
and numerical value in the CGS system of units can be
found in Ref. [52]. The corresponding values in the MKS
system are respectively 8.61 x 1071 and 1.37 x 1027,
T, is the electron temperature. n., ng, and nz stand for

Z=1

respectively the number densities of electrons, neutral
atoms and Z-times ionized ions. o4;+ represents the cross
section of electron scattering by a neutral atom, which
is in the order of 1072° m? for a metallic atom as for a
gas atom [53, 54]. GIP and GIZ are Gaunt factors and
can be expressed in the following forms [55]:

hc 2 hc
1+ (1+ /\kBTe) exp <_/\kBTe) (27)

he Y3 2T\
IB— 140172 1 e 9
GIB=1+0.17 8(AEHZQ) ( + > (28)

Here Ey stands for the hydrogen ionization potential.
These two factors take into account the correction of the
quantum effect to the used classical calculation of the
cross sections. And their value is in general close to 1.

Finally the factor 1 — exp (— Ak’;‘}g) in Eq. (26) results

IB _
GeO -
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from the effect of stimulated emission.

Equations (25) and (26) can be used to study the
behavior of the inverse bremsstrahlung absorption as
a function of the electron temperature and the wave-
length of the laser radiation. Electron—neutral process,
arp.eo(A), is important only at low temperature for a
week ionized plasma [56]. The up limit temperature is
in the range of 5 000 K for a metallic plasma such as
aluminum vapor, and 10 000 K for a gas such as argon.
For higher temperatures, electron—ion process, oy g e (M),
becomes dominant. Concerning the dependence on laser
wavelength, when hv > kgT,, arp varies as A and when
hv < kpT.,arp varies as A\2. The transition tempera-
ture between these two regimes for typical Nd:YAG laser
wavelengths are 13 500 K for 1064 nm, 40 500 for 355
nm and 54 100 K for 266 nm. Inverse bremsstrahlung
absorption starts with free electrons initially available in
the vapor or in the shocked gas. It increases the electron
temperature and leads to impact excitation or ionization
of the atoms in the plasma. A higher excitation tem-
perature modifies the optical absorption property of the
atoms. This aspect will be discussed in the following Sub-
section. Impact ionization can lead to cascade ionization
in the vapor or the gas and increases significantly the
ionization degree.

3.1.2  Single photon ionization of excited states

The condition for single photon ionization of excited
states can be given by hv > EF | where EF = represents
the energy necessary to ionize an atom in its excited state
labeled by the principal quantum number k. This energy
is equal to the difference between the ionization poten-
tial of the atom, Ejio,, and the excitation energy of the
state k: Ei’fm = FEion — Ei. The total absorption due to
photoionization can be written as

oo

E E k __PI

apr = ’nZUk7Z
zZ k

Here n’% is the number density of the population in the
excited state k of the Z-times ionized atoms and 011; IZ is
the cross section of single photon ionization of a Z-times
ionized atom from its k excited state. The lowest excited
state contributing to the total photoionization depends
on the structure of the atom and the wavelength of the
laser radiation. In Table 3, we provide the quantum num-
ber k and the excitation energy of the lowest excited
state concerned with single photon ionization due to the
three wavelengths from a Nd:Yag laser for two atoms,
aluminum and argon. We can see that for used wave-
lengths, only excited atoms can be directly photoionized
[57, 58]. The needed excitation energies are quite high
especially for argon. Such excitation is provided in the

(29)

plasma by collisional excitation with electrons and can
correspond to very high temperatures. According to this
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model, the absorption coefficient for single photon ion-
ization can be calculated for hydrogenic atoms [59]:

he
apr(\) = Ax\3 [1 — exp <_)\kBT )]

he Z2nzn.GH1

. -1 E Z
|:eXp (AkBTe) ] \/Te
Z=1
with

he Y3 kg T\
PL—1_0.172 1— ©
6 =1-oams () (1=
he he 1/3
- - 140172
“p<A@n) +O78<Mﬁﬂ>

2kpT A
-1 31
(55 2
Here A, is the same factor as in Eq. (26). GL7 is the

Gaunt factor and Ey stands for the hydrogen ionization
potential. Eq. (30) can be generalized to non hydrogenic

(30)

atoms by replacing the Gaunt factor by the Biberman
factor [60, 61].

