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Résumé en frangais

La technique laser-induced breakdown spectroscopy (LIBS), qui consiste a exploiter le
spectre du plasma induit par laser sur la surface de I’échantillon pour déterminer sa
composition élémentaire, a été¢ inventée il y a plus de 50 ans. Récemment, elle connait un
développement rapide, poussée par des besoins d’application dans différents domaines,
citons par exemple, exploration océanique, détection de pollution environnementale, ou
controle de procédés industriels. Cette technique utilise le plasma généré par ablation laser
comme la source spectroscopique. La particularité de LIBS est que le plasma induit par
laser présente un comportement transitoire et une distribution spatiale qui ne soit pas
uniforme en général. Bien que la détection résolue en temps puisse améliorer
considérablement la performance de LIBS, surtout pour le procédé de LIBS auto-
calibration avec une meilleure détermination de température, l'évolution temporelle du
plasma est souvent corrélée avec sa morphologie et son inhomogénéité spatiale. I.’étude de
la morphologie ainsi que la structure interne du plasma avec l'évolution pendant
l'expansion de celui-ci dans un gaz ambiant, représente donc un point crucial pour
l'optimisation du plasma entant quune soutrce spectroscopique. Suite a la these de Qianli
Ma réalisée dans notre équipe et soutenue en décembre 2012, qui a été notamment
consacrée a ’étude de l'effet de la longueur d'onde du laser d’ablation sur les propriétés et
I’évolution du plasma dans un gaz ambiant d'argon, la présente thése s’intéresse aux effets
des autres parametres, la fluence du laser d’ablation, la durée de l'impulsion, et les
différents gaz ambiants (argon ou air), sur la morphologie et la structure du plasma. Par
ailleurs, les mécanismes microscopiques conduisant a 'onde de détonation soutenue par
laser dans argon ou dans lair sont aussi étudiés. Lors du refroidissant du plasma dans l'air,
des oxydes métalliques peuvent se former. ’étude de la formation de molécules, au-dela
de l'intérét pratique pour la LIBS, fournit également un apercu de la cinétique chimique
dans le plasma, ce qui est intéressant pour I’étude de la transformation du plasma en phase
gazeuse a une phase recondensée de nanoparticules.

Les travaux présentés dans cette these sont organisés selon la structure suivante :
D'abord les contextes de la recherche et la motivation de ce travail sont présentés dans une
introduction générale. Dans le Chapitre 1, la base théorique nécessaire a la compréhension
de cette these est exposée. Les méthodes de diagnostic du plasma par la spectroscopie
d'émission sont présentées dans le Chapitre 2, avec en particulier une discussion sur
l'équilibre thermodynamique local. Le Chapitre 3 est consacré a la description des
montages expérimentaux, des protocoles de mesure et du traitement de données. Les
résultats expérimentaux les plus importants sont présentés dans les Chapitres 4, 5 et 6. En
particulier, le Chapitre 4 concerne les propriétés du plasma en fonction des parametres du
laser, la fluence et la durée d’impulsion. Dans le chapitre 5, les caractéristiques et les
mécanismes microscopiques de l'onde de détonation soutenue par laser sont étudiés et
comparés pour les deux types de gaz ambiant, un gaz monoatomique (Ar) et un gaz
moléculaire (air atmosphérique). Dans le 6e et dernier chapitre, nous étudions plus
spécifiquement le processus de formation d’oxyde métallique (AlO) en termes de
I'évolution de la température du plasma. Le manuscrit se termine par une conclusion
générale avec des perspectives ouvertes par les avancés réalisées dans ce travail doctoral.
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Mots-clés : Plasma induit par laser, laser-induced breakdown spectroscopy (LIBS), gaz
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Abstract in English

Laser-induced breakdown spectroscopy (LIBS) has been invented for more than 50
years, which analyzes the spectrum of the laser-induced plasma to determine the elemental
composition of the ablated sample. Recently, LIBS technique has been well developed and
applied in different domains, for example oceanic exploration, pollution monitoring in the
environment. LIBS uses the ablation plasma as a light source that contains the elemental
composition information of the sample. However, the laser-induced plasma exhibits a
transient behavior. Although time-resolved and gated detection can greatly improve the
performance of the LIBS technique especially that of calibration-free LIBS (CF-LIBS)
with a better determination of plasma temperature, the temporal evolution of the plasma is
correlated to its morphology and its spatial inhomogeneity. The determination of the
morphology as well as the internal structure of the plasma together with their evolution
during plasma expansion into the ambient gas is therefore crucial for the optimization of
the use of ablation plasma as a spectroscopic emission source. Evolutions of the
morphology and the internal structure of the ablation plasma are considered as the
consequence of its hydrodynamic expansion into the ambient gas. Following the thesis of
Qianli Ma which has studied the effect of laser wavelength on the behavior of the plasma
induced in an ambient gas of argon, the present thesis has used the same diagnostic
techniques (time- and space-resolved emission spectroscopy and fast spectroscopic
images) together with 1064 nm ns laser pulse ablation of a target of aluminum to
investigate the effects of other parameters, such as the fluence and the duration of laser
pulse, the effect of different ambient gases (argon and air), on the morphology and
internal structure of the plasma. Furthermore, in order to understand the effects of these
parameters on the properties of the plasma, the microscopic mechanisms during post
ablation and the propagation of the plasma are also studied. While the plasma cools down
in air, molecules are formed, AlO for instance. So the thesis also studied the condition for
the formation of the molecules in the plasma. Beyond the practical interest of this study
for LIBS, it provides also insights to the kinetics of the AlIO molecule formation in laser-
induced plasma.

The works presented in this thesis manuscript are organized according to the following
structure. First, the context and the motivation of this work are presented in a general
introduction. In Chapter 1, the theoretical backgrounds needed for the understanding of
the results obtained in this thesis work will be discussed in detail. In Chapter 2, plasma
diagnostics with emission spectroscopy will be presented together with a discussion about
the local thermodynamic equilibrium of the plasma and the laws of statistical distribution.
Chapter 3 describes experimental setups and protocols of measurement as well as the data
treatment techniques. The main experimental results are present in Chapter 4, 5 and 6. In
Chapter 4, plasma properties as a function of the laser fluence and pules duration will be
studied. In Chapter 5, the characteristics and the microscopic mechanisms of laser-
supported absorption waves will be observed and compared between the plasmas induced
in an atomic or molecular ambient gas. In the 6% and the last chapter of this thesis
manuscript, the results of the experimental determination of the delay and the temperature
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for the appearance of the AIO molecule in the plume are presented. Finally, this thesis will

end with general conclusion and perspective.

Keywords: Laser-induced plasma, laser-induced breakdown spectroscopy (LIBS), shocked
gas, plasma diagnostics, fast spectroscopic imaging, emission spectroscopy, laser
supported absorption wave, laser supported detonation wave, breakdown in gas, reaction

in plasma, recondensation to nanoparticles
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General introduction

From laser-induced plasma to laser-induced breakdown spectroscopy (LIBS)

Laser-induced breakdown is a well-known phenomenon which leads to a strongly
ionized gas commonly named laser-induced plasma (LIP). When the used laser is a
nanosecond pulsed laser with an output pulse energy in the range from several to
hundreds m] (fluence from several to hundreds J/cm?and irradiance from several to tens
GW/cm?), as usually used for laser ablation, the generated plasma occupies a particular
place in the scales of temperature and density for plasma. Initial temperature in the range
from 10* to 10> K and initial electron density from 107 to 10" cm> can be typically
reached in a LIP. Excitation energy in the orders from 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. Such processes include absorption/emission,
ionization/electron captute, dissociation/recombination and formation of molecules,
clusters and nanoparticles. In addition to primary interest as a convenient way for easy
plasma production with commercially available laser, LIP represents an alternative to
simulate what happens in various inaccessible and/or harmful environments such as
ionosphere, interstellar space, solar corona, or ionized zone surrounding a nuclear
explosion. In presence of laser radiation, such plasma can be characterized by the energy
scale, I, & hv = KT. It appears therefore as a hot and ionized gas with optical property
sensitively dependent on its thermodynamics state. The last one is in turn determined by
its optical emission and absorption properties. Strongly nonlinear processes take place in
the plasma, which influence its gas dynamics, hydrodynamic, optical as well as chemical
behaviors. Such medium situates therefore between hot plasma and cold gas and its
description requires disciplines including atomic and molecular physics, thermodynamics,

nonlinear optics, hydrodynamics, gas dynamics and spectroscopy.

Besides fundamental interests, applications of LIP have recently attracted much
attention, especially for laser-induced breakdown spectroscopy (LIBS), pulsed laser
deposition (PLD) and nanoparticle generation. [2-7] Recent interest in spectrochemical

application with LIBS is driven by the unique advantages of the technique. Such
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advantages include easy or reduced sample preparation, no contact and remote
measurement, instantaneous response for multi-elemental analysis and precisely localized
(micro) surface analysis. First applications of LIBS were investigated in Los Alamos for
detection of hazardous gas and vapors in air. [8] Further development of the technique
turned to very practical problems, such as monitoring environmental contaminations,
industrial applications for control of material processing, and sorting of materials or wastes.
Needs from security and homeland defense trigger investigations in the application of
LIBS for detection and analysis of bacteria [9, 10] and explosives [11]. Capability of LIBS
to perform remote detection enables its application in nuclear industry. [12] Integration by
NASA of a module of LIBS in the Mars exploration rover “Curiosity” for analysis of the

soil of Mars highlights application of LIBS for space exploration. [13, 14]

Molecule formation with laser ablation of solid state material, in particular refractory
material, and subsequent reaction with background gas have attracted much attention for
study of exotic molecules or radicals of instable nature. [14] Ablation plume has been
shown to facilitate controlled formation of different molecules and molecular ions which
cannot be produced by other means such as in oven or cell. As for material processing,
many molecules or radicals have been generated and studied for thin film formation by
pulsed-laser deposition (PLD) or nanoparticle manufacturing [15], for example carbon

nitride (CNy) films with a fullerene-like structure.

It is thus clear that laser-induced plasma as a source of atomic and molecular
spectroscopy and of particulate matter generation and deposition has its numerous and
unique advantages, and provides the basis for a large number of applications.[16-20] Wide
range of properties displayed by LIP during its lifetime makes it a source of choice suitable
for applications in different domains of atomic and molecular spectroscopy, atmospheric
photochemistry, astrophysics, analytical science, materials processing, and new material
fabrication.[21-24] Moreover it provides a laboratory model to simulate and study what
happens in vatious inaccessible and/or harmful environments. Experimental results
obtained and especially numerical codes developed for a laboratory scale LLIP can thus be

useful for plasma observed in other circumstances.

More specifically for LIBS, a deeper understanding of the physical and chemical
process involved in the evolution of the plasma and the detailed influences of the

experimental parameters will be a great help for the improvement of the technique. It is
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General introduction

why “back to the fundamental” represents one of the key points which will effectively

accelerate the maturation of the LIBS technique. [25]

Temporal and spatial evolutions of the plasma as a key point of LIBS technique

Therefore as a spectroscopic emission source for LIBS application, laser-induced
plasma is distinguished from other plasmas (discharge, inductively coupled plasma...) by
its violent expansion into the ambient gas. Taking into account the temporal and spatial
evolution of the plasma represents indeed a key point for the LIBS technique. Several
steps can be distinguished to understand and describe the generation of ablation plasma
and its subsequent evolution into the ambient gas. As shown in Figure 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 absorbed 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 irradiance 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 slightly ionized and in the case of ablation with nanosecond or longer duration
pulse, it interacts with the incoming laser pulse. Its high density and temperature and initial
free electrons inside the vapor permit it to efficiently absorb the laser energy and get
highly ionized. A plasma is thus generated above the target surface leaving a crater behind
it. The plasma then expands into the ambient gas and interacts 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 ambient gas. After the termination of the laser pulse, the resulting system continues to
expand into the ambient gas. Relaxation processes, especially radiative decay, take place in
the plasma including the spectral emission from the plasma, which is the basis of the LIBS

technique. The plasma finally re-condenses itself.

What are the physical and chemical processes involved in the generation and

evolution of an ablation plasma?

Before going into detail in Chapter 1, of the description of the physical and chemical
processes involved in the generation and evolution of laser-induced plasma, here we first

list them for the three phases of evolution.



Laser-induced plasma as a function of the laser parameters and the ambient gas

Ablation

Laser ablation corresponds to material removal and formation of a vapor more or less
ionized following the impact of a laser pulse on the surface of a target material. Different
mechanisms can lead to laser ablation according to the optical, thermal and mechanical
properties of the target, and also according to the characteristics of the incident laser
pulse, wavelength, fluence, and pulse duration... The property of the ambient gas can also
greatly influence the ablation process. To fix the idea and since the purpose of this PhD
thesis is to study the evolution of the laser-induced plasma as a spectroscopic emission
source, we have chosen to work with the simplest case: the ablation of a metallic target
and especially a pure aluminum or an aluminum alloy. For ablation with ns pulsed laser,
since the existence of free electrons and the electron-lattice coupling time constant in the
order of several ps, which is much smaller than the laser pulse duration, the ablation
process is well described by the photothermal ablation model. In such model, the laser
pulse acts as a thermal source which transmits its energy to the target during the pulse
duration. The physical processes involved in the photothermal ablation process can be

listed as in the following:

- Absorption of laser energy by conduction electrons through intra-band transition.
Such free to free transition has not a resonant nature with respective to the
wavelength of the used laser. Such choice in our experiment allows us emphasizing
the effect of laser wavelength in the expansion of the generated plasma, the effect
that we wish to study in our investigation.

- Coupling of the absorbed energy from the electrons to the lattice (electron-phonon
coupling).

- Phase transitions, fusion and vaporization.

Post-ablation interaction

The specificity of ablation with nanosecond pulse comes from the fact that the
initiation of the ablation plume within an interval of several hundred picoseconds [20] is
much shorter than the duration of the ablation pulse. Even with short nanosecond pulse
delivered by a Q-switched Nd:YAG laser of about 5 ns pulse duration for example, the

laser pulse lasts longtime after the formation of the ablation vapor over the impacted area
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of the target surface. Post-ablation interaction between the vapor and the tailing part of
the laser pulse represents therefore an important process in the early stage of the plasma
expansion, which subsequently determines the morphology and the internal structure of
the plume after the end of the laser pulse. The processes involved in the post-ablation

interaction can be listed as in the following:

- Shockwave propagation, collisional excitation (including ionization and
dissociation for molecular gas) of the ambient gas

- Photo-absorption and ionization of the vapor and the shocked gas

- Cascade ionization and breakdown of the vapor and the gas

- Ignition and propagation of the laser-supported absorption waves

Propagation and expansion of the plasma into the ambient gas

After the termination of the ablation laser pulse, the generated plume is left to
continue to propagate and to expand into the ambient gas without any further input
energy. During this period, the plume cools down through its interaction with the ambient
gas. The principal applications based on laser-induced plasma appear in this interval of
plasma evolution. The investigation of the behavior of the plasma in this period has thus
the most important implication for these applications. The major processes involved are

then listed as in the following.

- Gas dynamic expansion of the plasma into the ambient gas

- Impact ionization and electronic capture: Saha equilibrium

- Collisional excitation and radiative decay: local thermodynamic equilibrium (LTE)
- Dissociation and recombination: thermochemical equilibrium

- Re-condensation, cluster and nanoparticle formation

A simplified parametric space to study the influences of the experimental

conditions

It is therefore quite clear that laser-induced plasma corresponds to a complex physical
and chemical process. The behavior of the induced plasma depends on a quite large
number of experimental parameters. The influences of these parameters are often not
understood in detail, and their effects correlated each other in a nonlinear and non-trivial

way. In order to have a simple representation of the ensemble of influencing parameters in
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the process of laser-induced plasma, we use a 3-dimansional parametric space which
represents the 3 most important groups of experimental parameters: ablation laser
wavelength, ablation laser fluence and ambient gas, as shown in Figure 3. Instead of
treating continuous variations of the above 3 groups of parameters, which would lead to
an infinite number of combinations of parameters to treat in our study, we divide each
parametric dimension into two regimes as shown in Figure 3: UV (226 nm) and IR (1064
nm) for the wavelength; low and high levels for the fluence; and atomic gas (argon) and
molecular gas (atmospheric air) for the ambient gas. In such representation, the parametric
space is divided into 8 distinguished parametric combination volumes, just like an 8-bloc
magic cube. A systematic study of effects of the experimental parameters on the properties
of the induced plasma can thus be performed for each of these 8 parametric volumes.

[\\§
prgo®

Figure 3 A parametric space with three axes: laser fluence (including pulse
duration); laser wavelength and ambient gas.

A global schema of the research projects of our team plans to cover the 8 parametric
volumes within two successive PhD theses. A first PhD thesis realized in the period from
2009 to 2012 par Qianli Ma, has essentially covered the 4 parametric volumes with argon
as the ambient gas. The study has been performed principally as a function of the
wavelength of the ablation laser. The correlated effect with the laser fluence was also
studied. The present PhD thesis is thus designed to cover the 4 remaining parametric
volumes with the atmospheric air as the ambient gas. The applicative importance of this
study is manifest since the majority of LIBS measurements takes place in such ambient

gas. By doing this, it is also possible to compare the characteristics of the plasma in a



General introduction

molecular ambient gas, such as the atmospheric air, to that of the plasma in an atomic

ambient gas, such as argon.

Objectives of the present PhD thesis and the approach used
The objectives of the present PhD thesis are therefore:

1) Study the effects of ablation laser fluence and pulse duration on the expansion
behavior of the plasma induced under the ambient of argon;

2) Compare the expansion behavior of the plasma induced under the atmospheric air
to that of the plasma induced under an argon ambient gas. From such comparison,
deduce the mechanisms of laser-induced absorption waves in a molecular or an
atomic ambient gas;

3) Study the specific features of the evolution of laser-induced plasma under a

molecular ambient gas, especially the formation of molecules.

The approach of the present PhD work is essentially experimental. The used
experimental investigation methods corresponds to classical plasma diagnostics
techniques, including time- and space-resolved emission spectroscopy, fast spectroscopic
imaging. The data treatment with spectrum analysis is based on the assumption of the
LTE. The specificity of this thesis is a large investigated time interval from several ns to
tens of ps. Such long time delay investigated is needed by the observation of molecular
(AlO) emissions. It is why atomic as well as molecular emission spectroscopies are used to

characterize the ablation plume.

The structure of this thesis manuscript

After this general introduction, the following part of this PhD thesis manuscript will
present in detail the works realized in 6 chapters. We will first expose in Chapter 1, the
theoretical background necessary for a good understanding of the results presented.
Chapter 2 will be devoted to the presentation of the methods of plasma diagnostics by
emission spectroscopy of a plasma assumed to be in the local thermodynamic equilibrium.
The experimental setup and protocols, and the data treatment methods used will be
presented in Chapter 3. The main findings of this PhD work will be described in Chapters
4, 5 and 6 with 3 different aspects: The influences of the laser fluence and the pulse

duration on the morphological and physical properties of the plasma will be detailed in
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Chapter 4. The influences of the nature of the ambient gas on the expansion behavior of
the plasma will be discussed in Chapter 5. We infer especially the microscopic mechanisms
which lead to different behaviors of the plasma in an atomic or a molecular ambient gas.
The transformation of the plasma into a molecular gas (AlO) will be discussed in Chapter
6. We will especially determine the minimal delay and the maximal temperature necessary
for a dominant production of the molecule in the plume through recombination. We then
conclude the manuscript and point out the perspectives emerging from the present PhD

thesis work.



Chapter 1. Theoretical
background

1.1. General description of the laser-induced
plasma

A detailed description of the process of laser-induced plasma requires a collection of

basic terms being first specified before they will be properly used in this thesis manuscript.

The initial process begins with the ablation laser pulse impacting on the surface of the
target. As it is often the case for LIBS, in this thesis we consider that the ablation laser
pulse is sent to the target surface along its normal direction. The ambient gas fills the
environment where the laser ablation occurs. Usually for LIBS, the ambient gas is the

atmospheric air at the room temperature and one atmosphere pressure.

The vapor is the gas-phase material removed from the target, which is composed of
electrons, ions, atoms and other forms of the material such as droplets and solid
fragments. For example, when aluminum is ablated, an aluminum vapor is produced. The
shockwave is a discontinuity (in the thermodynamical point of view) propagating into the
ambient gas following the laser pulse impact on the target surface. The shockwave is
induced when the removed material (the vapor) is ejected out the target surface with a
velocity larger than the speed of the sound in the ambient gas. The shocked gas is the part
of the ambient gas left behind the shockwave. The thermodynamic property, as well as the
optical property of the shocked gas can be dramatically changed due to the passage of the
shockwave. The ensemble vapor and shocked gas is referred to the plume. This definition
emphasizes the fact that the plume correspond to a gas with a temperature substantially
high than the initial ambient gas, and efficiently emits an optical emission (continuum,
atomic, ionic or molecular emission). When the plume is significantly ionized, we call it

plasma. It is actually the laser-induced plasma.

When the plume disappears, a crater is definitively left on the surface of the target
where the laser pulse was impacted. It is important to remark that a crater does not

correspond to the state of the target surface immediately after the rejection of the vapor;
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the ablated materials can eventually deposit back on the target surface contributing

therefore to the morphology of the final crater.
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Figure 1.1 Illustration of the process of laser-induced plasma in ambient gas.

With the principal used terms specified, we will now in the following sections, describe

more in detail, the generation and the evolution of the laser-induced plasma.

1.2. Laser ablation

Laser ablation is the process of material removed from the surface of a solid or liquid
material by irradiating it with a laser pulse. The amount of material removed by a single
pulse depends on the optical property of the material and the laser pulse parameters, such
as wavelength, pulse energy and pulse duration. The property of the ambient gas

influences as well the ablation process. [27]

1.2.1. Mechanisms of laser ablation

In general, laser ablation can be due to one of the following mechanisms:
photothermal ablation, photochemical ablation and photophysical ablation [28]. The first
two types of ablation are distinguished by the mechanism of laser radiation absorption by
the material and the third one corresponds to the case where both the photothermal and
the photochemical process play an important role in the ablation. Although LIBS can
concern materials in all the phases, solid, liquid and gas, the ablation of solids is most
studied and often representative for the majority of involved processes, of the ablation
processes of the different phases of material. It is why in the following, we will address

more specifically the laser ablation of solid state materials.