Table 3 The principal quantum number of the lowest excited
energy level concerned by single photon ionization and the corre-
sponding excitation energy for two atoms of aluminum and argon
excited by the three frequently used wavelengths for LIBS provided
by a Nd:YAG laser.

Atom Aluminum Argon
wavelength /nm 1064 355 266 1064 355 266
k 8 3 3 19 6 2
Ey/eV 4.83 3.14 3.14 14.7 129 11.5

3.1.3 Relative contributions of IB and PI and the total
absorption coefficient

Considering the Gaunt factors are equal to 1 in Egs. (26)
and (30), we get the ratio between the PI and IB pro-
cesses for the case where the electron—ions dominates the
IB process:

e he _q
=P\ T

The ratio shows that when hr > kgT,., PI is a dominant
process, and when hv < kgT,., IB is the dominant one.

Combing Egs. (25), (26) and (30), we can write the
total absorption coefficient in the form of

apy
32
. (32)

Qot = Al/\gnoneTSmUdingQB
he Z%nzne
+ A3 [1 — exp < )] Z
MenT. )| 2= T,

he _ PI IB
{{exp()\kBTe) 1] Gy, +G.y

In order to have an insight on the behavior of the to-

(33)

tal absorption coefficient for typical wavelengths used in
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LIBS, we estimate the ratio between the total absorp-
tion coefficients at the two wavelengths of 1064 nm and
355 nm for a typical configuration of a shocked argon
gas with a pressure of 400 bar and propagating at a ve-
locity of 5 km/s. This ratio, O:;:’:t((1305654)) reaches 12 for a
temperature of 7000 K (0.6 eV). It decreases to 3 at 10
500 K (0.9 eV) and increase rapidly to 21 at 46 000 K
(4 eV). This estimation shows that the absorption in the
shocked gas is always more efficient for IR than for UV
in the range of temperature of typical plasmas produced
by laser ablation. Such behavior is consistent with the
calculation reported for a carbon plasma expanding in
a residual background [62]. This tendency can be un-
derstood by the fact that for the range of wavelength
considered here and with moderate laser intensity, PI
is only efficient from highly excited levels of the atoms
through single photon ionization. The PI absorption rate
thus increases with the temperature of the gas and de-
creases with the laser wavelength. Such decrease remains
however quite moderate for typical plasma parameters
and used ablation wavelengths in LIBS. On the other
hand for IB, the absorption is essentially contributed by
the electron — neutral process at low gas temperature (be-
low 10 000 K for argon), and becomes dominated by the
electron—ion process as soon as the gas starts to be ion-
ized (typically larger than 1% of ionization). The latter
rapidly increases as A3 for A < he/(kgT.), and \? for
A > he/(kpTe) according to the discussion in Section
3.1.1 above. For T, at 20 000 K, the change of wave-
length dependence regime takes place around A\ = 720
nm. Therefore for typical LIBS plasma, the total ab-
sorption rate of a shocked background gas sensitively in-
creases with the laser wavelength. Consequently, in gen-
eral, an IR pulse is more strongly coupled to the plasma
than a UV pulse.

3.2 Laser-supported absorption waves

Absorption of laser radiation by the plasma which can
include vapor plume as well as shocked background gas
accelerates the propagation of the plume towards the
laser incoming direction and leads to an anisotropic ex-
pansion called laser-supported absorption wave (LSAW).
In the literature, three major types of LSAW can be
distinguished depending on laser irradiance, beam spot
size and ambient gas conditions: laser-supported com-
bustion (LSC) waves, laser-supported detonation (LSD)
waves, and laser-supported radiation (LSR) waves [50].
The difference in the wave mode arises from the different
mechanisms of laser radiation absorption which drives
the plasma propagation. In this Section we will present
the principal characteristics of the three types of LSAW
with the simplified one-dimension model as exposed in
Ref. [50], which is suitable for the early stage of plasma
expansion.
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8.2.1 Laser-supported combustion wave

At low irradiance, laser-supported combustion waves can
be produced. As shown in Fig. 14 reproduced from Ref.
[50], an absorption zone is found to be localized in the
plasma behind the layer of shocked gas which is com-
prised between the precursor shock (or shockwave) and
the plasma. This means that the shocked gas remains
transparent for the laser radiation. The last transmits
through the shocked gas and is absorbed by the vapor
above the target and behind the shocked gas. Conse-
quently, the vapor is efficiently heated to high temper-
ature and pressure as shown in Figs. 14(c) and (d) for
the LSC wave. In contrast, the shocked gas remains at
low temperature. It is mechanically compressed by the
expanding plasma to high pressure and density. The dy-
namics of the system is maintained by the expansion of
the hot plasma. In the transient stage, the absorption
wave propagates into the cold and high-pressure shocked
gas. The main mechanism of propagation is a radiative
transfer from the hot plasma to the cold shocked gas. The
high pressure of the shocked gas increases the absorp-
tion of the extreme ultraviolet radiation emitted from
the plasma. The part of the shocked gas in contact with
the plasma becomes rapidly heated, ionized and is in-
gested by the LSC wave. Its expansion maintains the
pressure that drives the propagation of the shockwave.

3.2.2  Laser-supported detonation wave

As the laser irradiance increases, a threshold value can
be reached beyond which the shocked gas significantly
absorbs the laser radiation. The mode of propagation be-
comes dominated by the LSD wave. An absorption zone
is found just behind the precursor shock inside of the
layer of shocked gas [Fig. 14(a)]. No abrupt separation
exists between the shocked gas and the vapor plasma.
Instead, the pressure, the temperature and the density
continuously vary between the vapor plasma and the
shocked gas. The propagation of the LSD wave is con-
trolled by the absorption of laser energy by the shocked
gas. Higher velocity can be found for the shockwave prop-
agation than in the case of the LSC wave as shown in Fig.
14(b). This implies an accelerated propagation along the
laser axis of the plasma in the LSD regime. The conse-
quence of laser absorption by the shocked gas is also a
layer of gas with higher pressure, temperature and den-
sity than in the vapor behind the shocked gas. The shield-
ing of laser radiation by the shocked gas leads to a vapor
with lower pressure and temperature than in the case of
the LSC wave as shown in Figs. 14(c) and (d).

3.2.8 Laser-supported radiation wave

At sufficiently high irradiance, the initial heating of the
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ablation vapor leads to a plasma at very high temper-
ature. The extreme ultraviolet radiation emitted from
the plasma will be so strong, prior to the arrival of the
shockwave, that the ambient gas is heated to high tem-
perature where significant absorption occurs. In the pure
LSR regime, the background gas is heated and ionized lo-
cally without any change in pressure and density. The ab-
sorption wave propagates therefore at the velocity of the
light into the background gas until to a distance where
the plasma radiation is sufficiently attenuated. As shown
in Fig. 14 for LSR wave, the part of the background gas
ionized by the plasma radiation is totally ingested by the
plasma. A zone of high temperature and high pressure
includes the vapor plasma and the ionized background
gas.