10



Chapter 1. Theoretical background

In the photothermal ablation, the laser energy is first absorbed by free electron
available in the material. Electron-lattice coupling transfers then the absorbed energy to
the matrix. In solid state material, such coupling has a time constant in the order of
picosecond. Therefore for a nanosecond laser pulse, the pulse duration is much longer
than the energy coupling process from the electron to the matrix, in such way that the
laser pulse can be considered as a heat source in the ablation process. The temperature
rising in the volume touched by the heat transfer can result in the surface material melting
and vaporization, which leads to the formation above the target surface of an ablation
vapor. The initial temperature of the formed vapor is essentially determined by the
vaporization temperature of the ablated material. The thermal ablation is especially suitable
to describe the ablation of metals by nanosecond laser pulse, because of the availability of
initial free electrons and the long duration of the laser pulse. For other types of materials
(dielectrics, polymers...), additional mechanisms are needed to create initial free electrons

(multiphoton ionization, ionization from default levels, ionization by cosmic rays...).

Photochemical ablation occurs when the photon energy of the ablation laser is high
enough or multiphoton transition is sufficiently efficient (in the case of intense
femtosecond laser for example), so that the optical excitation results in direct bond
breaking in the volume of the material touched by the laser pulse. Such photochemical
dissociation builds up mechanical stress in the touched volume, which leads to material
removal through fragmentation. It takes place in principle without any change in the
temperature of the target surface. The photochemical ablation is often suitable to describe
ablation of dielectric and polymeric materials. UV nanosecond laser pulse or femtosecond

laser pulse is often efficient to induce photochemical ablation.

When the both photothermal and photochemical mechanisms contribute to the
ablation process, photophysical ablation occurs, which corresponds to ablation with the
both thermal and non-thermal processes. In such ablation, the photochemical process
creates initial free electrons, which allows the photothermal process further efficiently
transferring the absorbed laser energy to the matrix, leading to its fusion and vaporization.
Ablation of dielectric or polymeric materials with nanosecond laser can often be described
by the photophysical process. The existence of default energy levels in dielectric materials
or metallic trace elements with low ionization potential in polymeric materials, facilitates

the ablation of these materials even for infrared ns laser pulse with moderate pulse
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intensity. High temperatures can be reached for the plasma induced from these materials

through the photophysical process.

Since the purpose of this thesis is to study the plasma induced from a metallic target,
pure or alloy of aluminum for instance, we will in the next section provide a more detailed
description of the photothermal ablation process of a metal. We remark also here that
such process is up to now the only ablation process that one can numerically simulate in a

rather detailed way.

1.2.2. Plasma generation through photothermal ablation of a metal

Absorption and electronic excitation and relaxation in metallic crystalline

materials

For metals, the band structure is a general concept to describe the electronic energy
level structure in as shown in Figure 1.2 [29-31]. The highest occupied band is only half-
filled by the valence electrons. The Femi level (Er) lies therefore in the middle of the band.
Intraband single photon transition is possible for an electron initially under the Fermi level
to be excited into an energy level above the Fermi level in the same band. The
mechanisms of optical absorption in a metal can be therefore considered as intraband

transitions as illustrated in Figure 1.2 (b).

A

Energy

(a) (b)

Figure 1.2 (a) Band structure in metal where the bands are filled with electrons up
to the Fermi level Ex. Such occupation is indicated by the shading. (b) Optical
intraband absorption by metals [29]

12



Chapter 1. Theoretical background

In the classical treatment of the optical response of metals with the Drude model [32],
the valence electrons are considered as free electrons that interact with electromagnetic
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 simple model, analytical expression of the absorption coefficient
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 radiation, &(t), with the following equation [29],

L d%x - m
m —- m —_
dt? 14 dt

= —e&ye wt

(1-1)
where m” is the effective mass of the electron, £q the amplitude of the laser electric field
and w its pulsation. y the friction coefficient is considered as equal to 1/t , where 7 is
considered as the mean time between two successive collisions between an electron and an
ion. Compared to the standard Lorentz model of atom, in Eq. (1-1) the term due to the
restoring force of the ion on the electron is set to zero (wy = 0). The solution of this
equation for the displacement of the electron, x, leads to the relative permittivity of the
metal. A characteristic parameter is introduced to describe the optical response of the

metal, w,, the plasma frequency which is defined by

nye?

(l) =
P &My

(1-2)
where n, stands for the free electron number density, which is in the order of 10?2 to 10?
cm for metals [29]. The plasma frequency is a key parameter for the optical property of a
metal. A radiation with w < w, is reflected by the surface of the metal with a reflectivity R
close to 1. The absorption coefficient @ can be thus expressed as a function of w,, 7, and

w

b

2
pr TW

a =
CZ

(1-3)
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From a, one can define the skin depth, &, which represents the distance under the

target surface where the laser field strength decreases to e ™! of the incident strength.

2 2c2

(1-4)
The value of a for metals is in the order of 10¢ cm!, which corresponds to a skin
depth in the order of 10 nm. In a real metal, the simple free-electron behavior is modified

by a number of secondary effects, such as inter-band transition [33].

An excited electron is in contact with a large number of other particles in the material,
the ions forming the lattice, other electrons, or holes created at the same time as the
excited electron. The energy stored by the electron can be efficiently relaxed into other
forms of excitation. Radiative relaxation corresponds to electron-hole recombination. It is
the inverse process of optical absorption. The radiative lifetime of an electron-hole pair is
in the nanosecond range, and is longer than the timescales of electron-electron collision
and electron-lattice coupling [29]. Collision time between free electrons in a solid can be
very short in the range of 10-* s due to the high free carrier density. Coupling with the
lattice can be considered as electron-phonon coupling, and electron scattering takes place
on a timescale as short as 1012 s [33]. These different timescales determine the principal
ways of the relaxation of an excited electron through non-radiative processes, such as
electron-electron and electron-phonon couplings. For a nanosecond pulse, these relaxation
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 induces a rise of temperature in the lattice during its propagation in
to a solid target. The consequence can be melting then evaporation of the target material,
if the corresponding thresholds in fluences or in irradiance are successively reached. We
remark here that the ablation volume does not only concerns that touched by laser
radiation. The thermal conduction extends the volume ablated by a laser pulse significantly

beyond the depth corresponding to the skin depth defined by Eq. (1-4).

Formation of the ablation vapor

We assume that the laser energy absorbed by the material is totally transformed into

heat, so the temperature distribution in the material can be calculated with the heat
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conduction equation. In the case of aluminum, the absorption coefficient is o = 1.25 X 10¢
cml, which corresponds to a penetration depth in target in the order of 8 nm [28]. The
penetration depth is thus much smaller than the size of the focused spot of the laser beam
(typically 100-500 um), so the lateral heat flow can be ignored and the temperature
distribution in z-direction (laser incident direction perpendicular to the target surface) can

be described by a one-dimensional heat equation:

K"

dT(z,t) 0 dT(z,t)
P9t Tz oz

+a-1(z,t) +U(zt)
(1-5
The first term of the right side of Eq. (1-5) corresponds to the heat conduction,
whereas the second term indicates the energy coming from the laser energy absorption. T
represents the temperature in the target, U describes the additional energy per unit volume
and time that is required or provided if phase transition occurs, z 1is the distance
measured from the target surface, t is the time, k, ¢, and p denote the thermal
conductivity, heat capacity and mass density of the target material respectively. The
numerical values of these parameters can be found for various materials in the literature

(Ref. 28 for example).

When the surface temperature Tg exceeds the melting point T,, of the sample, the
surface starts to melt. Subsequently, T; increases much slower or not at all, due to the
consumption of the absorbed laser energy not only for heating, but also for melting.
During the time when the phase change takes place, the local temperature remains
constant. If the irradiance of the incident laser is high enough, the surface temperature

becomes so high that vaporization becomes significant.

The produced vapor expands into the background. The simplest configuration is a
vacuum background. The expansion dynamic of the evaporated material can be described
by Euler equations of hydrodynamics. This equation is simplified with the one-
dimensional equations of hydrodynamics to express the conservation of mass, momentum
and energy, respectively [34]:

ap __ 3w
ot 0z

(1-0)
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d(pv) 0
T PG
, (1-7)
ai[p <E + B + v_>] + €abs ~ €raa
(1-8)

where p is the mass density, pv is the momentum, pv?/2 is the kinetic energy density, P is
the local pressure, pE is the internal energy density. The quantity 4,5 denotes the locally
absorbed laser energy; whereas &.44 is the amount of energy emitted by the vapor per
unit volume and time, which corresponds to a loss for the internal energy of the vapor. It
should be mentioned that the Eq. (1-6) to Eq. (1-8) describe the expansion of the vapor
into the vacuum, where only the evaporated material needs to be considered. Compared to
the expansion in the vacuum, the expansion into an ambient gas of the vapor drives a
shockwave propagating into the ambient gas. The interaction of vapor with the ambient

gas is a more complicated gas-dynamic process which we will discussed in Section 1.3 .

1.2.3. Laser ablation in high fluence regime

Phase explosion

When the fluence of the ablated laser is relative low, the heating process can be quite
slow and the liquid has enough time to relax to successive equilibrium states with the
rising temperature followed by the evaporation. When the laser pulse becomes very
intense, the laser heating generated under the surface can lead to a temperature higher than
the normal boiling point, resulting in a metastable state. Phase explosion occurs when the
temperature approaches the thermodynamic critical point (T,), which transforms the

melted metal in to a mixture of liquid and vapor. [35]

The phase change induced by pulsed laser heating can be best illustrated using the
pressure-temperature diagram shown in Figure 1.3. The normal heat is the representative
process when the heated metal becomes liquid but is still below the boiling temperature
point. The binode line represents equilibrium between the surface temperature Ts and the

vapor saturation pressure Pygp,.
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Figure 1.3 The p — T diagram of a liquid metal near the critical point

During pulsed laser heating, the amount of nuclei generated by spontaneous
nucleation is negligible at the temperatures lower than 0.9T,. At a temperature of about
0.9T,, the target material makes an abrupt transformation from superheated liquid into a
mixture of liquid droplets and vapor, which are then violently ejected from the target. This
process is called phase explosion. Furthermore, for the phase explosion there is a certain
time needed for a vapor embryo to grow to a critical nucleus, called the time lag of
nucleation [35]. The time lag is important in ablation induction by nanosecond or shorter

pulsed lasers. The time lag of metals is estimated between 1 and 10 ns [30].

Plasma shielding

Another phenomenon, plasma shielding, becomes important when the ablation laser
energy is relatively high. The tailing part of the laser pulse can be shielded and not arrive
on the target surface [37]. Such shielding results in the saturation of the ablation rate with
respect to the laser fluence. The effect of plasma shielding on the target surface-
temperature is illustrated in Figure 1.4 as example. The calculated time dependences of the
surface temperature are given in Figure 1.4 a) for a graphite target irradiated at different
laser fluences. Figure 1.4 b) illustrates the effect of plasma shielding on the temporal
profile of laser radiation that arrives on the target surface through the plume. At low laser
fluencies (curve for 1.75 m]/cm?, Figure 1.4 a)) the surface temperature continues to rise
after the laser-radiation reaching its maximum. The maximum vaporization rate is thus

delayed relative to the laser pulse. This means that no significant plasma shielding effect is
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observed and that the whole pulse is delivered to the target surface. As the laser fluence
increases with a corresponding increase of mass removal, T peaks at an earlier time with
respect to the incident laser-pulse maximum as the result of plasma absorption (see curves

for >= 18 mJ/cm? in Figure 1.4 a) and b)).
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Figure 1.4 a) Calculated time dependences of the surface temperature of a graphite
target for ablation with different laser fluences. b) Calculated temporal profiles of
laser radiation delivered to the target surface through the laser induced plasma at
different laser fluences during graphite (dashed curves) and Nb (dot-dashed curve)
ablation. The incident laser pulse, peaked in the calculations at 20.5 ns, is shown by
a solid curve. The points represent the experimental data for graphite ablation at 10
J/cm? [38].

Splashing ejection

In fluid mechanics, a splash is a sudden disturbance to the otherwise quiescent free
surface of a liquid. The disturbance of the liquid can be caused when a solid object or a
fluid suddenly hit on the liquid surface. According to the observations reported in the
thesis of Qianli Ma [39], for an IR laser pulse ablation, a reflected wave can propagate back
toward the surface of the target. Such backward wave can thus initiate an upward velocity
component for the melted material, which transforms the melt material into droplets or

vapor, leading to a secondary delayed material ejection, as illustrated in Figure 1.5.
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Shock wave
Reflectionwave

Splashing ejection

Figure 1.5 Formation of a splashing ejection. The red dashed line is the front of
the shockwave with the movement directions indicated by the red arrows. The
yellow dashed line is the front of the reflection wave with the movement directions
indicated by the yellow arrows. The black arrows indicate the movement of the
material due to the splashing ejection.

1.3. Post ablation laser-plasma interaction

1.3.1. General description of post ablation laser-plasma interaction

For nanosecond pulsed laser ablation, the pulse duration is significantly longer than the
initiation time of the plasma. The phase of the pulse laser ablation is commonly
considered as the interval between the initial impact of the laser pulse on the target and the
appearance of evaporated material over its surface. Using picosecond time-resolved
shadowgraph imaging, the initiation time is measured in the range of several hundred

picoseconds [206].

In the most cases, a LIBS measurement is performed in an ambient gas at the
atmospheric pressure, with the ambient air or an introduced gas, such as argon or helium.
In the Figure 1.6 (a) the solid material is heated first to be melted, and then it is evaporated
(Figure 1.6 b) with further absorption of laser energy. After being evaporated, the vapor
begins to expand into the ambient gas, therefore, a shockwave forms and propagates into

ambient gas. As a result, the ablated vapor is surrounded by the shocked gas.
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Figure 1.6 Melting (a) and evaporation (b) during laser ablation in an ambient gas
(the part in the green dashed line shows the absorption zone of laser energy).
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The expanding vapor as well as the shocked gas can absorb energy from the incoming
laser pulse, which corresponds to the plasma shielding effect. The shielding is efficient for
ablation under an ambient gas at atmospheric pressure, where the vapor is slowed down
and confined. Thermal ionization can thus occur in the shocked gas, increasing its
absorption rate. The early stage of the plasma expansion is thus driven by laser-supported
absorption waves (LSAW) [40]. The absorption of the laser pulse by the interacting
system, which can include the vapor and the shocked gas, is the key point that determines

the subsequent evolution of the plasma.

In the Figure 1.6 (b) the vapor above the target surface is ejected from the target and is
ionized by absorbing laser energy. It can also contain ionized ambient gas which, once
ionized, is ingested by the vapor plasma. The shocked gas corresponds to a layer of
ambient gas compressed by the out coming plasma. An absorption zone locates in the
front part of the plasma which can more or less extend into the shocked ambient gas and
back into the vapor. Finally the precursor shock can separate the ensemble of the plume
(containing the vapor plasma and the shocked gas) from the ambient gas still in the
ambient temperature and pressure. Strong interactions take place between the different
parts of the plume with mechanical, thermal or radiative nature. The expansion of the
vapor plasma mechanical compresses the surrounding ambient gas, leading to a shocked
gas layer behind the precursor shock. Thermal conduction occurs from the hot vapor
plasma to the shocked layer. The radiation emitted by the hot vapor plasma can be
absorbed by the surrounding ambient gas, leading to its further excitation and ionization.
The optical property of the ambient gas can be greatly modified by its interaction with the

vapoft.

1.3.2. Absorption of laser radiation by the vapor plume and the shocked

gas

The vapor plume and the shocked ambient gas are therefore considered as a hot and
partially ionized gas. For nanosecond laser ablation, the photon energy is smaller than the
ionization potential of implicated elements, and the laser irradiance is too small for
significant multiphoton absorption to happen. The main mechanisms involved in the
absorption of laser radiation by such gas correspond to the inverse bremsstrahlung (IB)

(free-free transitions) and the photoionization (PI) (bound-free transition) [40]. The total
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absorption coefficient (@¢o¢) of the gas is therefore contributed by two processes of single

photoionization of excited states (ap;) and inverse bremsstrahlung (a;p)
QAtot = Ap; + QB
(1-9)
Absorption by inverse bremsstrahlung

The 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
the three body collision events, a photon (of wavelength A) is absorbed by the electron
which is accelerated. In the classical electrodynamics, the cross section for inverse
bremsstrahlung is calculated separately for neutrals, Ue B and Z-time ionized ions 02 due
to the different types of interaction force between the two types of particles and the

electrons [41]. The absorption coefficient can therefore be written in the following forms

[41]:

_ § _ B B
Qg = Ajpeo T QApez = NoOeo T Z Nz0e7

(1-10)
age0(A) = A1/13n0neTel'50difG—ég
(1-11)
N GIB
apei(d) = A2 [1 - exp( MkgT, )] z —eeZ
= (1-12)

Here A; and A, are two constants, their expression and numerical values in the CGS
system of units can be found in the Ref. [42]. The corresponding values in the MKS
system are respectively 8.61X101 and 1.37X10-?". T, is the electron temperature. ng, ng,
and ny stand for respectively the number densities of electrons, neutral atoms and Z-time
ionized ions. g4 represents the cross section of electron scattering by a neutral atom,
which is in the order of 1020 m? [43, 44]. GI§ G/B and GIB GIZ are Gaunt factors and can be
expressed in the following forms [45]:

(14 ) oo (-7ms)
MyT,) | P\ o,

GeO -

(1-13)
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1/3 2k,T, A
(1+=5)

GE =1+ 0.1728( L

AEHZZ)
(1-14)
These two factors take into account the correction of the quantum effect to the used

classical calculation of the cross section. And their value is in general close to 1.

The Egs. (1-11) and (1-12) can be used to study the behavior of the inverse
bremsstrahlung absorption as a function of the electron temperature and the wavelength
of the laser radiation. Electron-neutral process, ajpeo(4), is important only at low
temperature for a weekly ionized plasma [46]. The upper limit temperature is in the range
of 5000 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, ajp;(1), becomes dominant.
Concerning the dependence on laser wavelength, when kpT, < hv, a;p varies as A*> and
when when kzT, » hvu, a;p varies as A2. The transition temperature 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. It increases the electron temperature and leads to impact
excitation or ionization of the atoms in the plasma. Impact ionization can leads to cascade

ionization in the vapor and increases significantly its ionization degree.

Single photon ionization from excites states

The condition for single photon ionization of excited states can be given by hv > EE |
where EE, 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 potential of the atom, Ej,,, and the excitation energy of the state k: EX =
Eion — Ei. The total absorption due to photoionization can be written as

o)

_ k _PI
ap; = z Z Nz Oy z
Z

k

(1-15)
Here n¥ is the number density of the population in the excited state k of the Z-times
ionized atoms and aj 5 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

22



Chapter 1. Theoretical background

photoionization depends on the structure of the atom and the wavelength of the laser
radiation. In the Table 1-1, we provide the quantum number k and the excitation energy
of the lowest excited state concerned by single photon ionization with the three
wavelengths of a Nd:YAG laser for two elements, aluminum and argon. We can see that
for the used wavelengths, only excited atoms can be photoionized [47, 48]. The needed
excitation energies are quite high especially for argon. Such excitation is provided in the
plasma by collision excitation with electrons and can correspond to very high
temperatures. According to this model, the absorption coefficient for single photon

ionization can be calculated for hydrogen atoms [49]:

@pi () = 427 [1 — &P (‘ A:BCTe)] [ (AkB ) ]Z z nzneG

(1-16)
with
he \Y3 2k T, A
Gl =1— 172( ) (1— Be)
Gz 0.1728 AELZ? hc
( he ) 1+01728< h )1/3<1+2k3Te’1)
P\ Wy, AE,Z? he
(1-17)

Here Aj is the same factor as in the Eq. (1-12). T, represents the electron temperature,

nz and ngare the number densities of Z-times ionized atoms and electron. GET is the
Gaunt factor and Ey stands for the hydrogen ionization potential. The Eq. (1-16) can be
generalized to non hydrogenic atoms by replacing the Gaunt factor by the Biberman

factor [50, 51].

Table 1-1. The principal quantum number of the lowest excited energy level
concerned by single photon ionization and the corresponding excitation energy
for two elements of aluminum and argon excited by the three frequently used
wavelengths in LIBS of 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 12.9 11.5
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1.3.3. Relative contributions of IB and PI and the total absorption
coefficient
Consider the Gaunt factors are equal to 1 in Eq. (1-12) and Eq. (1-106), the ratio

between the PI and IB processes for the case where the electron-ion process dominates

the IB absorption:

(1-18)
The ratio shows that when hv > kpT,, Pl is a dominant process, and when hv < kgT, ,

IB is the dominant one.

Combining Eq. (1-11), Eq. (1-12) and Eq. (1-16), the total absorption coefficient is

obtained:

— 3 1.5 IB
Atot = Al}{ nOneTe UdifGeO

+A2’13[1_eXp( AkpT, )]Z nzne{[ (/1:3 >_1]G G_‘g}

(1-19)

In order to have an insight on the behavior of the total absorption coefficient for
typical wavelengths used in LIBS, the ratio between the total absorption coefficients at the
two wavelengths of 1064 nm and 355 nm is estimated for a typical configuration of LIBS
experiment, in which a shocked argon gas has a pressure of 400 bar and propagates at a

velocity of 5 km/s. The result of the estimation is presented in Table 1-2.

Table 1-2 Estimation of the ratio between the total absorption coefficients at the two
wavelengths of 1064 nm and 355 nm

T (K or eV) 7000 K (0.6 eV) | 10500 K (0.9 eV) | 46 000 K (4 eV)

Ator (1046 nm) /a,: (355 nm) | 12 3 21

This estimation shows that the absorption in the shocked gas is always more efficient
for IR than for UV in the range of temperatures of typical plasmas produced by laser
ablation. This behavior is consistent with the calculation reported for carbon plasma
expanding in a residual background [52]. For the range of wavelengths considered here
and with moderate laser intensity, PI is only efficient from highly excited levels of the
atoms through single photon ionization, which can explain this tendency. The PI
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absorption rate increases with the temperature of the gas and decreases with the laser
wavelength. This dependence remains however quite moderate when kgT, < hv. On the
other hand for IB, the absorption is essentially contributed by electron-neutral processes at
low gas temperature (below 0.9 eV for argon), and becomes dominated by electron-ion
processes as soon as the gas starts to be ionized (larger than 1% of ionization). The latter
rapidly increases as A2*. The total absorption rate of the shocked ambient gas increases
therefore sensitively with the laser wavelength. Consequently, in general an IR pulse is

much more strongly coupled to plasma than a UV pulse.