3.2.4  Transition between LSAW regimes: Effect of
irradiance and wavelength

As mentioned above, transition between the different
types of LSAW is controlled by the absorption of laser
radiation by the vapor and the shocked background gas.
According to Eq. (1), the quantity of energy deposited
in the plasma by the laser pulse is proportional to the
product of the laser irradiance and the absorption coef-
ficient, «l. Since « exhibits strong dependence on laser

wavelength A\, I and A\ appear therefore as two conve-
nient parameters which provide practical ways to con-
trol the regime of LSAW through the control of laser
energy deposition in the plasma. Figure 15 reproduced
from Ref. [50] shows the characteristic velocities, pres-
sures and temperatures that can be found in different
regimes of LSAW. By measuring these characteristic pa-
rameters as a function of laser irradiance at given laser
wavelength, the irradiance ranges corresponding to each
type of LSAW can be determined as shown in Fig. 15(a).
It is important to note that in Fig. 15, the irradiance
ranges determined for different LSAW regimes are asso-
ciated to the wavelength of a CO2 laser at 10.6 um in
the infrared and in the one-atmosphere air background
condition. When the wavelength changes, and since the
absorption coefficient scales roughly as A2 or A® (cf. Sec-
tion 3.1.3), a correction factor has to be applied in order
to find the good indication of irradiance ranges for dif-
ferent regimes of LSAW.

For typical LIBS applications, a Nd:YAG laser is
used for ablation with an irradiance in the range of 10
GW /cm?. If the fundamental of Nd:YAG laser at 1.064
um is used, a correction factor of 10? can be applied
to the irradiance scale of Fig. 15 for a rough estima-
tion of the irradiance ranges corresponding to the dif-
ferent LSAW regimes. Such estimation indicates that an
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irradiance of 10 GW/cm? at 1.064 um corresponds to
100 MW /cm? at 10.6 wm, which is within the irradiance
range for the LSD wave. LSD has been observed for a
copper plasma induced by a 1.064 pm pulse in an ar-
gon background with a laser pulse of irradiance of 7.3
GW /cm? [63] in agreement with the above estimation.
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Fig. 15 Characteristic parameters for plasma expansion into a

background gas of ambient air as a function of the laser irradiance

of a COz2 laser at 10.6 um. Different irradiance ranges for the three

modes of LSAW are also indicated. Reproduced from Ref. [50],

Copyright (© 1989 Marcel Dekker Inc.

3.3 Effect of the LSAW on the propagation of the
plasma into the background

The practical implications for LIBS of the different
modes of LSAW can be discussed according to the un-
derstanding elements described above. We see that the
energy driving the expansion of a plasma comes from its
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center in LSC propagation but from its top front in LSD
propagation. In other words, in the LSC propagation
mode, the vapor plasma pushes the background gas out
as described by the piston model; while in the LSD prop-
agation mode, the vapor plasma is pulled away by the
accelerated propagation of the shocked gas. Laser absorp-
tion by shocked background gas occurs mainly through
electron—ion IB process as soon as it becomes ionized as
mentioned above. The absorption is thus more efficient
for an IR pulse, and much less for a UV one. We can thus
expect a secondary breakdown in the layer of shocked gas
for IR ablation corresponding to the LSD wave propaga-
tion model. For UV ablation at a same level of irradiance,
the LSC propagation is expected with a shocked gas layer
remaining still transparent and a vapor plasma heated to
higher temperature by absorbing the laser radiation. The
consequence on the morphology of the plasma is that the
LSD wave leads to an elongated form of the plasma due
to the accelerated propagation of the shocked gas. While
the LSC wave is expected to exhibit a more spherical
morphology. We will show in the following Sub-Sections,
some results of experimental observation on the propa-
gation of a plasma into a background gas. Emphasis will
be the comparison between the behaviors of the LSC
and the LSD waves. Experimental controlling parame-
ter of the regimes of LSAW will be laser wavelength and
irradiance.

3.3.1 Early stage of plasma expansion

The morphology of the ablation plume is sensitively de-
pendent on the LSAW regime. We have seen above that
the propagation velocity of the shock precursor is larger
in the LSD regime than in the LSC regime [Fig. 15(a)].
The standard technique for the observation of the early
stage expansion of the plasma is time-resolved shadow-
graph. Such observation is suitable to show the prop-
agation of the shockwave with high time resolution up
to nanosecond [64]. In Figs. 16 and 17, we show time-
resolved shadowgraphs of a plasma induced from a nylon
target with nanosecond UV (266 nm) and IR (1064 nm)
pulses [65]. Laser pulses of 5 ns pulse duration are used
with pulse energies of 1, 3, and 5 mJ and a focus spot
diameter of 100 pm, which corresponds to a laser fluence
of respectively 12.7, 38.1, and 63.7 J/cm?, and a laser
irradiance of respectively 2.5, 7.6, and 12.7 GW /cm?.
In Fig. 16, we can see that the shockwave correspond-
ing to UV ablation exhibits a fairly spherical expansion
for all the three used laser energies. Spherical expan-
sion of the shockwave suggests that the LSC wave is the
dominant propagation mode for the UV ablation with
the used laser irradiances. A localized structure is ob-
served at the top of the shockwave for high irradiances.
Such a structure can be due to the direct ionization of
the background air by the incident UV laser pulse. The
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behavior shown in Fig. 17 for an IR laser pulse is quite
different. The observed shadowgraphs of shockwave are
significantly elongated toward the laser pulse incoming
direction. The elongation is more pronounced at higher
irradiance. The resulted shockwave propagation velocity
is obviously higher than in the case of UV ablation shown
in Fig. 16. These behaviors suggest that the LSD wave
is excited for IR ablation with the used laser irradiances
[65].

(a) 1 mJ (b)3mJ (©)5mJ

| | !

100 pm 200 pm

4,58 ns 8.58 ns

10.58 ns

22,58 ns 22 68 ns

22.58 ns

28.58 ns 28.58 ns

Fig. 16 Shadowgraphs of the plasmas induced on the surface of
a nylon sample by a nanosecond UV (266 nm) laser pulse, with
pulse energies of 1, 3 and 5 mJ [(a), (b) and (c), respectively].
Reproduced from Ref. [65], Copyright © 2009 Elsevier.

3.3.2  Ezpansion behavior at longer delays

At longer delays, the structure and the evolution of the
plasma are resulting from the regime of LSAW at a short
delay. At a delay typically longer than 500 ns, the con-
tinuum emission from the plasma is sufficiently damped.
Time- and space-resolved emission spectroscopy becomes
a suitable diagnostics technique to study the structure
and the evolution of the plasma [65]. Plasma parame-
ters, such as emission intensity profile, electron density
and temperature, can be extracted from the emission
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(a) 1 ml (b)3ml (¢) 5mJ

11.48 ns

20.68ns |

19.68 ns

34.78 ns

Fig. 17 Shadowgraphs of the plasmas induced on the surface of
a nylon sample by a nanosecond IR (1064 nm) laser pulse, with
pulse energies of 1, 3 and 5 mJ [(a), (b) and (c), respectively].
Reproduced from Ref. [65], Copyright © 2009 Elsevier.

spectra. In Figs. 18, 19 and 20, we show some results
reproduced from Ref. [67], which provide a comparison
between the plasmas induced from a aluminum target by
UV (355 nm) and IR (1064 nm) pluses with an irradiance
in the range of 10 GW /cm?.

In Fig. 18(a), the emission intensity profiles are shown
for the aluminum vapor and the background argon gas
for ablations with the two wavelengths. We can see for
the UV ablation, the Al vapor exhibits more compact
and almost immobile axial profiles. While in the case
of the IR ablation, the Al vapor is still propagating at
investigated delays from 500 ns to 3 us and presents
a larger axial extent than in the case of the UV abla-
tion. The profiles of argon are shown in Fig. 18(b). We
can see a larger and propagating emission zone for the IR
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ablation. In the case of the UV ablation, the emission
zone of argon is rather localized near the target surface.
An important feature to remark is that a distribution
of argon ions is observed for the IR ablation on the top
front of the plume. Argon ion is not observed for the UV
ablation. According to the discussions in Section 3.2,
these observations suggest that the UV ablation pro-
duces a plasma which propagates with the LSC wave,
while the plasma due to the IR ablation is rather charac-
terized by the LSD wave, with a faster axial propagation