1.3.4. Laser-supported absorption waves

Absorption of laser radiation by plasma accelerates its propagation toward the laser
incoming direction and leads to an anisotropic expansion. Such propagation corresponds
to laser-supported absorption wave (LSAW). There are three major types of LSAW, which
can be induced with different laser irradiances for a given laser wavelength and ambient
gas. The three LSAW are laser-supported combustion (LSC) wave, laser-supported
detonation (LSD) wave, and laser-supported radiation (LSR) wave [40]. The difference
between the three modes of laser-supported waves arises from the different roles that the
ambient gas plays and the different way it gets ionized and absorbs the laser radiation. For
usual laser irradiances used in LIBS, LSC and LSD waves are more often ignited. In the
following paragraphs, we will present the principal characteristics of LSC and LSD waves

in the simplified one-dimension model as exposed in Ref. 40.

Laser-supported combustion wave (LSC)

At low irradiance, laser-supported combustion waves can be induced. As shown in
Figure 1.7 (left), the laser absorption zone is localized in the vapor plasma behind the layer
of shocked gas which is comprised between the precursor shock (or shockwave) and the
vapor. 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. Consequently, the vapor is efficiently heated to a high temperature and
pressure as shown in Figure 1.7 (c: left) and (d: left). In contrast, the shocked gas remains
at a low temperature. The shocked gas is mechanically compressed by the expanding vapor
to high pressure and density. The dynamics of the system is maintained by the expansion

of the hot vapor. The absorption wave propagates into the cold and high-pressure
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shocked gas. The main mechanism of propagation is radiative and thermal transfers from

the hot plasma to the cold shocked gas. The high pressure of the shocked gas increases the

absorption 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 ingested by

the LSC wave. Its expansion maintains the pressure that drives the propagation of the

shockwave.
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Figure 1.7 Illustration of the structures of one-dimensional LSAWs (a) and
qualitative presentation of the profiles of characteristic parameters of the wave,
velocity v (b), pressure P (c), temperature T (d) and density p (e). The subscribe P
is used for the vapor plasma, S for shocked gas and 0 for the ambient gas.
Reproduced from the Ref. 40

Laser-supported detonation wave (LSD)

As the laser irradiance increases, a threshold value will be reached beyond which the

shocked gas will significantly absorb the laser radiation and get significantly ionized. The
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mode of propagation becomes dominated by the LSD wave. An absorption zone is found
just behind the precursor shock inside of the layer of shocked gas (Figure 1.7 a right). 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 and the
shocked gas. The propagation of the LSD wave is driven by the absorption of laser energy
by the shocked gas. Higher velocity can be found for the shockwave propagation than in
the case of the LSC wave as shown in Figure 1.7 b right. This implies that an accelerated
propagation along the laser axis of the plasma with LSD. The consequence of laser
absorption by the shocked gas is also a layer of gas with higher pressure, temperature and
density than in the vapor behind the shocked gas layer. The shielding 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 Figure 1.7 c right and d right.

Transition between different LSAWs: effect of irradiance and wavelength

As mentioned above, transition between the different types of LSAWs is controlled by
the role of the shocked gas in the absorption of laser radiation, while the absorption
property of a given gas not only depends on the wavelength of the laser pulse as we
discussed above, but also on its thermodynamic state determined by its interaction with
the shockwave and the vapor. Such interaction critically depends on the initial energy of
the vapor which is in turn determined by the laser pulse irradiance. The laser wavelength A
and laser irradiance I appear therefore as two pertinent parameters which provide a
practical way to control the regimes of LSAW. In the thesis of Qianli Ma, we have studied
the control by the laser wavelength [39]. One of the purposes of the present thesis is to
study the effect of laser irradiance (fluence) on the propagation of the plasma. The control
of the regime of LSAW by laser irradiance (laser fluence) represents therefore the interest
of the present thesis. Figure 1.8 shows the characteristic velocities, pressures and
temperatures that can be found in different regimes of LSAW [40]. By measuring these
characteristic parameters as a function of laser irradiance, the irradiance ranges
corresponding to each type of LSAW can be determined as shown in Figure 1.8 (a). It is
important to remark that in Figure 1.8, the irradiance ranges determined for different
LSAW regimes are associated to the wavelength of a CO; laser at 10.6 um in the infrared
and in the one-atmosphere air ambient. When the wavelength changes, with the

absorption coefficient scaling roughly as A2 to 23, a correction factor has to be applied in
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order to find the good indication of the irradiance ranges for the different 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 at 1.064 um is used, a correction factor
can be apply on the irradiance scale of Figure 1.8 for a rough estimation of the irradiance
ranges corresponding to the different LSAW regimes. Such estimation indicates that in a
typical LIBS experiment, either LSC or LSD wave can be induced according to the
detailed experimental parameters concerning the laser irradiance and wavelength as well as
the background gas (nature and pressure). In the literature, LSD has been observed for a
copper plasma induced by a 1064 nm pulse in an argon ambient gas with laser fluence and
irradiance of 15 J/ecm? and 7.3 GW/cm? respectively [53], such irradiance corresponds
well to the range of irradiance for LSD excitation indicated in Figure 1.8 once the

irradiance scale has been multiplied by a factor of between 100 and 1000.
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Figure 1.8 Characteristic parameters for plasma expansion into an ambient gas of
atmospheric air as a function of the laser irradiance of a CO: laser at 10.6 pm.
Different irradiance ranges for the three modes of LSAW are also indicated.
Reproduced from the Ref. 40
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Effect of the LSAW on the propagation of the plasma into the ambient gas

The propagation behavior of the plasma is sensitively influenced by LSAWs. For LIBS
measurement which takes place at quite long delay after the post-ablation interaction, the
most significant effect is related to the morphology of the plasma left by LSAW. This
morphology includes the geometrical form of the plume, the profile of the electron density
and the temperature, and the distribution of the different species in the plume. The
morphology of the plume in the interval when the LIBS measurement is taken is
determined in a large extent, by that just after LSAW, since after this no more energy is
provided to the plume. As we can see from the above discussions, during LSAW, laser
energy is supplied to the plume. However, in different types of LSAW, laser energy is
absorbed in different region of the plume. In LSC, the absorption takes place in the
central part of the plume, while in LSD it takes place in the front region of the plume. As
consequence, LSC wave is expected to lead to a nearly spherical plume. On the other
hand, LSD wave can lead to an elongated form of the plume due to the accelerated
propagation of the shocked gas with an efficient absorption of laser energy.
Correspondingly, the distributions of electron density, the temperature as well as the
various species distribution in the plume can be also significantly changed in the different

types of LSAW.

1.4. Elementary processes in a laser-induced
plasma in an ambient gas

The two types of ambient gas commonly used for LIBS include atomic rare gas (Ar,
He...) and diatomic molecular gas (atmospheric air for example). Different elemental
processes can be involved in the interaction of the ambient gas with laser radiation.
Atomic gas represents the simplest case where the following elementary processes and its
reverse one can occut: excitation/radiative de-excitation, ionization/electronic capture.
For molecular gas, the situation becomes more complicated. Besides the above mentioned
processes, there can also be dissociation/recombination and reactions among the elements
from the ambient gas as well as from the vapor. In this section, we summarize the

elementary processes which can occur in a laser-induced plasma induced under an ambient

gas.

30



Chapter 1. Theoretical background

1.4.1. Excitation, ionization and their inverse processes

Excitation corresponds to the transition to a higher energy level from a lower one for a
particle (atom, ion or molecule) in the plasma. Excitation can be electronic, and for a
molecule, it can be also vibrational or rotational. Ionization is a limiting case of electronic
excitation, when a bound electron in an atom or an ion acquires sufficient energy to leave
the atom or the ion and pass into the continuum. If sufficient energy is available, each of
the elementary processes resulting in the excitation of electron in an atom or an ion can

also result in ionization.

Elementary excitation and ionization processes can be divided into two categories:
excitation or ionization caused by collision of the particle with other particles on the one
hand, and photo processes, in which the role of one of the colliding particle is played by a
photon. In the first category, we must distinguish between excitation and ionization by
electron impact and excitation and ionization by inelastic collision with heavy particles;
this distinction is necessary since the probability of each type of collision is very different.
According to this classification, we can denote basic excitation and ionization processes in
the following symbolic forms, where A and B denote heavy particles (atoms, ions or

molecule), e the electron, and hv the photon:
Excitations

A+e=A"+e

(1-20)
A+B=A"+B
(1-21)
A+ hv =47
(1-22)

The reverse processes of the two first reactions represent deexcitation of excited atoms
by so-called collision of the second type. And the reverse process of the third one

represents the spontaneous emission of an excited atom.
And the corresponding ionization processes

At+te=At+te+e

(1-23)
A+B=A*+B+e

(1-24)
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A+hv=A%+e
(1-25)
The reverse processes of these three reactions, proceeding from right to left, result in
recombination of electrons with ions: the two first correspond to recombination by three-
body collision with the participation of an electron or a heavy particle as the third body.

And the last reaction is the radiative capture of electron.

In a cascade process, atoms which are ionized may be not only those initially in the
ground state. Excited atoms may further be ionized. So that to the list of the reactions

(1-23), (1-24) and (1-25) we can add the following ones:

A +e=At+e+e

(1-26)
A*+B=A"+B+e
(1-27)
A*+hv=A" +e
(1-28)

In a gas and especially a hot gas as laser-induced plasma irradiated by laser, the
processes of all the three types mentioned above occur simultaneously. Usually the
velocities of the heavy particles with comparable energies are approximately a hundred
times smaller than the electron velocities (as the square root of the ratio of their masses).
Therefore, processes of the type (1-24) and (1-27) in a high-temperature gas are important
only if free electrons are practically absent. If the gas is “instantaneously” heated, as
sometimes occuring, for example, during the passage of a strong shockwave, ionization by
atomic or molecular collisions is of importance only for the formation of a small number

of initial “priming” free electrons.

1.4.2. Dissociation and recombination

The dissociation of molecules and the recombination of atoms into molecules can be
considered as two types of chemical reactions. Dissociation of diatomic molecules as a

result of collisions of sufficiently energetic particles usually corresponds to the reaction

A+ M=2A+A+M

(1-29)

or
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AB+M=A+B+M
(1-30)
where M is any particle. In a homogeneous diatomic gas the particle M can be either
the molecule A, (AB) or the atom A (B). The reverse process is the recombination of
atoms as a result of three-body collision, where the third body M absorbs a portion of the

binding energy released in the process.

There is a very small probability that a sufficiently strongly excited molecule will

decompose directly into atoms:
Ay = A+ A

(1-31)

and these atoms will recombine into a molecule without the participation of a third body

which could absorb a portion of the energy liberated during the reaction. The probabilities

of photodissociation and of recombination with the emission of a photon are also very

small. [54] Normally, the dissociation of molecule is an endothermic reaction requiting a

definite amount of energy; and the recombination of atoms is exothermic reaction

accompanied by the liberation of heat.

1.5. Decay, recombination and re-
condensation of the plasma in an ambient
gas

The quenching of a laser-induced plasma is at same time a very quick and quite long
process. It is a very quick process, because the total lifetime of a plume does not exceed
the millisecond scale. It is at same time a quite long process, because during the lifetime of
the plume, its temperature drops from 10* K to the ambient one. Several stages can be
distinguished during to the cooling of the plasma, which exhibits very different behaviors
in the different stages of it damping. In this section, we summarize the different stages of
decay of the plume by emphasizing the characteristic processes in each of the plume

damping stages.
1.5.1. Decay of the radiative emission

Evolution of the emission spectrum
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In short and intermediary delays after the impact of the laser pulse on the sample
surface, typically from several nanoseconds to several microseconds, the plume is
significantly ionized with a temperature in the range from 5X10? to 10* K. The plume is
characterized by its optical emission. The spectrum of the emission evolves as the
temperature of the plume decreases. Figure 1.9 shows the kinetic series of the spectrum
emitted by a plasma induced by a 50 m] laser pulse on the surface of an Al alloy sample
placed in the atmospheric air. At short delay, there is a strong continuum emission. As the
delay increases, the intensity of the continuum emission drops significantly as a result of
the decay of the plasma. After a delay of 300 ns (Figure 1.9), the spectrum is dominated by
spectral emission lines associated to the optical transitions between discrete states of
different species, such as atoms and ions in the plasma. Spectrum narrowing was also

observed with the increasing delay.
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Figure 1.9 Kinetic series of spectrum emitted by plasma induced with a 50-m]
laser pulse on an aluminum target placed in the air.

LIBS operation

A LIBS measurement consists in recording the characteristic line emission from the
plasma. In order to avoid the continuum emission which does not carry analytical
information and can significantly increase the noise, a gated detection synchronized on the

laser pulse is preferred as shown in Figure 1.10. Different delays can be chosen to
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optimize the detection of the different species in the plasma, ions at very short delay (up
to 500 ns), atoms at intermediary delay (500 ns to several us), and molecules at quite long

delay (several to tens of us).

Gate
Delay [
~

Plasma emission intensity

v

Laser .
Time after the pulse impact

Figure 1.10 Schematic presentation of the time evolution of the plasma emission.
The red cutve corresponds to the profile of laser pulse. The blue cutve represents
the plasma emission intensity after the ablation as a function of time.

1.5.2. Recombination in the plume: molecule formation

Starting from an intermediary delay of several us with the decrease of the temperature,
recombination occurs in the plasma, leading to the formation of molecules and/or
radicals. The recombination can occur between the elemental species evaporated from the
target or with the contribution of the elements from the ambient gas. For the ablation of a
metallic target in the atmospheric air, oxidation of metallic elements is a dominant process.
Taking the example of ablation of an aluminum target, aluminum vapor, Al(g), can react
with either atomic or molecular oxygen to form aluminum monoxide AlO. The main path

ways of oxidation have been identified as in Ref. 55.

Al(g) + 0, > AlO+0

(1-32)
Al(g) +0+M - AlO+M

(1-33)

1.5.3. Re-condensation: deposition and crater formation

Beyond hundreds of microseconds, the temperature of the plume in general decreases

below thousands of Kelvins and further recombination in the plume leads to the

35



Laser-induced plasma as a function of the laser parameters and the ambient gas

formation of clusters and nanoparticles of different nature. Taking again the example of
ablation of an aluminum target under the atmospheric air, aluminum or aluminum oxide
nanoparticles can be formed in the plume with various stoichiometries. Optical emission
from the plume ceases and diagnostics with optical emission becomes inefficient. Other

types of diagnostics, X-ray scattering for example, can be used to characterize the plume.

Re-condensed matter is finally transported far away from the target surface, if the
initial departure velocity of the material is high enough, or is re-deposited over the area
touched by the laser pulse or around this area if the departure velocity is small. The area of
the target surface touched by laser pulse and the nearby region is modified by the impact
of the laser pulse with material removing. This area is call laser crater. Notice however the
re-condensation material can be found to be deposited either in the crater or in the region

around the crater.

1.6. Resume

To sum up, in this chapter we have reviewed the main physical and chemical processes
involved in laser ablation and evolution of the generated plasma. The overall process can
be divided into several stages of laser ablation and generation of the plume, post ablation
plasma-laser interaction, decay of the plasma, recombination in the plume and re-
condensation of the ablated materials. In the different stages of plasma evolution, it
exhibits different properties. For the LIBS technique, the plasma is interested in the
interval of time when it efficiently emits optical emission. This period situates just after the
post ablation interaction. It is the reason for which not only the ablation but also the
propagation of the ablation vapor into the ambient gas is crucial for determining the
property of the resulting plasma and sensitively influences the property of the plasma as a
spectral emission source. The post ablation interaction between the plasma and the laser
pulse depends obviously on the laser parameters, such as the wavelength and the fluence,
and on the ambient gas. It is why in the present thesis we have performed a detailed
investigation on the influence of these parameters on the property of the resulting plume.

And the obtained results will be reported and discussed in the rest of the thesis.
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Chapter 2. Plasma diagnostics
with emission spectroscopy

Plasma diagnostic is considered as the basis of LIBS, because of most of the LIBS
information comes from the emission lines of the plasma. In this chapter, we consider
optical diagnostics of the plasma at local thermodynamic equilibrium (LTE). [56] The
methods of determination of the electron density and the electron as well as molecule

temperatures are presented in detail.

2.1. Temperature equilibrium in the plasma

2.1.1. Overview of the equilibrium relations in the plasma

When a plasma is in thermodynamic equilibrium (TE), the whole system composed by
electrons, atoms, ions and radiation, can be fully described by statistical mechanics, where
the equilibrium distributions are characterized by a same temperature [56], denoted as T.
Such property is the consequence of the fact that each process is balanced by its reverse
one, which is known as the principle of detailed balancing [57]. In this case, the electron
velocity distribution has a Maxwellian form (Maxwell-Boltzmann distribution shown as

Eq.(2-1)) characterized by the temperature of the system.

3 _ mv?
fw) = (ZﬂkBT) Amv?e 2kgT

(2-1)
where v is the particle speed, m is the particle mass, kg is the Boltzmann constant and T is

thermodynamic temperature.

Relative population of the excited level in an atom/ion, is described by the Boltzmann

distribution [58, 59]

N. = gnexp (—En/kgT)
no Z(T)

2-2)

37



Laser-induced plasma as a function of the laser parameters and the ambient gas

where N, , E, and g, are the population, the energy and the degeneracy of the quantum
level n, N is the number density of the species involved, kp is the Boltzmann constant,
T and Z(T) are the temperature and the partition function of the atomic system at such

temperature.

The populations of the different ionization stages of a species, for example, neutral
(Ny) and singly ionized ion (Nyj) usually considered under the typical LIBS condition, are

described by Saha-Eggert equation [59]

neNy  Zy(T) (mekT)3/2 ( Eo — AE)
N, 7T \2mnz)  * kT

(2-3)

where n, is the electron number density, m, is the mass of the electron, E,, and AE are

the first ionization energy for an isolated system and the correction of this quantity for

interactions in the plasma, and h = h/2m. h is the Planck constant.

Finally, the photon energy is described by the Planck function at temperature T, where

the spectral energy density in the vacuum for a given polarization, is given by [59]

B 8mhv3
e(v) = CS(ehv/kBT -1)

(2-4)

or

N 2hc?
e(d) = AS(ehc/ARBT -1

(2-5)
where ¢ is the speed of light.

2.1.2. Local thermodynamic equilibrium (LTE)

For most laboratory type laser-induced plasmas, the radiative energy is converted from
other forms of energy, such as the kinetic and thermal energies of electrons or atoms.
When photons escape from the plasma, their energy distribution deviates from the Planck
law [60]. However, if the energy lost by radiation is much smaller than those involved in

the other processes involving material species, the Saha—Boltzmann and Maxwell
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distributions are still a valid description of the system and a new state of equilibrium,
namely LTE, is settled. In this case,
Texe = Te =Ty #T,

2-6)
where Texc 1s the excitation temperature, T and Ty are the temperatures of electrons and
heavy particles, such as atoms and ions, and T, is the temperature describing the photon
distribution. For a plasma with spatial gradient and transient behavior, the spatial and
temporal variations are needed to be furthermore enough small for the LTE to be
established. In this case, the plasma is called quasi-stationary and characterized by local

values of temperature and electron density [59, 61].

2.1.3. Criteria for evaluating the validity of LTE

McWhirter Criterion

For homogenous and stationary plasma, the most used criterion for LTE is the
McWhirter LTE condition:
ne(em™3) > 1.6 X 10*2T2SAE};

(2-7)
where AEy; is the gap of adjacent levels. For validation of LTE, the electron density has to
tulfill the Eq. (2-7) for the largest AEy; involved in the system. It usually corresponds to
the energy differences between the ground state and the first excited state of an atom (or

an ion). However, the McWhirter criterion is a necessary but not sufficient condition for

LTE, even in the approximation of stationary and homogenous plasma.

Additional requirement for evaluating the validity of the LTE

Because laser-induced plasma is transient and inhomogeneous, even if the McWhirter

criterion is fulfilled, it must also fulfill other conditions to ensure the L'TE.

A first additional requirement is that the relaxation time T, of a plasma for the
establishment of the thermodynamic equilibrium must be shorter than the time of
variation of thermodynamic parameters of the plasma, such as the temperature or the

electron density: [56]
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T(t+Trel)—T(t) «1 d Ne(t+Trer) —Ne(t)
T(t) Ne()

<1

(2-8)
In order to check the criterion expressed in Eq. (2-8), the thermodynamic relaxation time
Tre has to be estimated. If the Eq. (2-8) is always valid during the evolution of the plasma,
it can pass through different thermodynamic states in LTE with different temperatures.

Within these different equilibrium states, the 7, between the fundamental and the first

excited level is in general longest and can be estimated [58, 62] by Eq.(2-9):

1 6,3 x 10*

= — AE,, T"exp (—=
Ne(012V)  Mef12(G) 2te p( )

e

Trel =

AEy,
T,
(2-9)

where (G) is the Gaunt factor and fi, is the spectroscopic oscillator length.

The second additional requirement is, in space domain, that the variation length of
temperature and electron density should be larger than the distance traveled by a particle
due to diffusion during relaxation time t,¢;.[56] The diffusion length can be estimated by

Eq.(2-10) [62]:
7075 AE 0,5 AE
Lyir ~ |Dgir X Trop = 1,4 X 101225 < 21-) exp (5
dif m Ne Mmolf12<G) ( 2T, )

To make the LTE conditions valid, the relationships for temperature and the electron

2-10)

density should be established:

T(x+Lgif)-T (%) « 1 and ne(x+Laip)—ne(x)

o0 an o K1

2-11)
For the estimation of time and spatial relaxation, Eq. (2-9) and Eq. (2-10) are deduced
for completely ionized plasma. Because LIBS plasma is usually partially ionized, there is a

multiplying factor to be applied.

partial ionezed __ NyJ partial ionezed __ n
T =—7 and L. = |——Lg
rel ny+nyy rel d"f ny+nyy dlf

(2-12)

where n; and ny; are the number density of atoms and ions respectively.
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In general, for Eq. (2-11), the variation length of the temperature and the electron
density should be at least 10 times larger than the distance traveled by a particle with the
diffusion length of Lgf:

T(x)

a0y /dx - LOLair

(2-13)
Using the McWhirter criterion and the two above discussed additional requirements,

we can check the existence of the LTE in laser-induced plasma.