of the plasma and a well observed layer of ionized back-
ground gas. Further observations on the transverse pro-
files shown in Fig. 19 demonstrate the different behaviors
of mixing between the vapor plasma and the background
gas. We can see in Fig. 19 that line-of-sight integrated
transverse emission intensity profiles and the emissivity
profiles obtained from the Abel inversion show an evac-
uation of the background gas by the vapor plasma for
the UV ablation [Fig. 19(c)], while for the IR ablation,
the background gas is effectively mixed with the vapor
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plasma even in the middle of the plume [Fig. 19(d)]. The
observed difference in plasma structure and evolution be-
tween the UV and the IR ablations shows once again
different LSAW regimes. The efficient vapor—gas mixing
observed for the IR ablation is not compatible with the
piston model, and seems to be specific for the LSD wave
propagation mode [66, 67].

Profiles of electron density and temperature are shown
in Fig. 20 with a direct comparison between the UV and
the IR ablations. A compact, hot and dense plasma is
observed for the UV ablation in accordance with the
LSC model. For IR ablation in contrast, we can see a
plasma with a larger axial extent and slightly lower elec-
tron density and temperature than in the case of UV
ablation, which is in agreement with the LSD model of
plasma propagation. Comparing the emission intensity
profiles in Fig 18 and the electron density profiles in Fig.
20, we can clearly identify the contribution of the elec-
trons due to the ionization of the background gas to the
total electron density profile of the plasma. These elec-
trons are distributed in the out part of the plasma where
the emission from aluminum is much reduced. The con-
sequences of the different regimes of LSAW propagation
for UV and IR ablations on the performance of LIBS ap-
plication are moreover discussed in Refs. [66] and [67] by
the authors.

Front. Phys.,

2012, 7(6) 667

4 Conclusions

The intense development over more than one decade of
the LIBS technique makes laser-induced plasma a quite
familiar spectroscopic emission source which as we know,
exhibits a number of specific and advantageous features
compared to other types of conventional emission or ab-
sorption sources suitable for spectroscopy. Such features
promise numerous potential applications in a wide range
of domains. The improvement of the actual performance
of the LIBS technique however crucially depends on the
deep understanding of the mechanisms involved in the
LIBS process which represents, contrarily to a simplis-
tic consideration, a very complex process. In this review
paper, we have tried to analyze such complexity by dis-
composing the process step by step from the arrival of the
laser pulse on the surface of a target until the formation
of a plasma as light emission source propagating into a
background gas. In the description of each involved pro-
cess, our emphasis is focused on the understanding of the
physical phenomenon. We does not have, in this paper,
the intention to provide neither a systematic and exhaus-
tive review nor a mathematically rigorous treatment of
the laser-induced plasma. Our objective is to provide a
comprehensive description of the process with the help
of the materials available in the literature and some re-
sults recently obtained in our laboratory. Although there
is no need of becoming an expert in the physics of laser-
induced plasma for starting or continuing to develop or
apply LIBS, we believe that a thorough understanding
of the ensemble of physical phenomena underlying the
technique represents the best insurance of an optimized
issue for the development as well as the application of
the technique. Providing comprehension elements for un-
derstanding step by step what happens in laser-induced
plasma is actually our intention in writing this review pa-
per. For readers who want to go deep into more details
in the physics of the laser-induced plasmas, this paper
can be considered an introduction. The ensemble of the
references used in this paper, which are neither exhaus-
tive nor exclusive as mentioned above, can complete the
lecture. Finally, great progresses are actually expected
for a deeper understanding of the laser-induced plasma
as well as for LIBS technique. Review on this field will
certainly need to be renewed in a near future.
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