Application of the LTE criteria in our experimental conditions

With the three above criteria, we can check the LTE condition for the experimental
conditions encountered this work. Table 2-1 shows the results of the check of the
validation of the LTE condition with the experimental parameters used in this thesis. The

results confirm in detail the validation of the LTE for the plasmas generated in this work.

Table 2-1 Plasma parameters typically found in our experiments and check of the validity of
the LTE for an Al plasma induced in Ar with different ablation energies used in this thesis.
(Delay: Experimental delay; T: Electron temperature determined by expetimental spectrum;
V: validity, the letter O means the criterion condition is satisfied); NO mead nearly satisfied.

Ablation
Critetion %€ Delay ey \Y%
energy (ns)
(m))
Electron density
Experiment McWhirter ~ McWhirter
al value wvalue for Al value for Ar
(cm?) 1T (cm2) I (cm?)
McWhirter
350 13000 1.20%x1018 7.39x1016 2.81x1017 O
20
1500 11000  2.0x10'7 6.80x1016 2.58%1017 NO
500 13000 1.2x1018 7.39x1016 2.81x1017 O
50
2000 12000  3.0x10'7 7.10x1016 2.70x1017 O
Relaxation time(s) Requirement (s)
All Ar1 For N. For T.
Time 20 350 13000  6.18x10-1 3.96x10-14 1.00x107 1.30x10¢ O
variation 1500 11000  5.67x1010  3.64x103  1.64x10% 1.10x10¢ O
50 500 13000  6.18x10-1 3.96X10-14 1.00x107  1.30x106 O
2000 12000  3.00x10-10 1.92x10-13 2.50x108 1.20x106 O
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Diftusion length (mm) Requirement (mm)
All Arl For N. For T.
Space 350 13000  1.16x10+ 6.25X10+4 0.08 0.52 O
inhomoge- 20
neity 1500 11000  4.70x10+ 1.22x103 1.33 0.44 O
50 500 13000  1.16x10+4 6.25x10+4 0.08 0.52 @)
2000 12000  3.83x10+4 1.43%103 0.02 0.48 @)

2.2. Determination of the electron density

The different spectral line broadening mechanisms need to be understood in order to
correctly extract the electronic density from spectral broadening. Each of them has a
particular influence on the spectral line. Some are represented by the Gaussian profile and
others the Lorentzian one. This will be explained in more detail below followed by a

presentation of the electron density determination method.

2.2.1. Broadening mechanisms of an emission line in plasma

Natural line broadening

The uncertainty principle relates the lifetime of an excited state (due to the
spontaneous radiative decay) and the uncertainty of its energy. A short lifetime
corresponds to a large energy uncertainty and a broad emission. This broadening effect
results in a Lorentzian profile without shift with a line width of Ady [63]:

1

1
My =2
N ”C/(Atk Ati)

(2-14)
where Atj, and At; corresponds respectively to the lifetimes of the up and the lower states

of a transition.

This value of Ady in the spectral range around 300 nm is of the order of 5X10-> nm.

Such broadening can be neglected for an emission spectrum from laser-induced plasma.

Doppler broadening

Doppler broadening is due to the Doppler effect caused by a distribution of velocity of

atoms, ions or molecules. Different velocities of the emitting particles result in different
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Doppler shifts, the cumulative effect of which is the associated line broadening. [64] For a
gas in thermal equilibrium, a particle in motion is considered to have Maxwellian velocity
distribution, which results in a Gaussian spectral profile. In this case, the broadening
depends only on the frequency of the spectral line, the mass of the emitting particles, and

their temperature. The FWHM of the profile is given by

Adp = 7.16 x 107142,/(T /M)
(2-15)
Where T and M are the emitters kinetic temperature (in Kelvin) and mass (in a.m.u.), and 1

is the central wavelength of the line.

For the spectral range frequently used in LIBS, Doppler broadening is not the main
line broadening mechanism. If an extremely high plasma temperature is considered (10°
K), the corresponding Doppler broadening for the visible range is only 0.01 nm. This is

negligible compared to actual spectral line widths.

Van der Waals broadening

Van der Waals broadening occurs when the emitting particle is being perturbed by van
der Waals force. The energy shift as a function of distance is given by the Lennard-Jones
potential (AE~1/7°). For a collision between Ar atoms, in a temperature about 7000 K
and N, (atom density)= 10'® cm-3, the broadening width (FWHM) is about 0.00356 nm for
a central wavelength of 810 nm. It could also be negligible in LLIBS.

Stark broadening

The Stark broadening is due to the perturbation of the two levels of a heavy particle
(ion or atom) involved in a radiative transition, during its collision with a charged particle.
Therefore, it depends on both the atomic structure and its environment. Inside a plasma,
there are two types of charge particles: ions, whose effects can be considered with the
quasi-static approximation, and electrons, whose effects can be considered with the
approximation of collision impact [65]. In typical LIBS conditions, the broadening due to
ions can be negligible with respect to that of due to electrons [66]. We consider then the
Stark broadening of an emission line (atomic or ionic) can be determined if the electron

density in a plasma is known.
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According to the electronic configuration of an atom or an ion, two cases can be
distinguished to establish simple relationship between Stark broadening AAgyq,, and
electron density n,. The first case corresponds to a hydrogen or hydrogen-like ion where
the excited level, E, (n = 2), is degenerated with respect to the angular quantum number
/. The Starke effect exhibits in this case a linear dependence on the electric field strength.

[67].

Considering the effects of the all surrounding perturbers, the line broadening profile
Agiark (Stark broadening) of the hydrogen Balmer o line at 656,3 nm (H,) is given by
[63, 68]:

2
ne \3

AAStark = Wstark,H
nref,H

2-16)

Where Wgiarky is the electron impact parameter of the Hy [63], Nyer p is a reference
density which is set to 1017 cm™ in the database of Griem [63] and n, is the electron
density of plasma in cm-3. For example for the H, line at the electron density of 2X1017

cm3, the Aldgiqrk 18 about 0.878 nm.

The second case is more general and applies to all other types of atoms and ions. The
Stark broadening is proportional to F? (F is the perturbing electric field) and thus it is
called the quadratic Stark effect. [68] In general, it is much weaker (often an order of
magnitude smaller) than the linear Stark effect discussed above. In this case, the emission
line is disturbed not only by the effect of Stark broadening but also by the effect of Stark
shift Dg.q,, (the shift of the center wavelength). The normalized spectral profile L, (v) of a
transition can be represented by the Lorentz profile with an FWHM AAg.q, and a center

at Ao + Dseark

A/1515ark 1
L,(v) =
" 2 (A — Ao — Dstark)?® + (Mscar/2)?
(2-17)
_% N,
Agtark = 2w, [1 + 1,754 <1 —B XN, )] <n f)
Te
(2-18)
d, —% Ne
Dstark = We W—iZA 1-B XN, Trer
e re
(2-19)
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where 4y is the central wavelength at vacuum, n,.r is the reference electron density,
with a value of 10 cm™ for an atomic line and 107 cm™ for an ion line[63]. w, and d,are
the parameters of electronic impact broadening and shift for a given temperature. Their
numerical values can be found in Ref. 63 for most usually used emission lines. B is equal
to 0.75 for a neutral line and 1.2 for an ionized one. Np is the number of particles in the
Debye sphere [65] and A4 is ionized broadening parameter which can be negligible because
of its small value within LIBS experimental conditions. For example, for Ar I 696.5 nm line,
Ais equal to 0.0844 [69]. For an ionic line, it is equal to 0. Therefore, in typical LIBS

conditions, the contribution due to ions can be neglected for most atomic lines.

Instrumental broadening

Observed spectral line shape and line width are also affected by instrumental factors.
The observed line shape is a convolution of the intrinsic line shape with the instrument
transfer function.[70] The standard procedure to determine the apparatus profile of a
spectrometer is to scan over a line with intrinsic width very small compared to that of the
apparatus. The instrumental line shape of a spectrometer is often approximately Gaussian
profiles. We have used two spectrometers in this work. We have used a lamp with narrow
lines to obtain the instrumental broadening in our experiments. The results indicated that
the Mechelle 5000 Echelle spectrometer (Andor Technology) has a resolution power of
4005 (/A2 FWHM) [39]. The other spectrometer is a Czerny-Tuner spectrometer with an
instrumental line broadening of A1 = 0.27 nm (FWHM).

Self-absorption

Self-absorption can lead to distorting and especially broadening of emission lines and
therefore it can produce an apparently larger line width. If the self-absorption originates
mostly from the cooler boundary layer with lower electron density and if the spectral
resolution of the used spectrometer is high enough, the line center exhibits self-reversal.
But more often, self-absorption only slightly distorts the shape of a line profile [71]. Thus,
it is very difficult to judge the amount of self-absorption from the observed shape of a

line.
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Electron density determination with Stark broadening

In typical LIBS conditions (T ~ 1 eV etn, ~ 107 cm™), the above mentioned three
first types of broadenings are negligible compared to the Stark broadening. Self-absorption
can often be avoided by using lines from minor or trace elements or from the ambient gas.
In such case, the line broadening is mainly due to Stark broadening and instrumental
broadening. Such consideration can lead to the determination of the electron density in the

plasma.

In order to determine the electron density, we can choose a proper line profile to fit
experimental spectrum with the consideration of Lorentzian profile ( L(A1) ) for Stark
broadening and Gaussian profile (G(4) ) for instrumental broadening. The last becomes
especially important at long delay when the electron density becomes low. Accordingly,
we used a Voigt profile (V(4)) with the convolution of a Lorentzian and a Guassian

profiles:
V() = G4, Ains) & L(A, Aseark)
(2-20)
to fit experimental spectral lines and to extract the corresponding Stark broadening. The

electron density is then determined with the help of needed spectral broadening

parameters.

2.3. Determination of the temperatures in
the plasma

The temperature, which can be considered as one of the most important parameters
characterizing the plasma, can be determined by emission spectroscopy. A high electron
density plasma allows generally assuming LTE to be realized and to valid the use of
Boltzmann and Saha equations [72]. However, as we have discussed in Chapter 1, as the
delay increases, the plasma cools down in the plasma, the LTE will not be satisfied. In
addition, chemical reactions can happen in the plasma with the contribution of the species
from the ambient gas, leading to change of the stoichiometry of the plasma. Therefore, in
an intermediary delay interval, when the plasma is hot enough and the LTE condition is
satisfied, the electron temperature can be deduced using Boltzmann equation, Saha

equation or the combination of the both. For longer delay, when the emission from
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molecules becomes dominant in the emission spectrum, we can determine the molecular

temperature by fitting experimental spectrum with a theoretical one.

2.3.1. Electron temperature

Boltzmann plot

For plasma in LTE, the population in different energy levels of an atom or an ion is

given by the Boltzmann distribution law [72]

4 V4 4
nZ ~ UZ(T) ksT

(2-21)
where Z corresponds the ionization stage of the species (Z=0 and 1 refer to the neutral
and singly ionized atoms respectively), nf, Ef and gf are the population, energy and
degeneracy of the upper energy level j respectively, n” is the number density of the atom
or the ion and U%(T) is the partition function of the species in ionization stage Z at

temperature T,
UZ(T) — Z g] e_Ej/kBT
J

(2-22)
kg is the Boltzmann constant and T is the plasma temperature. The intensity I# of an
emission line due to the transition between the upper energy level j and the lower energy

level i of a species in the ionization stage Z is given by

1% = %Agnf L
ij
(2-23)
where h is the Planck constant, ¢ is the speed of light, L is the length of the integrated
path, 4;j ; is the transition probability and 17 is the transition line wavelength. Using Eq.

(2-21) and Eq. (2-22)we can get

hc n? E ]-Z

7 gfexp (——

12 = Azl
4mAf Y UA(T) kgT

(2-24)
By taking the natural logarithm of Eq. (2-24), we get
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| IZAiZj 1 £7 41 hcLn?
"\g7az) T TipT N Lz

(2-25)
This equation can lead to the so called Boltzmann plot, when, for several emission lines,
the quantity in the left side of the equation is plotted as a function of the energy of the
upper level of the transition. The value of electron temperature T is deduced from the

slope of the plot.

Saha-Boltzmann plot

For plasma in LTE, the excitation temperature is the same as the ionization
temperature. The former determines the populations in the atomic (and ionic) energy
levels (Boltzmann equation) and the latter determines the population distribution of the
same element in the different ionization stages (Saha equation). In the case of the neutral

and singly ionized species of the same element, the Saha equation can be written as

n''  2mmkpT?/? 20" _Eion
Neg— = e "B
¢nl h3 U!

(2-26)
where n, is the plasma electron density, n! and n!! are the number densities of the neutral
atomic species and the singly ionized species, respectively, Ejyy, is the ionization potential

of the neutral species in its ground state and M, is the electron mass.

By considering two lines A;; and A, of the same species, characterized by different
values of the upper level energy (E; # E,), because emission lines from different ionization
stages are usually present in a laser-induced plasma, a combination of the Saha ionization
and Boltzmann excitation distributions can be used to measure the electron temperature.
The most common form of the coupled Saha-Boltzmann equation takes the form of the

ratio between ionic and atomic emission intensities [73]

A +EV—E!
1 _ (A} M (22mmekyT)/2\ (Fon it B )
—_— = e B
Inn \AmngnAi) neh?
(2-27)
In the above equation, the superscripts I and II indicate atomic and ionic species

respectively. Ejoy, is the first ionization potential and AEj,, is a correction parameter due
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to the fact that in a plasma the presence of charged particles lowers the ionization

potential.

By inserting the Boltzmann equation in to Eq. (2-27) and taking the natural logarithm,

we get:

Il'l}/lg.Ainng}l = 2(27TmekBT)3/2 (Eion — AEjon + EjH - E}‘L)
I}nn/lgnnAg'g}'l B neh3 kT

(2-28)

It has to be noted that, unlike the Boltzmann plot, it is required the electron density to be

measured independently for determining the temperature with Saha-Boltzmann plot.

Multi Saha-Boltzmann plot

In order to precisely determine the electron temperature in the plasma, J. A. Aguilera
et al. [74] have proposed the multi-Saha-Boltzmann plot to deduce the electron
temperature with the use of lines (neutrals and ions) of different elements with known
concentrations present in the target, under the assumption of the conservation of the
stoichiometry between the ablated vapor and the target. In this work, we take the most of
spectra from a target of certificated aluminum with known elemental concentrations, the
multi-Saha-Boltzmann plot was therefore used to determine the electron temperature.
This method increases the accuracy of the temperature determination because the use of
lines of different atomic and ionic species increases the energy gap between the used levels

[74].

Theoretical description of the multi-Saha-Boltzmann plot

For a plasma in LTE with the optically thin condition, the spatially path-integrated line

intensity I” for an element with an ionization degree of z can be expressed as [63]
“2:\° 1 . hcN°
] J) = - FZ 4 In(——
n<Aijgj> kT T n<U°(T)>

where N is the number density of the neutral atoms and Q°(T) the partition function for

(2-29)

neutral atoms. The superscript * indicates that the expression for the emissivity of ionic

lines must be modified according to
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IZ2:\" I1Z)..
ln( ”) =1In <—”> — B%(T,N,)
Aijgj Aijg;

(2-30)
where
3/213/2
5 _ mekB) T
BZ(T,N,) = ZIn [z ( o -
(2-31)
and
Z-1
Ef =Ef + z(Eo’g - AEL)
k=0
(2-32)

In these expressions, m, is the electron mass, n, is the electron number density and E%
is the ionization potential of ionic species Z, which is corrected by the corresponding

plasma reduction of ionization energy AEX (j).

In the usual LIBS condition, the population of ionic species with ionization degree
larger than 1 can be neglect, therefore, for an element, the total number density N, can be
approximately expressed as the sum of the concentrations of the neutrals and the singly

ionized species:

N, = NQ + N}
(2-33)
The neutral atom number density can be related to the total number density for a given
element by
No =N
S

(2-34)
where S3° is the number density ratio of the ionic species to the corresponding neutral

one. Such ratio can be determined using the Saha equation

10 _ Na _ 20a(T) (mekBT)3/2 | Eko — AEL
“ T N9 T N,QU(D)\ 27h? P kT

(2-35)
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which as mentioned before, depends on the partition functions Q%(T) of the element for
its ionization degrees z = 0 and z = 1, and on the ionization potential E , of the element.
If stoichiometry of the plasma is conserved, the elemental concentrations in the sample,
Cy (%) are assumed to be maintained for the elemental number densities in the plasma,

and then
N, = C,N

(2-30)
where N is the total number density of the plasma including the number densities of

neutral atoms and first ions of all the elements in the plasma.

By using the Eqs. (2-34) and (2-36), the Saha-Boltzmann Eq. (2-29) can be rewritten to

a similar shape for the line intensities from different elements as

122\ 1.
] =———FE% +1 N
n<Aijgj KT ot n(hcN)
(2-37)
where
Igllij>* (15/11'1')
In{2=L) =1n(22L) — B%(T,N,) — D,(T, N,)
<Aijgj Aijg; oo
(2-38)
D,(T,N,) =1 Ca !
atl el =100 QYT (1 + S0
(2-39)

where Dy (T, N,) depends on elements and has the same form for the two ionization
degrees considered in this work. Also, the energy of the upper level of the transition for
ionic lines must be corrected by adding the ionization energy of the corresponding

element according to
7z _ gz 0
Efg =Ejq +ZExq

(2-40)
Therefore, we can construct the Saha-Boltzmann plot in which the data of all the elements
contained in the target may be fitted by a single straight line called multi-Saha-Boltzmann
plot. The larger number of experimental intensities included in such plot allows a more

precise determination of the temperature.
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2.3.2. Determination of the molecular temperature by fitting molecular

emission spectrum

In most of the cases in LIBS molecular emission is expected from a plasma with long
delay of detection, since molecules and radicals are generated through recombination
when the temperature decreases in the plasma. For ablation of an Al target in air for
example, molecular emission bands from AlO can be easily observed in the visible spectral
range. These bands can often be used for the determination of the molecular
temperatures. Figure 2.1 shows the details of the rovibrational energy levels involved in

emission of a diatomic molecule.

Electronic levels Vibrational levels Rotational levels
v'=4
v'=3
v!: 2 _ _ J'
Vot | ===
e* (n") v'=0 L
AE =ho
(In'n”r't-"'J'J”)
v'=4 || W
yr=3 # ¢| v §
R R
ER
e (") oo !

Av=-1 Av=0 Av=+1

Figure 2.1 Rovibrational energy levels involved in a molecular emission.

In our experiments, to determine the temperature of the plume at long delays beyond
several us, the AIO molecular B*£* — X%E*emission bands were simulated with a synthetic
spectrum. We consider that the emission intensity associated to a rovibrational transition
of a diatomic molecule, I;,1,,17,,1,17 17,11, can be expressed in the following form [75]:

SvleIS]I]II 4

In’n”v’v”]’]” = Cem —VJI]

., x e~ F'U)hc/kpTrot % g=Go(v')he/kpTyin
QrotV’

(2-41)
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where n’, n'" are the principal quantum numbers of the up and low states respectively,
v',v"" the vibrational quantum numbers, /', ] the rotational quantum numbers. Ce,, refers

to the emission constant. The vibrational band strength, S, is given by [77]:
Syly!t = Re(r_v’v”)qv',v"
(2-42)
where R, (7,7,) is the magnitude of the electronic transition moment function and
qy'y is the Frank-Condon factor. Sy is the rotational line strength, also known as Honl-
London factor [78]. Qo is the rotational partition function. vy, is the transition
wavenumber with the corresponding R,P,Q expression [75]. In the two exponentials, the

rotational term, F,(J), is given by [75]

Fv(]) = Bv](] + 1) - DVJZU + 1)2
(2-43)

where the rotational constants B, and the centrifugal distortion constant D, can be found

in the literature [79]. The vibrational term,Gy, can be expressed as [75]

Go(v) = G(v) — Go(0)

(2-44)

with

1 1
Gv) = w, (v +§) — WeXe (Vv +§)2 + -

(2-45)
Eq. (2-41) involves also a number of constants such as h the Planck constant, ¢ the

speed of light in the vacuum and kp the Boltzmann constant.
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When the needed spectroscopic constants are known for a given molecular band
system, a synthetic spectrum can be calculated as a function of Ty, and Ty, which are

respectively the rotational and vibrational temperatures. The fitting of the synthetic
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Figure 2.2 Energy level diagram of AlO molecule [76]

spectrum to the experimental one can thus allow extracting the two temperatures.

In a laser-induced plasma, and especially for the B2Z* state of the AlO molecule
however, a number of authors observed internal equilibrium between the vibrational and
the rotational modes [80-83]. The temperature Ty, = Tyop is thus taken as the molecular
temperature, Tp,o;, in the plasma, even though the LTE condition is no longer fulfilled at
such long delays [84]. The fitting of the synthetic spectrum to the experimental one leads
therefore to an unique temperature, which is defined as the molecule temperature, Ty, in

our work. Another approximation that we have taken is due to the relative high
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temperature in the plume. This allows expressing the rotational partition function in the
form of [75]
Qrot = ki Tyor/heB’
(2-46)
In order to reduce the eventual effect of self-absorption, in this work the
experimentally recorded Av = —1 branch of rovibrational band was chosen to be fitted
with a synthetic spectrum. The necessary spectroscopic parameters for computing the
synthetic spectrum are shown in the two following tables. Table 2-2 shows the electronic
structure parameters for the AlO blue-green band system B2Z* — X25% [79]. The Table 2-3
provides the rotational and vibrational structure parameters for the Av = —1 sequence [79,
85]. Another important factor to be taken into account is the instrumental broadening of
the recorded spectrum. Such broadening was measured using a spectral lamp (Hg/Ar) to
be AA = 0.274 nm for the full width at half maximum (FWHM). Such broadening is taken
into account by assuming a Gaussian profile of the apparatus function when fitting the
synthetic spectrum to the experimental one. The optimization procedure used to reach the
best fit of the experimental spectrum was the Levenberg—Marquardt algorithm which

corresponds to a nonlinear least square curve-fitting method [74].

Table 2-2 Electronic structure constants of the AlO blue-green band system BZX* —
X2zt

State T, (cm™) w, (cm™) wexe (cm™)
Xzt 0 979.52(7) 7.030(8)
B3+ 20689.06 870.44(4) 3.668(3)
Table 2-3 Rotational and vibrational structure parameters for the Av = —1 sequence of

the Al1O B2x* — X2X*band.

w,v) 0,1) (1,2) 2,3

Band origin (cm) 19669.962(01)  19581.622(01) 19500.182(01)
Franck-Condon Factor 0.243 0.353 0.385

Re (7)) (au) 1.00 0.925 0.867

B, (cm) v 0.601724(16)  0.597242(17)  0.592742(16)
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v 0.632618(17)  0.626860(17)  0.620954(17)
v 1.143(02) 1.142(02) 1.133(03)

D, X106 (cm-1)
v' 1.107(02) 1.135(03) 1.132(02)

2.4. Resume

In this chapter, we have discussed the principle of the diagnostics by emission
spectroscopy of a plasma in LTE. In such equilibrium state, statistics laws can be applied
allowing the description of by a unique temperature of the motion of the elections and the
populations in the different atomic and ionic levels. Different types of spectral broadening
mechanism have been then discussed. This discussion concludes on the fact that the Stark
broadening is the major spectral line broadening mechanism in the plasma. The
determination of the Stark broadening by fitting the experimental line profile with a
convolution profile between the Stark broadening and the instrument broadening,
represents an efficient way to determine the electron density in the plasma. The method to
determine the temperature in the plasma has been then presented. Especially the multi
Saha-Boltzmann plot method can be used to precisely extract the temperature from the
emission spectrum over a delay interval from several hundred nanoseconds to several ps.
Beyond these delays, molecular emission bands are fitted by a synthetic spectrum in order
to extract vibrational and rotational temperatures. However for the plasmas that we study
in this work, we consider the thermal equilibrium between vibrational and rotational

degrees of freedoms, and set Ty, = Tyo¢ for the synthetic spectrum.
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Chapter 3. Experimental
setups and protocols of
measurement and data

treatment

The experimental setups used can be described into two parts: plasma generation and
emission detection. Furthermore for the detection, we have used two types of systems:
“spectroscopy” type and “image” type. In the first part of this chapter, we describe in
detail the used experimental setups. In the second part of this chapter, the measurement

and data treatment protocols are presented.

3.1. Plasma generation

3.1.1. Targets used in the experiments

Aluminum targets used in the experiment were of two different qualities. A certified
reference aluminum alloy (Al 89.5%, Si 8.39%, Fe 0.999% and some traces, shown in
Figure 3.1 a) which was used for measurements of “spectroscopy” type, while a pure
aluminum (Al 99.99%, Cu 0.005%, Si 0.002%, Fe 0.001%) target, shown in Figure 3.1 (b),

was used for those of “image” type.

Figure 3.1Photos of the two types of taget: a) the certified reference aluminum
alloy; b) the pure aluminum .
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3.1.2. Experimental arrangement for plasma generation

The part of the experiment setup for plasma generation is shown in Figure 3.2. For
the experimental results presented in Chapter 4, two Nd:YAG lasers were used. One of
them was provided by the Quantel Laser Company (Brilliant) and the other by the CILAS
Laser Company. In this thesis, we respectively named them laser “B” for Brilliant and laser
“C” for CILAS. In the experiment presented in Chapters 5 and 6, only the Brilliant laser
was used. These two lasers were operated at a repetition rate of 10 Hz and at the
fundamental wavelength of 1064 nm. The nominal pulse duration of laser B was 4 ns
(FWHM). The pulse duration of the laser C was significantly longer of several tens of ns
dependent on the output energy. In our experiments, ablations were performed with
different pulse energies delivered onto the surface of the target as shown in Table 3-1. The

pulse duration of laser C at these two output energies was respectively 25 and 45 ns

(FWHM).

CAM
M1 M2 HWP GP BSH BS

——T

Detection system

LaserB |
Laser C

X-Y stages

Figure 3.2 Experimental setup for plasma generation. M1- M3: Mirrors, L1 — L3:
lenses, HWP: half wave plate, GP: Glan prism, BSH: Beam shutter, BS: Beam
splitter, T: Target, CAM: Camera, PD: Photodiode, PC: Computer.

Table 3-1 Laser parameters used in the work

Laser Brilliant (B) CILAS (C)
Pulse duration (ns) 4 25 45
Pulse energy (m]) 5 10 20 30 50 20 50
Fluence (J/cm?) 16 32 65 96 | 160 | 65 | 160
Irradiance (GW/cm?) 4 8 16 24 40 1.5 6
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As shown in Figure 3.2, for the experiments presented in Chapter 4, since the beam
diameters were different between the two lasers, a telescope including two lenses (L1
divergent and L2 convergent) was used to magnify the beam diameter of the laser C (4
mm) to match that of the laser B of 6 mm. The paths of the two lasers were then
superimposed by using two high reflection mirrors M1 and M2. The M2 was removable,
which allowed the passage of the beam of the laser B. The laser beams passed through an
ensemble of a half-wave plate (HWP) and a Glan prism (GP). This ensemble allowed a
fine adjustment of the laser energy delivered to the target. A mechanical beam shutter
(BSH) controlled the delivery of the laser pulse onto the target. A beam splitter (BS)
sampled a pulse by sending 4% of it to a photodiode (PD). A synchronization signal was
thus generated and was used to trigger the detection system. Laser pulses were focused
onto the target by a lens (I.3) with a focal length of 50 mm. A computer (PC) was used to
ensure the synchronization of the different events in the experiment and to control the

measurement procedure.

The surface of the target was polished and cleaned prior to ablation. During a series of
measurements, the target was translated using a motorized X-Y stage in order to provide a
fresh surface for each burst of laser shots. The distance between the focusing lens (L.3) and
the target surface was kept constant during a measurement by using a monitoring system
which consisted of a combination of a laser pointer with its beam in oblique incidence onto
the target surface and a video camera (CAM) installed above the mirror M3. A pair of tubes
installed above the target and surrounding the laser ablation zone was used to deliver a stream
of argon gas of a fixed flow of 8 £/min, which ensured the plasma to expand into pure argon

ambient gas at atmospheric pressure. For experiments under air, these tubes were removed.

3.1.3. Protocol of plasma generation

In order to avoid direct breakdown in the ambient gas, laser pulses were focused
slightly under the target surface. Figure 3.2 shows time-resolved plasma image with its
emission in a spectral band around 400 nm (with a narrow band filter of 400 nm + 5 nm)
for different distances between the focal point and the sample surface from 0.8 to -3.0
mm, a negative sign indicates a laser focalization under the target. The bottom line in
Figure 3.3 indicates the position of the target surface. Each image is normalized by its own
maximum value. From these images, we can see that when the focal point is above or very

close to the surface, as in Figure 3.3 (a)-(d), the plasma is clearly separated into two parts:
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one corresponds to the ionized air and the other the ablated materials. As shown in Figure
3.3 (e) and (f) the plasma becomes more spherical when the focal point goes under the
surface by a distance of 1.0 to 1.5 mm. And a real time observation showed a more stable
plasma. With further increasing the penetration of the focal point into the target (Figure
3.2 g and h), the emission from the plasma becomes weaker, because the reduction of the
laser fluence as the laser spot on the target surface grows. We used finally in this work a

depth of 1.5 mm for the focal point under the target surface.
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Figure 3.3 Images of plasma around 400 nm (400 nm * 5 nm) with different
focalization conditions for 50 m] ablation energy on a pure aluminum target
obtained with a narrowband filter centered at 400 nm. The distance between the
focal point for laser pulse and the surface of the target are: a) 0.8 mm, b) 0.4 mm,
c) 0 mm, d) -0.5 mm, e) -1.0 mm, f) -1.5 mm, g) -2.5 mm and h) -3.0 mm. A
negative value indicates a focalization of the laser beam under the target surface.

The resulting craters had thus a diameter larger than the waist of the laser beam. The
crater diameter was measured in our work using a microscope to be about 200220 um for all
laser pulse energies used (see Table 3-1). The measured crater size was used in our experiment
to estimate the diameter of the laser spot on the surface of the target. The microscopic images
of the craters were also used to ensure that the laser beams were perfectly perpendicular to the
surface of the target with the symmetrical aspect of the crater. The estimated fluence and
irradiance delivered to the target (theoretically reachable if not absorbed) are shown also in

Table 3-1.

60



Chapter 3. Experimental setups and protocols of measurement and data treatment

For a good signal-to-noise ratio of the spectra, each of them was accumulated over 200
laser shots. They were distributed over 20 craters with each of them ablated by 10
successive laser pulses. The shift of the target between two neighboring craters was about

900 pm, much larger than the crater size.

3.2. Dual-wavelength differential spectro-
scopic imaging

3.2.1. Experimental setup for “image” type measurement

In the “image” type measurement, the produced plasma was imaged by using a two-lens
system in a 4-f configuration (L4 and L5 in Figure 3.4) replacing the detection system in
Figure 3.2. Two achromatic lenses 1.4 and L5 of focal length of respectively 6 cm and 20 cm
formed a magnified image of the plasma. The resulting image was direct recorded by an
intensified charge coupled device (ICCD) camera. In our experiment, monochromatic images
were recorded corresponding to the emission from the species to be studied in the plasma.

Such spectroscopic imaging was realized with the help of narrowband filters (F).

|ICCD

L5 F L4

Figure 3.4 Experimental setup for “image” type measurement. L4, L5: lenses, F:
filter.

Principle of dual wavelength differential spectroscopic imaging

The radiation emitted from the plasma is not monochromatic. It is however possible
to perform monochromatic imaging with the help of an interference filter with a certain
spectral bandwidth, AAg. As explained in Section 1.5, the emission spectrum of a plasma is
a superposition of lines and a continuous background. With a detector placed behind a
filter of a center wavelength Ay and a bandwidth AAg, the intensity recorded is the
integrated intensity in the passing bandwidth of the filter. Such intensity can include
spectral lines and the continuum. A pair of two filters were therefore used with one of
them centered on the spectral line (Ag, AAg) and the another shifter outside the line (Ay’,

AMg'). The first is called "filter-on" and the second filter-off. Assuming that the intensity of
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the continuum remains almost constant in the vicinity of a considered line, it is possible to
subtract the continuum in the spectral range of the corresponding filter-on from the total

intensity with the intensity recorded using the corresponding filter-off.

Intensities measured with filter-on (I;4.) and the corresponding filter-off (I(), can be

written as follows:

Liye = Al {Ttran(/l) X [Il(/D + IC(A‘)]}dA
+2,

3-1
%wl{)
Ié = ’ [Tt/ran (4) X Ié (D)]da
—A/;B +24
(3-2)

whete Tirqn(4) is the transmission curve of the filter which is chosen for the
wavelength considered. Primed symbols are used for quantities concerning the filter-off.
[;(4) and I.(4) respectively represent the intensity of the line and the continuum in the
spectral range AAg. I¢(A) represents the intensity of the continuum in the band width of

the filter-off. As we assume I;(1) = I.(1) , Eq.(3-1) can be written as:

Ap.a
2 0
I = [Terans(D) X [[(AD)]dA =T, — Ry X I,
—%+/10
(3-3)
with
%‘Mo A);B’+A{)
R, = Mg Teran(DdA |/ J-_Al Y Tiran(D)dA
2 0 0
(3-4)

the ratio between the total transmissions of the two filters. An example is shown in Figure

3.5 to illustrate this method.
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Figure 3.5 Spectra around 370 nm including the Al II 358.6 nm line, without filter,
with a filter-on and with a filter-off.

The unfiltered spectrum (green curve) obtained in our experiment is the result of
superposition of the continuum and the emission line of Al II at 358.6 nm. The images
recorded with the two filters (filter-on: blue curve, filter-off: red curve) were first corrected
by the transmission curves of the filters according to Eq. (3-4). The image with filter-off
was then subtracted from the image with the filter-on. After subtracting, the emission

image corresponding to the emission line is obtained.

Calibration of the pixel of the ICCD camera

It is necessary to calibrate the inter-pixel interval of used the ICCD camera for a given
focusing optics in order to determine the real size of the plasma. A resolution test target
(Thorlabs, R3LL3S1N, shown in Figure 3.6) was used as a ruler. It is put at the point where
the plasma is formed and is perpendicular to the optical axe of the collection system and
the target is lightened by a white light source. A part of the target (indicated by a yellow
circle in Figure 3.6 is recorded with the ICCD camera (Figure 3.7 (left)) as a calibration
image with the interval of the lines of 0.1 mm. Then the horizontal and vertical profiles of

the image were extracted in the Figure 3.7 (a) and (b) respectively.
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R2L2S1N

Figure 3.6 Resolution test target (Tholabs, R3L3S1N), the part in the yellow circle
is recorded on the ICCD camera.
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Figure 3.7 The calibration image on ICCD camera with the interval of the lines of
0.1 mm (left) and the horizontal (a) and vertical (b) profiles of the image.

In order to reduce measurement error, we counted the number of pixels of the total
five lines together as shown in Figure 3.8. For both two directions, the five lines occupy

100 pixels on the ICCD camera, that is to say, each pixel represents 4 um on the target

surface.
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ICCD counts

ICCD counts

Figure 3.8 Profiles of the image of the resolution test target.

da A i
4 \ A ’Ml J‘J‘\ﬂl ""r'u
3.0x10*- / \ /M\ / \ /N / h
\ \ |
\ Vo
1.5x10* / \\/ \/ \‘/ \‘/ \
o N
——— —
0.0 T T T T T T T T T T T TV T
240 260 280 300 320 340 360 380 400 420
Pixel number
b A A
3.0%10* M, er‘ \ /” Kw, f'\l
/ [ \ y \
, AAVERAVERVERVAR
1.5%10" - / \/ \J V %
0.0 i / i i i i J i
380 400 420 440 460 480 500 520 540 560

Check on the Chromatic aberration

Pixel number

Although we used the achromatic lenses to image the plasma, it is still necessary to

check the chromatic aberration of the imaging system. For this purpose, 4 types of lamps

were used to illuminate the target: white light, LEDs with wavelengths of 365, 400 and 600

nm. The obtained images are shown in Figure 3.9. The horizontal intensity profiles of the

images were extracted. The results are shown in Figure 3.10. The resolution for these

wavelengths remains the same and the contrast is good enough for all of them. That

ensures that the collection system is suitable to image the plasma with different

wavelengths without chromatic aberration.

Figure 3.9 Image with different light sources: a: white light, b: 365 nm, c: 400 nm

and d: 600 nm.
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Figure 3.10 The horizontal profiles of the images extracted and aligned to the
same starting point from the images of Figure 3.8.

Position of the surface of the target on an ICCD camera image

The position of the target surface was first recorded with the ICCD camera without
plasma. During the experiment, each time the target was replaced, we made sure that the
surface remains at the same position. The image of the illuminated flank of the target is
shown in Figure 3.11 (a). The pixel binned vertical intensity profile of the image is shown
in Figure 3.11 (b) together with the derivative of the intensity profile (Figure 3.11 (c)). The
position of maximal derivative corresponds to the position of the surface because the light

intensity changes abruptly at the surface.
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Figure 3.11 Position of the surface of the target. a: the image of the flank of the
target recorded by the ICCD camera ; b: pixel binned vertical intensity profile ; c:
the derivative of the intensity profile.
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3.2.2. Measurement protocol of “image” type measurement

Emission lines chosen to represent the different species in the plume

In order to choose emission lines representative of studied species in the plasma, a
spectrum was recorded (c.f. the section 3.3) with a delay of 500 ns and a gate of 50 ns
from a plasma induced with 50 m] ablation in argon ambient. The recorded spectrum is
shown in Figure 3.12. We can see in the figure a relatively simple spectrum in which
emission lines from the four studied species, Al I, Al II, Ar I and Ar II, can be identified.
One or two lines were then chosen to represent each species of interest. Several criteria
were used for the line selection. First, the lines were relatively intense and free of
interference with emissions from other species. And they were chosen close to the visible
spectral range to reduce the chromatic variation of the magnification of the optical
imaging system. Finally resonant lines involving the ground state as the lower level of the
transition were avoided if possible to reduce self-absorption. These conditions were
tulfilled for the lines representing singly ionized aluminum and neutral and singly ionized
argon. The lines selected for representing these species are indicated in Figure 3.12 by
letter “a” for Al II, “d” for Ar II and “g” for Ar I. Their wavelengths are shown in the
Table 3-2. It was however impossible to find a line of neutral aluminum at the same time
close to the visible range and without involving the ground state. The two Al I lines
around 395 nm (Table 3-2) were then chosen to represent neutral aluminum as indicated
in Figure 3.12 by the letter “c”. Since the major concern of this work is the morphology
and the structure of the plasma, the possible self-absorption of the chosen lines still allows
a good representation of the distribution of neutral aluminum in the plasma with the

images obtained with these lines.
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Figure 3.12 Typical emission spectrum from a plasma induced on a pure
aluminum target in argon ambient by a 50 m]J pulse from the laser B detected at a
delay of 500 ns with a gate of 50 ns. The letters from “a” to “g” indicate the
different spectral lines used for spectroscopic imaging observation of Al II (a), Al I
(c), Ar II (d) and Ar I (g) together with spectral bands for imaging with the
continuum emission (b, e, f).

The choice of the simple configuration for ablation of a pure aluminum target in argon
atmosphere allowed the characterization of the plasma in terms of these 4 species. For
each couple of filters, the gain of the ICCD camera was chosen to fit the intensities of the
resulting images. Different gains were thus chosen for different species, which means that
the emission intensities of different species cannot be compared. However the structure of
the plasma is clearly revealed with the images corresponding to each species normalized to
their own maximum. The normalized images can then be superimposed in a same picture
to show the structure of the plasma with emission images of different species in the
plume. Table 3-2 also shows the emission lines chosen to represent the different species in
the plume produced in air and the corresponding pairs of filters used to perform dual

wavelength differential spectroscopic images. An image was the result of an accumulation

of 100 laser shots distributed over 10 craters.

Table 3-2 Emission lines chosen to represent the different species in the plasma induced
on the surface of an aluminum target under argon or air ambient and the corresponding
pairs of filters used to get differential spectroscopic images of the species. The energies
of the upper levels of the transitions corresponding to the selected lines are also
indicated. Data are extracted from the NIST database [86]
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Emission Upper level Central wavelength
Element Species
line (nm) energy (eV) of the filters (nm)
Ton on : 360
358.7 15.3
(AL1L) off : 380
Al
Neutral on : 400
394.4,396.2 3.1
(ALT) off : 380
Ton on : 488
484.8, 488.0 19.3,19.7
(Ar II) off : 530
Ar
Neutral on: 750
750.4, 751.5 13.5,13.3
(Ar D) off : 720
Ton on : 488
500.1, 500.7 231,234
Air (N'II) off : 530
™) Neutral on: 750
746.8 12.0
(N'D off : 720

3.2.3. Data treatment protocol for spectroscopic imaging

Procedure for the subtraction of the images

Figure 3.13 (a) and (b) show the images for the Ar I emission with the filter-on and
the filter-off respectively. The bottom line of the images represents the target surface. The
two images were taken at the same conditions, concerning the parameters for the
detection with ICCD (delay 280 ns and gate width 10 ns), the ablation laser energy (20 m])
and in the Ar ambient. Before the subtraction, the intensities of the images corresponding
to the pair of two filters were corrected by the transmission curves of the filters. Figure
3.13 (c) shows the result of the subtraction, which represents the emission intensity

distribution of neutral Ar in the plasma.
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L 1mm

Figure 3.13 Illustration of the background subtraction: Emission images of laser
induced plasma from an Al target under Ar ambient with 20 m]J ablation laser
energy and a detection delay of 280 ns for Ar I emission image. a) raw image of Ar
I line with the filter-on, b) image of the background with the filter-off, c) emission
image of the Ar I line after the background subtraction.

Abel inversion for emissivity distribution

In LIBS, spatially integrated emission is usually observed. After the above discussed
subtraction, the Abel inversion [74, 87| can be applied to the resulting image in order to
obtain the two-dimensional distribution of the corresponding emitters inside the plume.
As schematized in Figure 3.14, the laterally recorded intensities correspond to the
integrated values for different transversal sections (Figure 3.14 a) of the plasma. The radial
distribution of emissivity €(r) (Figure 3.14 b) cannot be measured directly, but can be
computed using the experimentally measured integrated intensity I(x) (Figure 3.14 c).
This procedure of calculating the radial emissivity profile from the experimentally
recorded laterally integrated distribution is known as Abel inversion. [58, 88, 89] The
condition to apply this procedure is however the plasma to be symmetric with respect to
the rotation about its axis (laser pulse propagating axis). The procedure is a commonly
used numerical method for the spatial diagnostics of rotationally symmetric plasma [90-

93].

As shown in Figure 3.14, xg and Ygare the values of x- and y- coordinates at the
plasma edge. And R, is the radius beyond which &(r) is negligible. The relationship
between the measured lateral intensity distribution I(x) and the radial emissivity function

g(r) is given by [90]
Yo
I(x) = (r)d
x f_ yos r)dy

(3-5)
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Integrated intensity
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Figure 3.14 Illustration of the Abel inversion (a) a transversal segment of the
plasma; (b) the transversal section of the plasma with a radial distribution
emissivity £(1); (c) Path-integrated intensity profile as a function of the lateral
dimension x.

In this expression, the integral is taken along the line of sight at constant coordinate of

x. Assuming a rotational symmetry of the plasma about its axis, and with r? = x? + y? |

Eq. (3-5) can also be written

Ro r
I(X) = Zf e(r)ﬁdr

(3-0)
Eq. (3-6) is one form of Abel’s integral equation. The reconstruction of the unknown
function &(r) from the measured intensity I(x) can be done analytically by means of the

inversion of the Abel’s integral equation

1 (RodI(x) dx
e(r)=—-= f —
T r dx VTZ — xz

(3-7)

However the experimental measurement of I(x) provides a discrete set of data points.

Thus, both the derivative and integral in Eq. (3-7) cannot be performed directly. Several

methods have been developed to overcome these difficulty and obtain the radial emissivity

distribution &(r).
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Abel inversion algorithms: Nestor-Olsen Method

The three main issues that an Abel inversion algorithm has to fix [87] are: (1) the
divergence of Eq. (3-7) at x = r; (2) its dependence on the first derivative of I(x), which
amplifies noise in the measured data; and (3) the limited available number of experimental
data of I(x). Methods developed to perform the Abel inversion can be classified into two
types: fitting method and numerical method. In practice, the experimental data of I(y)
exhibit a variety of distribution profiles that cannot be fitted with the same type of
function, so the task of fitting can be hard. Instead, the numerical methods can be an
alternative for providing a good evaluation of &(r). Therefore, one of the three widely used
numerical methods, the Nestor—Olsen method [90], has been employed in our work
because it is fast enough to compute the inversion function of an experimental observed

I(x) profile with more than 200 discrete values.

The Nestor-Olsen method assumes that I(x) is constant over a small interval of Ax.
Then the subsequent series of integrals can be evaluated. After some rearrangement, the

emissivity at a radius of (k — 1)4x is given by [90]

5 Nl
() = = 7= > (B
n=k
(3-8)
where k and n are the integer position indexes for the radial and lateral intensity, and Ax is
the interval between the two adjacent discrete experimental data points. The coefficients

By n can be evaluated by using the expressions

Bk,n = _Ak,n forn = k

3-9)
and
Bk,n = Ak,n—l - Ak,n fOf n= k +1
(3-10)
where
P e V1 Kt (G Vi
fon = 2n—1
(3-11)
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In order to show the result of the inversion algorithm and to evaluate the effect of
possible self-absorption, affecting the invese images, we present in Figure 3.15 two
examples of emission images of Ar I lines around 751 nm and Al I lines around 395 nm
before and after Abel inversion. The images have been taken at a delay of 280 ns after the
plasma generation with a laser pulse of 20 m]. In this figure, we can see that the inverted
image of Ar I, Figure 3.15 (b), clearly indicates the absence of the gas in the central part of
the plasma. In the case of Al I line, self-absorption is possible because of the implication
of the ground state in the transition. However the inverted image in Figure 3.15 (d) shows
clearly the concentration of the population of neutral aluminum in the central part of the
plasma near the target surface, as expected (for detailed discussion see Chapter 4). We are
thus quite confident with the used Abel inversion algorithm. Finally we mention that the
inverted emissivity images represent only the space distribution of the corresponding
emitters, i.e. the population of the associated species in the upper level of the transition.
Using emissivity images to represent spatial distribution of the species needs taking into
account the corrections due to temperature and the pressure gradients in the plasma and
applies only if the plasma is in a local thermodynamic equilibrium (LTE). In this work we
limit ourselves in the use of such representations to observe qualitatively the morphology

and the internal structure of the plasma.

L 1
e 1 mm

Figure 3.15 Top: emission images of Ar I lines around 751 nm at a delay of 280 ns,
a) background-subtracted image, b) Abel-inverted image. Bottom: emission
images of Al I lines around 395 nm at the same delay, c) background-subtracted
image, d) Abel-inverted image. All the images are normalized to their own
maximal value.
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3.3. Time- and space-resolved emission spectroscopy

3.3.1. Experimental setup for “spectroscopy” type measurement

In the “spectroscopy” type measurement, the produced plasma was imaged by using a
two-lens system in a 4-f configuration (.6 and L7 in Figure 3.16). The combination of the
two lenses 1.6 and L7 of focal length of respectively 7.5 cm and 5.0 cm formed a reduced
image of the plasma,. An optical fiber of 50-um core diameter was positioned in the image
plane in order to capture a part of emission from the plasma with spatial resolution. In the
following Chapters, axial profiles of the emission intensity from the plasma will be presented,
which were obtained by translating the fiber step by step along the laser incidence axis (z axis)
at the middle transversal position of the image of the plasma. Such detection system allowed a
space resolution of 75 um for the local detection of the plasma emission. The output of the
fiber was connected to the entrance of an echelle spectrometer, which was in turn connected
to an intensified charge-coupled device (ICCD) camera (Mechelle and iStar from Andor
Technology). A spectral range from 220 nm to 850 nm is covered with a resolution power

(A/ A A) of 4005. The time resolution of the camera was about 5 ns.

\cCD Echelle i

spectro | miper l Tli
z X

L7 L6

Figure 3.16 Experimental setup for “spectroscopy” type measurement. L6, L7: lenses

3.3.2. “Spectroscopy” type measurement protocols

The blue curve in Figure 3.17 represents schematically the emission intensity after
laser ablation. Due to the strong continuum emission in the early stage of the plasma
expansion, the “spectroscopy” type measurement could be performed only after a certain
delay of several hundred ns in our ablation conditions. The longer the delay, the slower the
properties of the plasma change and this allows a larger detection window (the ICCD gate
opening time). In this detection window, the emission from the plasma is accumulated.
Table 3-3 provides the definition of the detection windows used for plasma induced by 50
m] ablation laser pulse. For the presentation of the experimental results in the following

chapters, we will use the notation “DXXXX" to indicate the delay in ns for brevity. The
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evolution of the plasma has been recorded over the delay interval between several hundred
ns and several ps. In order to compare the emission intensities measured at different
delays, the signal was divided by the gate width. This leads to an averaged value of the
signal for the concerned delay interval independent on the chosen gate width. Once an
emission spectrum was recorded, the intensities of a certain number of emission lines were

measured to extract the intensity profiles of the species in the plasma.

Delay
Gate
s e
() - 2
@
o
ks
-
Q
()]
o | fo NP 5
ki - Y
LaserPulse Time after the pulse impact

Figure 3.17 Schema for time-resolved detection. The blue line represents the total
emission intensity from the plasma. The detection window (Gate) becomes larger
as the delay increases.

Table 3-3 An example of the used detection windows

Ablation pulse energy Gate .
Delay (ns) dth Notation
Energy (m]) | Fluence (J/cm?) width (ns)
500 200 D500
50 160 1000 300 D1000
2000 400 D2000

After a delay of several hundred nanoseconds when the spectrum is recorded, the axial
size of the plasma is about one millimeter. With the help of the optical fiber connected
onto the echelle spectrometer, the space-resolved detection could be realized by moving

the fiber step by step along the axial direction of the plasma on the image plane of the
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plasma, as shown in Figure 3.18. In this way the time-and space- resolved spectra can be

recorded.
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Figure 3.18 Illustration of the space-resolved detection. The position z=0 represents
the surface of the target.

Additional measurement protocols for AIO molecule detection

The particularity of molecular emission detection is the large spectral width of ro-
vibrational bands. Such spectral width can include several orders of the dispersion by the
prism in an echelle spectrometer. This introduces discontinuities into the background of a
molecular emission band. We will see later that an accurate fitting of a ro-vibrational band
of a molecule needs a flat background in the spectral range of the emission band. It is why
in our experiment, a Czerny-Turner spectrometer (Shamrock, Andor Technology) was
used to record emission spectrum from AlO molecules. The used spectrometer was with a
grating of 600 1/mm and coupled to the same ICCD camera as for the echelle
spectrometer. With an entrance slit of 100 um, the resolution of the spectrometer was
determined using a mercury argon calibration source from Ocean Optics, to be A1 = 0.27

nm for the full width at half maximum (FWHM).

3.3.3. Spectroscopic data treatment protocols

The typical lines used in our experiments to characterize the plasma are presented in

Table 3-4.
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Table 3-4 Typical lines used to characterize the plasma in the work. Lines with
wavelength in red are used for the determination of the electron density, lines with
wavelength in bold letters are used for the determination of the temperature using Saha-
Boltzmann plots. Other lines are used for intensity profiles or/and emission images.

Species Wavelength (nm)
2423 2425 246.0 251.3 256.8 257.5 264.7
AlT 265.2 266.0 305.5 305.7 306.4 306.6 308.2
309.3 394.4 396.2
Al 263.8 266.9 281.6 358.7 466.3
. 243.5 250.7 251.4 251.6 251.9 252.4 252.4
252.9 263.1 288.2
i 248.3 248.8 249.1 252.3 271.9 344.1 358.1
372.0 373.5 373.7 374.6 382.0 386.0 404.6

234.3 238.2 239.6 239.9 240.5 249.3 256.3

Fe Il 258.6 259.8 259.8 259.9 260.7 261.4 261.8

262.6 268.5 274.0 274.6 274.9 275.6

H1 656.3
NI 742.4 744.2 746.8
417.6 422.8 444.7 460.7 462.1 478.8 480.3
N I 489.5 498.7 499 4 500.1 500.3 500.5 500.7
501.1 501.6 502.6 504.5
Ol 777.4
427.8 434.8 442.6 454.5 457.9 461.0 472.7
Ar 11
476.5 480.6 488.0
696.5 706.7 714.7 727.3 738.4 750.4 751.5
Arl
763.5 772.4 772.4
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Axial profiles of emission intensity

To study the axial profiles of the emission intensity of different species in the plasma,
the intensity of an emission line was extracted by fitting the line profile and by calculating
the surface under the line with background subtracted. The choice of the representative
line for different species in the plasma was guided by the consideration of a negligible self-
absorption for the chosen line. An elementary precaution is to avoid if possible, the
ground state as the lower level of the concerned transition. The selected lines to represent
a plasma induced on a pure aluminum target in an argon or air ambient are listed in Table
3-5. The ensemble of these lines allowed a complete representation of the distributions of
the elements evaporated from the target as well as contributed from the ambient gas in
their neutral and ionized states. Except the line for neutral Al, all other lines representing
respectively ionized aluminum and argon as well as neutral argon and nitrogen, have a
lower level with high energy as can be seen in Table 3-5. We can thus reasonably consider
that they suffer less from self-absorption. The self-absorption associated to these lines has
been estimated as negligible in a similar condition in Ref. 94. For the neutral aluminum,
the strong resonant line at 309.3 nm was chosen, because of the high degree of ionization
in the aluminum vapor, preventing weak emission lines of neutral Al from detection with a

sufficient signal-to-noise ratio, especially at short delay.

Table 3-5 Selected lines representing the 4 species of interest in the plume with their
wavelength, and energy of the upper and the lower levels. Data are extracted from
the NIST database [86]

Flement Species Transition Upper level energy | Lower level energy
wavelength (nm) (eV) (eV)
Al Ion 281.6 11.8 7.4
Neutral 309.3 4.0 0.0
Ar Ion 480.6 19.2 16.6
Neutral 696.5 13.3 11.5
N Neutral 744.2 12.0 10.3

Axial profiles of electron density and electron temperature

The axial profiles of electron density and temperature can be deduced from the axial
profile of emission spectrum by using the standard plasma diagnostics method. The

electronic density is determined using the Stark broadening of the Ar I 696.5 nm line when
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the ablation takes place in Ar and the H, 656.3 nm line when it takes place in air as shown

in Table 3-4 with wavelengths in red.

As an illustrative example, Figure 3.19 shows the evolution of the profile of Hy 656.3
nm line at different delays (Figure 3.19 a) and that of the electron density obtained by
fitting the spectra (Figure 3.19 b). Note that the ablation was performed with a 50 m] laser
pulse at 1064 nm in the atmospheric air, and that for H, 656.3 nm line, the Stark effect is

linear.
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Figure 3.19 (a) Evolution of the H, 656.3 nm line at different delay and (b) that of
the electron density in the plasma induced by a 50-m] laser pulse at 1064 nm in
the atmospheric air. The same color code as in (a) is used for (b).

Similarly Figure 3.20 shows the evolution of the profile of the Ar I 656.3 nm line at
different delays (Figure 3.20 a) and that of the electron density (Figure 3.20 b) in the
plasma induced by a 20-m] laser pulse at 1064 nm under Ar gas with the atmospheric
pressure. For Ar I 696.5 nm, the Stark effect is quadratic and less strong than the linear
broadening, and a Stark shift can be observed. At long delay such as 11 us and 16 ps, the
line broadenings are quite similar. At such delays, the electron density is quite small and
the main line broadening mechanism becomes instrumental broadening. Consequently, we

cannot use this method to determine an electron density smaller than 1016 cm-3.
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Figure 3.20 Evolution of the profile of the Ar I 696.5 nm line at different delays (a)
and that of the electron density (b) in a plasma induced by a 20-m] laser pulse at
1064 nm in Ar gas at the atmospheric pressure. The same color code as in (a) is

used in (b).

As an example, Figure 3.21 shows a multi-elemental Saha-Boltzmann plot performed

with emission spectra of a plasma produced by ablation with a 10 m] laser pulse on the

surface of an aluminum alloy. The detection delay is 0.5 ps. For this plot, the intensities of

emission lines were extracted from a spectrum by taking their peak value. For the data

shown in Figure 3.21, a determination coefficient of R?=0.99 is obtained for a linear fit in

the log-linear scale. The temperature is thus determined from the slope of the linear

regression T = —1/kps. For instance, a temperature of 11 500 K is extracted from the plot

with an uncertainty of 3% (the uncertainty on the slope). By taking into account also the

uncertainties related to the determination of the emission line intensities, we estimate the

relative uncertainty of the temperature to be 5%, so that we find in this example T=

(11500 + 600) K.
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Figure 3.21. Multi-elemental Saha-Boltzmann plot applied to line emission
intensities extracted from a spectrum recorded with an ablation energy of 10 m]J
and a detection delay of 0.5 ps.

Determination of the temperature with Boltzmann and Saha plots or with the
equivalent methods requires the plasma to be in the local thermodynamic equilibrium
(LTE).[83] The discussions in the section 2.1.3 show that in the delay interval considered
for the “spectroscopy” type measurement and with the experimental conditions used in
the this work, LTE state is a reasonably good representation of the studied plasmas.[94,
96] Multt Saha-Boltzmann plots [74] are thus used to determine the temperature. The lines
selected in this work for these plots are listed in Table 3-4 with their wavelength in bold
letters. In addition, all the selected lines were inspected in our experiment, in order to
check for significant self-absorption. According to the particular plasma conditions, a sub-
ensemble of appropriate lines can be selected among those listed in Table 3-4. But in the

most of the cases, all of these lines can be used in the plots.

3.4. Resume

In this chapter, we have presented the experimental setups used in this work for
plasma generation, emission detection and diagnostics. We have discussed each part in the
experimental setups in detail in view of their use for the production of the experimental
results that will be presented in the following chapters of this PhD thesis manuscript.
Even though there is a unique arrangement for the plasma generation, for the detection

system, we used two types of setups for spectroscopy and image measurements. The
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specific experimental protocols for each type of measurement and the corresponding data
treatment procedure associated to each type of detection system are then presented. For
the image measurement, the principle of dual wavelength differential spectroscopic
imaging technique has been first discussed. The choice of representative lines for the
studied species is then detailed. In order to get the distribution of the emitters in the
plasma, Abel inversion is applied to the differential images. Emissivity images are finally
obtained. For spectroscopy measurement, a set of detection parameters is first defined to
get time- and space-resolved spectra. From the experimentally recorded emission spectra,
profiles are extracted for the emission intensity of investigated species, the electron density
and the temperature in the plasma. The plasma diagnostics methods to determine the
electron density with Stark broadening and the electron temperature with multi Saha-
Boltzmann plots are further presented. The ensemble of information presented in this
chapter represents the basis of understanding the experimental results which will be

presented in Chapters 4, 5 and 6.

82



Chapter 4. Plasma properties
as a function of the laser
fluence and pulse duration

Starting from this chapter, we will present the main results obtained in the framework
of this thesis. We will first focus on the convoluted effect of ablation laser fluence and
pulse duration on the behavior of the induced plasma during its propagation into the
ambient gas. The influences of the laser fluence and the pulse duration on the morphology
and the internal structure of plasma are studied with ablation by infrared (IR) nanosecond
(ns) laser pulse on an aluminum target immersed in argon ambient gas of one atmospheric
pressure. Two types of pulse duration are used for this study with the laser B (pulse
duration ~ 4ns) and the laser C (pulse duration 25 — 45 ns) as described in Section 3.1.2.
Different configurations of plasma shielding are thus investigated due to the use of laser
pulses with different fluences and durations. Specific plasma morphologies and internal

structures will be reported for these different interaction regimes.

Plasma morphology and structure observed just after the end of the laser pulse
showed characteristic features which will be used to infer the dominant mechanism of
plasma shielding in terms of laser-supported absorption waves. A simple configuration of
ablation with an infrared pulse of an aluminum target in argon gas of one atmosphere
pressure was used in the study. As mentioned in Chapter 3, we have chosen two fluences,
65 J/em? (moderate fluence regime) and 160 J/cm? (high fluence regime) and studied the
effect of pulse duration in each of these ablation fluence regimes. The behaviors of the
plasmas induced by the two types of pulse with different durations of 4 ns (short pulse)
and between 25 and 45 ns (long pulse) have been especially studied and compared within
the interval of delay between several tens of nanosecond and several microseconds. The
delay interval between several hundred nanoseconds and several microseconds has been
especially investigated because it corresponds to the typical operation range of LIBS.
Time- and space-resolved emission spectroscopy [39] was employed to accede to the

detailed diagnostics of the resulting plasmas.
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4.1. Properties of the plasma in the moderate
fluence ablation regime

4.1.1. Early stage of expansion with ablation by short pulse

Observation of morphology and structure of the plasma

The laser B described in Section 3.1.2 with a pulse duration of 4 ns has been used in
the experiment with a fluence of 65 J/cm?on the target surface. The obtained results are
shown with composite emissivity images of the 4 studied species, Al I, Al II, Ar I and Ar
IT (Figure 4.1). Such composite emissivity images are built by superimposing in a same
image frame, the normalized emissivity images of the 4 investigated species acquired in the
same experimental conditions. The images from Figure 4.1(a) to Figure 4.1(j) show the
evolution of the morphology and the internal structure of the plume at different delays of
20, 60, 80, 120, 200, 280, 400, 520, 770 and 1020 ns respectively. In these pictures, we can
see first that the global form of the plume, including all emitting species, aluminum as well
as argon, exhibits a nearly spherical shape with a slight elongation along the axis of laser
incident direction. As shown in Figure 4.1(f) recorded at the delay of 280 ns, the
elongation of the plume can be measured by drawing two concentric semicircles, Sy and
Sg, with the centers lying on the target surface at the middle of the plume. S, takes into
account the axial expansion of the plume by fitting its radius, Ry, to the axial extent of the
plume at this delay. While Sy takes into account the radial expansion of the plume by
fitting its radius, Rg, to the half of the transverse extent of the plume at the same delay.
From Figure 4.1 (f), the ratio R4/Rp is determined to be 1.44. Obviously this ratio evolves
during the propagation of the plume. The measured ratio at 280 ns provides a typical value

of the aspect ratio between the axial and radial expansions of the plume.

Look at now the internal structure of the plume. A layered structure can be still
distinguished even though interpenetration between the different layers can be clearly
observed. Starting from the target surface and go upward against the laser pulse
propagation direction, we cross first an emission layer from neutral aluminum (in green).
A second emission layer is observed above consisting of ionized aluminum (in red). The
emission layers of the aluminum vapor are covered around the laser propagation axis by an

emission layer from ionized argon (in grey). Finally an emission layer of neutral argon
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appears first around the top of the plume, and then later envelops the core of the plume

for a delay longer than 80 ns.

Figure 4.1 Composite emissivity images obtained in moderate fluence and short
pulse duration ablation regime. Individual images correspond to detection delays
of (a) 20 ns, (b) 60 ns, (c) 80 ns, (d) 120 ns, (e) 200 ns, (f) 280 ns, (g) 400 ns, (h) 520
ns, (i) 770 ns and (j) 1020 ns. The two semicircles in (f) indicate the expansion
spheres according to respectively the axial and the radial expansions of the plume.
The real dimension of each picture is 2 X 2 mm?, and the bottom line of the image
represents the target surface. False colors are used to represent the different
species in the plume with green for neutral aluminum, red for aluminum ion, blue
for neutral argon and grey for argon ion.
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Discussion and interpretation

The appearance of argon ions around the axis of the laser beam may indicate the
absorption of laser energy by the ionized ambient gas. However such absorption is clearly
not complete here, because the aluminum vapor situated under the layer of argon ions is
observed ionized. This means that during the post ablation interaction, the tailing part of
the laser pulse transmits through the argon layer and continues to deposits its energy into
the aluminum vapor leading to its ionization. The fact that a layer of neutral aluminum
appears close to the target surface indicates the efficient attenuation of the laser pulse
during its propagation in the aluminum vapor. Its energy becomes too weak near the
target surface to ionize the totality of the aluminum vapor. The observed internal structure
of the plume suggests therefore that for the regime of ablation studied here, the plasma
shielding effect may be due to both ionized ambient gas and the ablation vapor. And due
to the lower ionization potential of aluminum, the shielding by the metallic vapor should
be predominant in post-ablation process. Such configuration of plasma shielding leads to
an accumulation of energy during the post-ablation interaction in the middle of the
aluminum vapor close to the target surface. The propagation of the plume is therefore
supported by absorbed laser energy coming from the middle of the plume. This situation

corresponds to laser-supported combustion (LSC) wave [97, 98].

As mentioned above, the emission layer of neutral argon is first observed around the
top of the plume. With increasing delay, lateral part of the layer appears. And finally this
layer, together with the target surface, completely envelops the core of the plume. The
large upper level energy (13 eV) of the transition corresponding to Ar I emission line
implies a very high temperature in this layer. Such high temperature layer is not due to
laser radiation, because on the one hand neutral argon is initially transparent to the laser
radiation, and on the other hand the lateral extent of this layer is much larger than the laser
spot which was 200 um on the target. The formation of this layer of excited argon can
thus only be due to the interaction of initially cold ambient gas and the hot aluminum
vapor. The mechanism of such interaction can be either radiative or thermal transfers [98].
In the first process, argon atoms are excited by the passage of shockwave and by
absorption of the UV radiation emitted by the hot aluminum vapor. While in the second

process, multiple collisions are the origin of the excitation of atomic argon. But the most
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likely, the combinations of the both mechanisms lead to an effective excitation of the layer

of argon gas surrounding the plume.

As the delay increases from 20 ns (Figure 4.1 a) to 520 ns (Figure 4.1 h), the relative
positions of the above identified layers do not change too much, with global expansion of
all the layers. Beyond 770 ns, the emission from argon ions disappears in the noise. The
corresponding population of ions transforms into neutral argon as we can see in Figure 4.1
(i) and Figure 4.1 (j). However, the structure of the plume remains similar to that observed
in short delays with a nearly spherical form and distinguished layers of different species.
The fact that in LSC mode of propagation, the driving force comes from the central
region of the plume leads to a rather spherical expansion of the plume. At the same time,
the high pressure inside of the plume with a gradient going from the middle close to the

target surface to the periphery maintains its stable structure.

Evolution of the emission intensities

Besides the morphology and the internal structure, the experimentally obtained
emission images are also used to study the decay of the plasma emission. For this purpose,
we integrate the intensity of a raw image of a given species recorded at a given delay once
the contribution of the continuum is subtracted. The integrated intensity is then divided by
the corresponding detection gate width to get the mean intensity in the concerned time
interval. In order to compare emission intensity decays in the different ablation
configurations, the mean intensity is further corrected for the ICCD gain. The signal
amplification versus the applied ICCD gain was calibrated using a continuous light source.
Figure 4.2 shows integrated emission intensities of argon ion (Figure 4.2 a) and aluminum
ion (Figure 4.2 b) as a function of the detection delay in the interval from 20 to 500 ns for
the three investigated ablation configurations corresponding to the different combinations
of fluence and pulse duration. Let us first look at the case of ablation with a 20 m] and 4
ns pulse (low fulence and short pulse, curves o in Figure 4.2). The classical exponential
intensity decay behavior [99] is observed for the both species. We remark in particular, a
faster decay for the Ar II line with a time constant of 85 ns than for the Al II line with a
time constant of 110 ns. This is quite normal taking into account the higher ionization
potential of Ar (15.8 eV) than that of Al (6.0 eV) and the fact that the aluminum vapor is

more efficiently heated during the post-ablation interaction as mentioned above.
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Figure 4.2 Decay of the emission intensity from ions of argon (a) and ions of
aluminum (b) for a plasma induced by a pulse from: () laser B with 20 m], (j3)
laser B with 50 m], (y) laser C with 50 mJ. The curves are fitted by exponential
decay function.

4.1.2. Effect of pulse duration on the property of the plasma in the delay
interval from 350 ns to 1.5 us

Axial profiles of emission intensity

For a delay longer than several hundred of ns, the emission spectroscopy becomes
efficient to characterize the plasma beyond the morphology, by including its physical
parameters such as electron and temperature. In this study, we used the both laser B and C
described in Section 3.1.2 at a same moderate fluence of 65 J/cm?2, which allows us
observing the effect of the pulse duration in this ablation regime. Let us look at first the
axial profiles of emission intensity of aluminum shown in Figure 4.3 (a) and (b). We
specify that the axial position in the figure represents the distance in the plasma with
respective to the target surface. The origin of the axis corresponds to the surface. The long
duration pulse provided by laser C induces here a stronger emission from aluminum. The
spatial extents of the emission intensity profiles are however quite similar for the plasmas
induced by the two types of pulses. Concerning the emissions from the ambient gas
(Figure 4.3 ¢ and d), the difference between the intensity profiles corresponding to the two
types of pulses is much reduced here as compared to that observed the aluminum vapor.
We can observe a slightly higher intensity from neutral argon for the long pulse, while a
slightly higher intensity from argon ion is observed for the short pulse. Overall, the
emission profiles exhibit similar axial extensions for the different species in the plasma.

The notable difference between the plasmas induced by the two types of pulses is a
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significantly more intense emission from aluminum vapor (atoms and ions) with the

longer pulse.
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Figure 4.3 Axial emission intensity profiles of the plasmas induced by the two
types of pulses: laser B of pulse duration of 4 ns and laser C with pulse duration of
45 ns. A same fluence of 65 mJ/cm? is used for the two lasers. Different species in
the plasma are (a) neutral aluminum evaporated from the target, (b)
corresponding ions of aluminum, (c) neutral argon contributed by the ambient
gas, and (d) corresponding ions of argon.

The profiles shown in Figure 4.3 indicate therefore a similar structure for the both
plasmas induced by the short and the long pulses in the delay interval of the observation.
We can remark also, first, the global extent of the plume (0 mm to ~ 1.1 mm) is quite
small with a thin ionized argon layer. Plasma shielding by the layer of ionized argon may
thus incomplete as we mentioned above with the observation with images in the early
stage of the expansion. The laser pulse can in this case, transmit through this layer and
continue to deposit its energy into the aluminum vapor to further heat it. This

configuration of interaction is more suitably described by laser-supported combustion

(LSC) wave. The effect of the pulse duration in a regime of moderate fluence ablation
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where the LSC is initiated, is therefore to optimize the penetration of the pulse through
the ambient gas and to increase the absorption of laser energy by the ablation vapor. In
this configuration, a long pulse allows a higher efficiency to heat and to excite emission
from the vapor. Higher coupling efficiencies to the target for ablation and to the ablation

vapor for heating can be therefore reached with a pulse with longer duration.

Axial profiles of electron density and temperature

Axial profiles of the electron density and the temperature are shown in Figure 4.4. We
specify that the axial position in the figure represents the distance in the plasma with
respective to the target surface. The origin of the axis corresponds to the surface. We can
see a small extent of the plasma which fits the extent of the emission intensity profiles of
aluminum and argon shown in Figure 4.3 for the both plasmas induced by the short and
the long pulses. We can remark also for a given delay, the plasma induced by the long
pulse presents a higher temperature, which corresponds well to the fact that this pulse
induces stronger emissions from aluminum and from argon. Correspondently a higher

electron density is also found for the plasma induced by the long pulse.

Finally we can remark that the observations made in the delay interval between 350
and 1500 ns, and the conclusion drawn are coherent with those presented for shorter delay

interval and obtained with spectroscopic images.

144 (a) = D350 Ll (b)
I 4 D800 LaserC
. = a v D1000

12 | o [T o ™1 o D350 14 - . —— -a -

ik e . —~-D800 LaserB .
7 i i - —v— D1000 2 \
% o g 1B4" oo -a
-:_u 8 ™ b 0O
1°- ‘[;| '. g D Aabd Aa A A D\
X 6 \ 1 A a\
"y PR NS SS N \ \ =12 Aaopnan a8
g ._{f 5'*47.& \ \ ;A/ v v Vy —_ '“A &:—A

4{ B 11 vﬂv”v”v“v"-v-var; e NN

Naa S e s o = E\ N r Ny

B ¥ v
SN ,, s
S~ ,v“‘
0 T T T T T T T T T T T T T T 1 10 . . S . v' !
0.0 0.3 0.6 0.9 1.2 1.5 0.0 0.3 0.6 09 1.2
Axial position (mm) Axial position (mm)

Figure 4.4 Axial profiles of electron density (a) and electron temperature (b) of the
plasmas induced by the two types of laser pulses, laser B of pulse duration of 4 ns
and laser C with pulse duration of 45 ns at different detection delays.
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4.2. Properties of the plasma in the high
fluence ablation regime

4.2.1. High fluence short pulse duration ablation regime

Morphology and structure

The laser B described in Section 3.1.2 with a pulse duration of 4 ns has been used in
the experiment with a fluence of 160 J/cm? Composite emissivity images of the 4 studied
species in this ablation regime are shown in Figure 4.5. The individual images from Figure
4.5 (a) to Figure 4.5 (j) show the morphology and the internal structure of the plume at
different delays of 20 ns, 40 ns, 75 ns, 115 ns, 170 ns, 270 ns, 370 ns, 520 ns, 770 ns and
1020 ns. From these pictures, we can see first that the global form of the plume including
all emitting species, aluminum as well as argon, exhibits an elongated form along the axis
of laser incident direction. As shown in Figure 4.5 (f) for a delay of 270 ns, we can
measure the elongation of the plume by drawing two concentric semicircles, S, and Sg, as
in Figure 4.5 (f) and in a similar way as in Figure 4.1 (f). From Figure 4.5 (f) the ratio
R4/Rp is determined to be 1.63, which is significantly larger than that we find for the
plume in Figure 4.1 (f). Let us look at now the internal structure of the plume. At short
delays, a plume core appears consisting of the emission zone of ions of argon and
aluminum. Emission from neutral aluminum is absent (cannot be distinguished from the
noise). A zone of emission from neutral argon is only observed close to the target surface
and surrounding the main core of the plume. Two remarkable features of the plasma core
are 1) a complete mixing of ions of aluminum and argon; ii) a large axial extent of the
ionized plume core of about 0.8 mm at very short delay. Such structure observed in short
delay indicates a mode of propagation during the post-ablation interaction of laser-
supported detonation (LSD) wave. As reported in our previous works [100], in the LSD
propagation mode, strong absorption of laser energy by shocked ambient gas leads to
avalanche ionization of the gas and a secondary breakdown in the shocked gas after the
first one induced on the target surface. In this configuration, plasma shielding takes place
at the propagation front of the plume where laser energy is deposited into the ionized
shocked gas during the post ablation interaction [97, 98]. The driving force of the
propagation comes from therefore the upper part of the plume and leads to an accelerated

motion of the plume towards the laser pulse coming direction. It is why the plume
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presents an elongated form towards the laser beam. At the same time, the secondary
breakdown in the shocked gas around the propagation front of the plume induced a
backward flow of shocked gas [101], which may be the reason of the observed mixing

between the gas and the ablation vapor in the plasma core of the plume [100].

Figure 4.5 Composite emissivity images obtained in the high fluence and short
pulse duration ablation regime. Individual images correspond to detection delays
of (a) 20 ns, (b) 40 ns, (c) 75 ns, (d) 115 ns, (e) 170 ns, (f) 270 ns, (g) 370 ns, (h) 520
ns, (i) 770 ns and (j) 1020 ns. The two semicircles in (f) indicate the expansion
spheres according to respectively the axial and the radial expansions of the plume.
The real dimension of each pictute is 2 X 2 mm?, and its bottom line represents
the target surface. False colors are used to represent the different species in the
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plume with green for neutral aluminum, red for aluminum ion, blue for neutral
argon and grey for argon ion.

As the delay increases, a population of neutral aluminum appears in the lower part of
the plasma core close to the target surface, while the upper part remains ionized. Such
configuration suggests an axial gradient of the temperature in the plume going from the
upper part to the lower of the plume, which is a consequence of plasma shielding by the
upper part of the plume. We can remark also the development of a layer of emission from
neutral argon close to the target surface. The fact that this layer can develop between the
main plasma core and the target surface indicates the existence of a low pressure zone left
by the upward axial propagation of the plume. At long delay, the layer of excited argon
completely encircles and envelops the plasma core. Such encirclement prevents in
particular the plasma core from thermal conduction through the target surface, in such a
way a layer of ionized aluminum is still observed in the lower part of the vapor at delay as

long as 1020 ns.

Evolution of emission intensities

As for the moderate fluence ablation regime, the decay of the plasma emission is
measured and presented in Figure 4.2 for the high fluence and sort pulse ablation regime
by the curves . The curves shows the evolution of the emission intensities from the Ar II
line (Figure 4.2 a) and the Al II line (Figure 4.2 b). The classic exponential decay is again
observed here. Compared to the plasma induced by a pulse with moderate fluence but
with the same pulse duration, we observe first a higher emission intensities at a given delay
from both the gas and the vapor. In addition, the decay rates are smaller here with a
similar time constant of 130 ns for both the Ar II and the Al II lines. Even through the
time constant of the Al II line is slightly increased compared to the case of moderate
fluence, the increase of that for the Ar II line is much more significant with a lifetime of
emission from argon ions 1.53 times longer. The difference in lifetime increases for argon
ion and for aluminum ion supports furthermore the change of regime of laser-supported
absorption wave from the LSC at the moderate fluence ablation regime to LSD at the high
fluence ablation regime as discussed above. In the later regime, the absorption of laser
energy by ionized ambient gas is a dominant process, which significantly increases the

lifetime of the population of argon ions as observed in our experiment.
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4.2.2. High fluence long pulse duration ablation regime

Morphology and structure

The laser C described in Section 3.1.2 with a pulse duration of 25 ns has been used in
the experiment with a fluence of 160 J/cm? Composite emissivity images of the 4 studied
species in this ablation regime are shown Figure 4.6. The individual images from Figure
4.6 (a) to Figure 4.6 (j) show the morphology and the internal structure of the plume at
different delays of 20 ns, 40 ns, 75 ns, 115 ns, 170 ns, 270 ns, 370 ns, 520 ns, 770 ns and
1020 ns. From these pictures, we can see first that the global form of the plume including
all emitting species, aluminum as well as argon, exhibits an elongated form along the axis
of laser incident direction. As shown in Figure 4.6 (f) for a delay of 270 ns, we can
measure the elongation of the plume by drawing two concentric semicircles, Sy and Sg, as
in Figure 4.5 (f). From Figure 4.6 (f) the ratio R4/Rp is determined to be 1.83, which is
much larger than that we find for the plume in Figure 4.1 (f). Let us look now at the
internal structure of the plume. At short delay, a similar structure is observed with a
plasma core consisting of a mixture between argon ions and aluminum ions as for the case
of a shorter pulse with the same fluence (Figure 4.5). The size and the form of the plasma
core are also similar. Such similitude indicates that in the case of ablation with a high
fluence and long duration pulse, the post-ablation regime is again better described by the
LSD wave. The above remark is particularly important because it emphasizes the role of
laser fluence but not irradiance in the determination of the morphology and the internal
structure of the plasma, at least for that induced by nanosecond pulse. It is easy to check
that the irradiance of a pulse with a fluence of 160 J/cm? and a duration of 25 ns, 6.4
GW/cm?, is smaller than that of a pulse of 4 ns duration with fluence of 65 J/cm? of 16.2
GW/cm? (see also Table 3-1). A difference can however be remarked with respect to the
case of the pulse with the same fluence but shorter duration concerning the distribution of
neutral argon. Only a small emission zone from neutral argon is observed here in the top
of the plume without lateral part. This indicates a stronger axial acceleration and a weaker
radial expansion as compared to the case of the short pulse, since as mentioned above,

neutral argon is most likely excited by interaction with the hot plume core.

As the delay increases, a population of neutral aluminum appears in the lower part of

the plume close to the target in a way very different from what we can observe in the case
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of a short pulse. Such population appears first in an O-ring formed zone close to the
target surface with a diameter larger than the size of the plasma core and much larger than
the size of the laser beam on the target surface. The spatial disconnection of the O-ring
formed population of neutral aluminum with aluminum ions observed in the middle of the
plume, suggests that this population is not contributed by aluminum ions through electron
capture process. The only process which can reasonably contribute to the observed O-ring
formed neutral aluminum population is the delayed (or secondary) splashing ejection and
evaporation from the melt phase of aluminum [102, 103]. The delayed ejection and
evaporation are considered as due to the recoil momentum transfer from the primarily
ejected vapor to the melted bath lying in the crater after the end of the ablation laser pulse.
Such mechanism leads to ejection of material along the rim of the crater in an initial O-
ring form [104]. The appearance of splashing ejection in the case of the long duration
pulse indicates a plasma shielding by the layer of shocked and ionized ambient gas
stronger than what happens for the shorter pulse at the same fluence. Extremely strong
plasma shielding by shocked ambient gas in a LSD regime induced by a long pulse can
have two consequences: 1) a less efficient direct coupling of laser pulse to the target, which
leads to a no-evaporated melt bath in the crater; i) a stronger backward gas flow
corresponding to a more efficient recoil momentum transfer to the melt bath. All these

effects favor the formation of the delayed evaporation observed in our experiment.

For larger delays, the structure of the plume evolves differently here as compared to
the case of the short pulse at the same fluence. In particular, due to the appearance of the
delayed evaporation of neutral aluminum from the target, the lower pressure region close
to the target surface does not exist for the case of the long pulse. This prevents ambient
gas to penetrate into the regime between the plasma core and the target surface. Instead,
this region is occupied by a population of neutral aluminum first evaporated due to
splashing ejection and later joined by neutral aluminum contributed by electronic capture
of aluminum ion in the bottom of the plasma core. So starting from a similar structure at
short delay, the delayed splashing ejection leads finally to a quite different structure at long

delay between the plasmas induced by the long or the short pulses.
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Figure 4.6 Composite emissivity images obtained in the high fluence and long
pulse duration ablation regime. Individual images correspond to detection delays
of (a) 20 ns, (b) 40 ns, (c) 75 ns, (d) 115 ns, (e) 170 ns, (f) 270 ns, (g) 370 ns, (h) 520
ns, (i) 770 ns and (j) 1020 ns. The two semicircles in (f) indicate the expansion
spheres according to respectively the axial and the radial expansions of the plume.
The real dimension of each picture is 2 X 2 mm?, and its bottom line represents
the target surface. False colors are used to represent the different species in the
plume with green for neutral aluminum, red for aluminum ion, blue for neutral
argon and grey for argon ion.

Evolution of emission intensities

The decay of the emission from the plasma induced by the high fluence and long

duration pulse is shown in Figure 4.2 with the curve y. We remark that the decay of the
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emission intensity from both Ar II and Al II behavior similarly as the plasma induced by
the short duration pulse at the same fluence. This demonstrated again the importance of
laser fluence, instead of laser irradiance, in the determination of the evolution of the

morphology and the structure of the induced plasma.

4.2.3. Effect of pulse duration on the property of the plasma in the delay

interval from 500 ns to 2 us

Similar to the ablation regime of modest laser fluence, we study here the behavior of
the plasma in a longer delay interval when emission spectroscopy becomes efficient to
characterize the plasma beyond its morphology by including the electron density and the
temperature. In the following, the behaviors of the plasmas induced by the short pulse and
the long pulse will first be compared in detail over the delay interval between 500 ns and 2
us. The observations show different behaviors between the plasmas produced by these
two types of pulse. The observed behaviors will be thus interpreted by emphasizing the

effect of the pulse duration.

Axial profiles of emission intensity

Consider now the axial profiles of emission intensities of different species in the
plasma. The results are presented in Figure 4.7. Let us look at first the profiles of neutral
aluminum (Figure 4.7 a). Significant difference can be observed for the plasmas induced
by the two types of pulse of different durations. Laser B with 4 ns duration produces an
intense emitting aluminum vapor with a large axial extent. As a function of the delay, such
profile continues to propagate away from the target. Laser C with 25 ns duration on the
other hand, produces a much weaker emitting aluminum vapor. In addition, the emission
zone remains static in the region close to the target. The emitting zones of aluminum ions
corresponding to the two types of pulse exhibit similar behaviors as the neutrals (Figure
4.7 b). Significant difference is again observed for the emission intensity profiles of neutral
argon (Figure 4.7 ¢) between the plasmas induced by the two types of pulses. What we can
see is that with laser B, the emission zone of argon overlaps quite well that of aluminum.
Such distributions show the mixing between aluminum vapor and argon gas that we have
already observed and reported in our previous work [39]. For laser C however, an
emission zone of argon much more extended along the axial direction than that of

aluminum can be observed. And we remark also the emission intensity from argon is
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stronger with laser C than with laser B at a given delay. The profiles of emission intensity

from argon ions exhibit the same trend of a stronger and more extended emission zone

observed from the plume induced by the longer pulse.
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Figure 4.7 Axial emission intensity profiles of the plasmas induced by the two
types of pulses: laser B of pulse duration of 4 ns and laser C with pulse duration of
25 ns. Different species in the plasma are (a) neutral aluminum evaporated from
the target, (b) corresponding ions of aluminum, (c) neutral argon contributed by
the shocked ambient gas, and (d) corresponding ions of argon.

By taking into account the energies of the upper levels of the detected transitions of
neutral aluminum and neutral argon, the emission intensity profiles presented in Figure 4.7
can be used to indicate the distributions of different types of hot gases in an ablation
plume. Different structures are therefore suggested for the plumes induced by the two
different types of laser pulse over the investigated delay interval. With the short duration
pulse, the plume corresponds to a mixture of hot gases of aluminum vapor and argon over
the total extent of the plume (0 mm to ~ 1.8 mm). The aluminum vapor is evaporated
from the target. While the hot argon gas is contributed by the layer of the ambient gas

initially surrounding the vapor and ionized by absorption of laser energy during the

process of laser-supported detonation (LSD) wave.
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With the long duration pulse, axial extent of the hot aluminum vapor is significantly
reduced and confined in a zone close to the target surface (0 mm to ~ 0.8 mm). The
emission from this zone is also much less intense than with the short duration pulse.
Above the zone of mixture between aluminum vapor and hot argon gas, there is a thick
layer (from 0.8 mm to ~ 2 mm) of almost pure hot argon gas. Such structure is again the
consequence of LSD wave which induces the ionization of argon gas in the early stage of
plasma expansion. The thick layer of hot argon gas indicates here a stronger absorption of
laser energy by ionized argon for the long duration pulse. In this case, more laser energy is
deposited in the layer of ionized argon gas. Correspondently, less laser energy goes to the
target and to the aluminum vapor leading to a reduced emission from the aluminum vapor
and its confinement within a significantly smaller volume. The effect of pulse duration in
high fluence regime where the LLSD wave is initiated therefore corresponds to a control of
plasma shielding by absorption of laser energy in the layer of excited and ionized ambient
gas. A longer pulse is more shielded because the thickness of hot and ionized ambient gas
increases with the pulse duration. While a short pulse penetrates better through the excited

and ionized layer of the ambient gas and deposits more efficiently its energy.

Axial profiles of electron density and temperature

Measured profiles of the electron density and the temperature of the studied plasmas
are shown in Figure 4.8. The electronic density is determined using the Stark broadening
of the Ar I 696.5 nm line. The procedure and the used spectroscopic data are presented in
Chapter 3. We estimate the relative standard deviations of the electron density and the

temperature to be 15 % and 10 % respectively.
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Figure 4.8 Axial profiles of the electron density (a) and the electron temperature (b)
of the plasmas induced by the two types of laser pulse, laser B with pulse duration
of 4 ns and laser C with pulse duration of 25 ns, at different detection delays.

We can see in Figure 4.8 (a), that the axial extent of the electron density corresponds
to the zone of mixing between aluminum vapor and hot argon gas for the plume induced
by the short laser pulse, from 0 mm to about ~ 1.4 mm for the delay D500. The same
extent can be found for the temperature (Figure 4.8 b). Over the extent of the plasma, the
profiles show a plateau of small variation in the middle of the distribution. Both
parameters decrease near the target surface and near the propagation front of the plume,
because of the thermal conduction in the interfaces with the target and with the cold
ambient gas. Let us look at now the profiles for the plasma induced by the long pulse. The
axial profiles of the electron density and the temperature are much more extended than
the profile of emission intensity of aluminum. The extent of the plasma corresponds
rather to that of the hot argon gas from the target surface to about 1.8 mm. Electronic
population observed in the zone (from 0.8 to 1.8 mm) out of the extent of the aluminum
vapor is therefore contributed by the ionization of hot argon gas. This means that in the
case of ablation with the long pulse, the produced plume corresponds mainly to an argon
plasma consisting of a thick excited and ionized argon layer enveloping a reduced mixing
zone between aluminum and argon close to the target surface. The above observations
confirm that when the LSD wave is initiated at enough high laser fluence, a longer
duration pulse deposits more energy into the layer of hot gas leading to a deeper
propagation of the LSD wave into the ambient gas. A long duration pulse is thus more
strongly shielded than a short duration pulse and presents a smaller efficiency for ablation

and for excitation of the ablated material.
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The above result is quite different from what one can learn from the literature about a
two-component plasma with a mixture of a metallic vapor and a monatomic gas like argon.
In such plasma, the most of electrons would be contributed by the metallic vapor because
of its lower ionization potential. However due to the specific internal structure of the
plume that we show in this study, the situation can be different. In fact when LSD wave is
initiated, the layer of shocked gas situated around the axial front of the plume is ionized by
laser radiation. This layer in turn efficiently absorbs the tailing part of the laser pulse,
which may have two simultaneous consequences: i) a high ionization degree of the
shocked gas, and ii) a total shielding of laser pulse preventing the metallic vapor from its
further interaction with laser radiation and its further ionization. In this case, electrons in
the plasma can be dominantly contributed by the gas in the regions where its ionization is

significant.

Let us compare now the temperatures and the electron densities of the plasmas
induced by the two types of pulses. For a given delay, we find a higher temperature for the
plasma induced by the long pulse (Figure 4.8 b). But at the same time, a lower electron
density is found for it (Figure 4.8 a). Such comparison shows on the one hand, the
efficiency of a long pulse to heat the ablation plume. On the other hand, it confirms the
fact that a long pulse produces a plasma dominated by hot argon gas, while a short pulse
generates a mixture between aluminum vapor and hot argon gas. The higher ionization
potential of argon leads to a lower electron density for an Ar-dominant plasma than for an

Al-Ar mixture plasma at the same temperature.

4.3. Resume

In this chapter we have studied the convoluted effects of laser fluence and pulse
duration on the morphology and the internal structure of the plasma. In the eatly
expansion delay interval, spectroscopic imaging technique is used to observe the
morphology and the internal structure of the plasma. For longer delay, emission
spectroscopy allows further characterizing the plasma with the profiles of electron density

and temperature.

The ensemble of the results obtained in this study show that with a pulse of moderate

fluence, the observed plasma morphology and internal structure are more likely due to
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laser-supported combustion (LSC) wave during the post ablation interaction. The
characteristics of such interaction regime lead to a rather spherical expansion of the plume,
a layered internal structure, and a fast decay of the ionized population of the ambient gas.
Plasma shielding in this case is dominantly contributed by the ablation vapor, which leads
to an absorption zone in the middle of the plume close to the target surface. The driving
force of the plasma expansion comes in this case, from the center of the plume and it acts
as a piston pushing the surrounding ambient gas away. Such mechanism of propagation
leads to a rather spherical shape of the plume as we observed in our experiment. When
LSC wave is initiated, the effect of pulse duration is to optimize the penetration through
the layer of ionized ambient gas and to control the absorption in the ablation vapor. Our
results show a better penetration through the shocked gas and a more efficient absorption
by the ablation vapor for the long pulse, which leads to a more efficient excitation of the

emission from the vapor.

With higher ablation fluence, the characteristics of propagation with laser-supported
detonation (LSD) wave are observed. Such characteristics include a clearly elongated
morphology of the plume, a dominant plasma core consisting of a mixture of aluminum
ions and argon ions, and a significantly longer lifetime of argon ions. Plasma shielding in
this case is dominantly contributed by the shocked and ionized ambient gas which is
initially localized around the propagation front of the plume. Moreover, the effect of pulse
duration leads to a stronger plasma shielding by the shocked and ionized ambient gas for a
longer laser pulse. Consequently the long pulse induces a weak emission from the vapor.
Such behavior is just the opposite with respect to what happens in the modest fluence

ablation regime.

A delayed evaporation of neutral aluminum appears as a consequence of splashing
ejection of melted aluminum bath lying in the crater. Such secondarily ejected aluminum
vapor occupies the space left by the axial propagation of the plume close to the target

surface, preventing from the entrance of the ambient gas in this zone.

The observed behaviors of the plasma in different ablation regimes can be

summarized in Table 4-1.

Finally the qualitative explanations provided in this chapter for understanding our
experimental results need to be confirmed and completed by detailed numerical simulation

which represents the only way to take into account all the implications of the convoluted
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effects of the laser fluence and the pulse duration in a process as complex as the laser

ablation and the propagation of the produced plasma into the ambient gas.

Table 4-1 Resume of the properties of the plasmas observed in different ablation
conditions.

Fluence (J/cm?) 65 160

Pulse duration (ns) 4 45 4 25

Dominant plasma core consisting
of a mixture of aluminum ions

d .
Spherical shape and argon ions

Significantly longer lifetime of

Layered internal structure .
argon ions

Plasma morphology

Fast decay of the ionized

population of the ambient gas Secondary

splash ejection
of aluminum
vapor

Long pulse: higher
Axial profiles temperature and higher
electron density

Long pulse: higher temperature
and lower electron density

Laser-supported LSC: most absorbed by the LSD: most absorbed by the

absorption wave ablation vapor shocked gas
Em1§s1on of the More efficient with the long More cfficient with the short pulse
ablation vapor pulse
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Chapter 5. Characteristics
and microscopic mechanisms
of laser-supported detonation
wave in molecular ambient
gas

After Chapter 4 where we have studied the effects of the laser parameters on the
morphology and the internal structure of laser-induced plasma, we understand that the
expansion behavior of the generated plasma can be greatly influenced by the laser
parameters. In the present chapter, we are interested in the effects of the ambient gas on
which the properties of the plasma can as well crucially depend. More specifically, the
morphological information of the plume, including its size, the distribution of the species
and its temporal evolution, are very important for a proper detection of the emission from
the plasma. The understanding and the control of the morphology of the plasma are
therefore important for the analytical performance of LIBS in terms of precision,

repeatability and reproducibility.

According to the nature of the ambient gas, whether it is a monatomic gas (such as
argon) or molecular gas (such as the atmospheric air), the mechanisms involved in the
interactions between the vapor and the gas or the gas and the laser can be very different.
Indeed, for a monatomic gas, the only microscopic processes are excitation and ionization.
For the molecular gas however the situation becomes much more complicated with the
contributions of other processes, such as dissociation, recombination and various chemical
reactions. The microscopic energy exchange processes are thus different for these two
types of gas. Consequently, the macroscopic propagation behaviors of the plasma should
be different with the two different ambient gases. In addition, the influence of the nature
of the ambient gas is necessarily correlated to the fluence of the laser pulse. According to
the results presented in the last chapter, laser-supported absorption waves (LSAW) during

the post-ablation interaction, especially the laser-supported detonation (LSD) wave, can
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greatly influence and modify the morphology of the plasma. Such influence is especially
pronounced for IR (1064 nm) ns laser ablation at relatively high fluence (> 150 J/cm?).
However up to now, the effects of the nature of ambient gas (monatomic or molecular) as
well as the microscopic mechanisms involved in LSD remain unclear. The study of this
chapter has been designed to investigate the characteristics of the LSAW (particularly LSC
and LSD) propagation of a metallic plasma in two types of ambient gases: argon (atomic
gas) and atmospheric air (diatomic molecular gas) at moderate and high ablation fluence

regimes.

5.1. Experimental investigation of the plasma
expansion behaviors in different ambient
gases

5.1.1. Moderate ablation laser fluence

Emission images of the plasma in the early stage of the expansion

Using an ablation energy of 20 m] (corresponding to 65 J/cm?), and the procedure
specified in Section 3.1, we first observed the expansion behaviors of the plume in the two
types of ambient gas in the early stage of the expansion. Composite emissivity images
obtained with the moderate ablation fluence in different ambient gases are shown in
Figure 5.1. We note that the bottom line of the images represents the target surface. In
these images, we can see a global layered structure of the plumes. Starting from the target
surface and going upward the incidence direction of the laser pulse, we can successively
meet the layer of neutral aluminum (green), the layer of ionized aluminum (red), the layer
of ionized gas, argon or nitrogen (grey) and finally the layer of neutral gas, argon or

nitrogen (blue).
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Figure 5.1 Composite emissivity images obtained with ablation with moderate
laser fluence in different ambient gases (a) argon and (b) air. The delay is shown
in each image. The real dimension of each picture is 1.5 X 1.5 mm?, and the
bottom line of the images represents the target surface. False colors are used to
represent the different species in the plume with red for ionized aluminum,
green for neutral aluminum, grey for ionized argon or ionized nitrogen and blue
for neutral argon or neutral nitrogen. The intensity of each species is normalized
to its own maximum.

Such arrangement of species in successive layers in a nearly spherical plasma
morphology corresponds rather to the consequence of the LSC wave as we discussed in
Chapter 4. In the LSC wave model, the layer of compressed ambient gas remains
transparent for the laser radiation. It is why a significant tailing part of the ablation pulse
transmits through the compressed gas layer and touches the ablation vapor. The
propagation of the tailing part of the ablation laser pulse in the vapor leads to its

ionization. T'wo subsequent layer structures can result from this interaction configuration.

1) If the laser pulse is enough strong after its transmission through the layer of
shocked gas and/or the ablation vapor is not enough dense, then the vapor can be totally

ionized. This corresponds to the case of air ambient gas (Figure 5.1 b);

2) If the laser pulse is not enough strong after its transmission through the layer of
shocked gas and/or the ablation vapor is enough dense, then the vapor can only be
ionized in its up part first touched by the laser pulse after its transmission through the

compressed gas layer. This corresponds to the case of argon ambient gas (Figure 5.1 a).
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At the same time, the fact that a significant part of ablation laser pulse transmits
through the shocked ambient gas layer implies that the ionization of the ambient gas due
to the ablation laser pulse is not strong in the sense that produced ions of the ambient gas
is not dense and its extent limited in space. The populations of the ionized ambient gas
observed in the images in Figure 5.1 may thus also contributed by the interaction with the
ablation vapor heated by the tailing part of the ablation laser pulse. As we mentioned in
Chapter 4, such interaction can be collisional excitation and ionization and/or absorption
of UV radiation emitted by the vapor [89]. The formation of the ionized ambient gas
above the ablation vapor would be thus ulterior to the transmission of the tailing part of
the laser pulse through the shocked gas layer, in such way it does not contribute to the

shielding of the laser pulse.

The observations made in the modest ablation fluence regime show therefore a similar
morphology and structure of the plasma induced in argon or in air. More generally
speaking, we can say that when the LSC wave represents the dominate mechanism of post
ablation interaction, the nature of the ambient gas does not influence greatly the
propagation behavior of the plasma. Qualitatively this can be easily understood since in
the LSC wave propagation, the layer of compressed ambient gas, whether it is argon or the
atmospheric air, remains transparent for the ablation laser pulse. The different optical
properties of the ambient gases are not involved in the determination of the behavior of
the plasma. The minor differences observed between the plasmas in the two kinds of
ambient gas may rather relate to the hydrodynamic or thermodynamic properties of the
gases. For example air is more compressible than argon (yqi = 1.4,¥4, = 1.67). This leads
to a larger plume at given delays with air than with argon as shown in Figure 5.1. This
leads also to the fact that assuming the same amount of aluminum ablated from the target,
in air we get a less dense ablation vapor than in argon. The last point explains why a

population of neutral aluminum is obtained in argon but not in air at short delay.

In a practical point of view for LIBS application, we can say that with moderate
ablation fluence, small difference exists between the plasmas induced in argon or in air.
The ablation vapor is more confined in argon, leading to a stronger emission signal from
the vapor for a detection system with a given collection surface. This configuration is
more suitable for sensitive detection of trace elements. A denser plasma can corresponds

however to a severer self-absorption effect. This means that if the sensitivity of the
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detection is not the main objective, ablation in air with moderate laser fluence is also a

good choice for LIBS.

Axial profiles of the plasma at long delay

In order to confirm the observations performed with spectroscopic imaging
presented in the above section and further investigate the physical properties of the
plasma, time- and space-resolved emission spectroscopy was used to record the axial
emission intensity profiles of the plasma propagating in the two kinds of ambient gas. The
advantage of the emission spectroscopy is that not only the emission intensity but also the
profiles of electron density and temperature can be obtained. The obtained results are

shown in Figure 5.2.

Note that in Figure 5.2, the horizontal axial represents the distance from the target
surface (the origin of the axis corresponds to the surface). We can remark first that Figure
5.2 (a) and (b) show similar emission intensity profiles for the both plasmas induced in Ar
or in air. As mentioned in the above section, the plasma in air presents a slightly larger
extent than that in argon. These results confirm well those obtained with spectroscopic

images and presented above.

Axial profiles of the electron density and the temperature are shown in Figure 5.2 (c)
and (d). We can see that the profile of the electron density fits the extent of the emission
intensity profiles of aluminum. The both observed electron density and temperature are
significantly higher in argon than those in air for a given delay. This is expected because of
the lower thermal conductivity of argon than air [105]. For LIBS application, the higher
temperature and electron density in argon lead to a better signal-to-noise ratio for analysis.
[105] This property underlines again the advantage of the use of argon in LIBS often

reported in the literature.
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Figure 5.2 Axial emission intensity profiles of plasmas induced by 20 m] laser
pulse in Ar or in air. (a) neutral aluminum, (b) ionized aluminum, (c) electron
density and (d) plasma temperature.

5.1.2. High ablation laser fluence

Emission images of the plasma in the early stage of the plasma expansion

With an ablation pulse energy of 50 m] (corresponding to 160 J/cm2), we obsetved
the early stage expansion of the plasma with the same procedure as in the precedent
section. Composite emissivity images obtained with the high ablation laser fluence in
different ambient gases are shown in Figure 5.3. For the both ambient gases, a population
of ionized ambient gas can be observed with a large spatial extent which occupies almost
the entire volume of the plasma. In contrast, population of neutral ambient gas is almost
absent at very short delay. This situation corresponds to a complete ionization of the
compressed or shocked ambient gas. As we already mentioned in Chapter 4, the ablation
with the high laser fluence leads to the LSD regime in the post-ablation interaction. It is
well known that in the LSD propagation, the tailing part of the ablation laser pulse is
almost absorbed by the layer of shocked gas leading to its complete ionization. Our
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previous works [106, 107] further demonstrated that the ignition of LSD for an ablation
plume propagating in an argon ambient gas leads to a mixture of ions of argon and the
ablation vapor, aluminum for instance. This phenomenon is again observed in our
experiment and shown in Figure 5.3 (a). At longer delays, neutral ambient gas appears first

on the top of the plasma in argon and rather in the peripheral of the plasma in air.

It is very striking to remark that for the plasma in air, the above mentioned mixing
between the ions of nitrogen and aluminum cannot be observed. On the contrary, the
population of aluminum ions is observed confined in a small volume in the lower part of
the plume near the target surface. We can also remark that the axial extent of the plume is
smaller in air than in argon. This observation is just opposite of what happens in the
moderate ablation fluence regime, where due to the bigger compressibility of air, the
extent of the plasma is larger in air than in argon. These observations provide the evidence
that in the high fluence ablation regime where the LSD wave is ignited, the behaviors of

the plasma induced in air is very different from those of the plasma induced in argon.

In the practical point of view for LIBS application, a small vapor confined in a region
close to the target may present a large inhomogeneity, a situation disadvantageous for a

high performance analysis.

Figure 5.3 Composite emissivity images obtained with ablation with high laser
fluence in different ambient gases(a) argon and (b) air. The delay is shown in
each image. The real dimension of the images is 2 X 2 mm?, and the bottom line
of the images represents the target surface. False colors are used to represent the
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different species in the plume with red for ionized aluminum, green for neutral
aluminum, grey for ionized argon or ionized nitrogen and blue for neutral argon
or neutral nitrogen. The intensity of each species is normalized by its own
maximum.

Space-resolved emission spectra

In order to confirm the observations performed with the spectroscopic imaging, we
further record emission spectra at different axial positions in the plasma using the
“spectroscopy” type setup described in Chapter 3. In Figure 5.4, we show the recorded
spectra for a detection delay of 50 ns. In Figure 5.4 (a), we can see that for the plasma
induced in argon, whatever the detection position is in the plasma, there is always
simultaneously aluminum ions (Al II 358.7 nm line) and argon ions (Ar II 488.0 nm line).
This confirms the image observation shown in Figure 5.3 (a) for the mixing between the
ions of aluminum and argon. In Figure 5.4 however, aluminum ions (Al IT 358.7 nm line)
and nitrogen ions (N II 500.0 nm line) can be simultaneously observed only in the lower
part of the plasma. For an observation position higher than 0.45 mm, only nitrogen ions
can be observed. The results from space-resolved emission spectroscopy confirm

therefore the observations with spectroscopic imaging.
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Figure 5.4 Emission spectra of the plasma at different axial positions in the
ambient gas of (a) argon and (b) air recorded at a delay of 50 ns.

Axial profiles of the plasma at long delay

For longer delay, the axial profiles of emission intensity, electron density and
temperature of the plasma are shown in Figure 5.5. Look at first Figure 5.5 (a) and (b).
Significant differences can be observed for the plasmas induced in the two types of
ambient gas. In argon, the aluminum vapor, atoms as well as ions, exhibits emission
intensity profiles which propagate away from the target surface as the detection delay
increases. In air on the contrary, the aluminum vapor remains static close to the target
surface (0 mm to ~ 1.0 mm) without significant upward motion of the ensemble of the
profiles. Look at now Figure 5.5 (c) and (d) for the axial profiles of the electron density
and the temperature. Here again different behaviors can be observed between the plasmas
induced in argon and air. In argon, both the profiles of the electron density and the
temperature profiles exhibit an upward propagation, while in air the both profiles remain
close to the target surface. Similar to the case of ablation with the modest laser fluence,
higher electron density and temperature are measured for the plasma in argon than for the

plasma in air.
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Figure 5.5 Axial profiles of the plasma induced by a 50 m] laser pulse in Ar and
air. (a) neutral aluminum emission, (b) ionized aluminum emission, (c) electron
density and (d) plasma temperature
Different morphologies and structures are therefore observed for the plumes induced
in the two different types of ambient gas over the investigated delay interval which is
concerned by LIBS measurements. In argon at short delay, the plume corresponds to a
mixture of hot and ionized gases of aluminum vapor and argon over the total extent of the
plume (0 mm to ~ 1.8 mm). The aluminum vapor is evaporated from the target, while the
hot argon gas is contributed by the layer of the ambient gas initially surrounding the vapor
and ionized by absorption of laser energy during the process of LSD wave. Moreover, the
electron density and temperature are higher in argon than in air as the case of ablation with
the moderate laser fluence. On the other hand in air, the ablation vapor is confined in a
region close to the target surface (0 mm to ~1 mm) and separated from the ionized
ambient gas. The comparison shows therefore the advantage, in the practical point of
view, to perform LIBS measurement in argon with a more uniform and extended plasma
which facilitates a stable collection of the emission from the plasma, and a higher

temperature which increases the intensity and the lifetime of the emission from the
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plasma. Such practical conclusion drawn here for the high fluence ablation regime is
indeed the same as that for the moderate fluence ablation regime. In fact, the advantage to
use argon as ambient gas for LIBS measurement has been demonstrated since longtime.
But in our work, beyond the known empirical approach, we provide more detailed
understanding of the principle. Starting with the better understood principle, we will be
able to better assess the necessity to use argon ambient gas in a specific application by
taking into account the practical complication related to the introduction of argon in a

given experimental arrangement.

5.1.3. Craters produced in different ambient gases

To further confirm the difference observed between the behaviors of the plasmas
induced in argon or in air with high fluence ablation and to observe the consequence of
such difference on the craters left by ablation on the target surface, we have observed the
corresponding ablation craters. Figure 5.6 shows the SEM (scanning electronic
microscope) images of the ablation craters in different ablation conditions. With the
moderate ablation fluence of 65 J/cm? the form of the craters produced in both argon
and air are quite similar as shown in Figure 5.6 (a) and (b), in the sense that we can
observe an effective mass removing from the crater for the both cases. This confirms our
results and discussions in Section 5.1.1. By saying this however, we should mention that in
this study we only intend to draw qualitative conclusion by using existing models such as
LSC and LSD waves. This means that even through in the moderate fluence ablation
regime the LLSC is a dominant process, we cannot exclude some characteristics of LSD
also being observed. In fact, our choice of ablation regime was also conditioned by
experimental constraints, for example the concern of having enough large signals for
detection. It is why we did not choose a very small ablation laser fluence to be sure being
with a pure LSC regime. Instead, a reasonably moderate fluence was chosen for the
moderate fluence ablation regime, which allowed still a good signal for detection. The
above remark explains why some differences can be observed between the craters in
Figure 5.6 (a) and (b) even through in our understanding, we classify the both cases into

the same physical model.

For the high ablation fluence at 160 J/cm?, in argon (Figure 5.6 (c)), a deep crater is

clearly observed, showing effective mass removal. On the contrary in air (Figure 5.6 (d),
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the crater is only distinguishable with irregular surface modification. Such surface
morphology suggests a significant material redeposit after being first removed from the
surface. Such difference observed between the craters left by ablations in argon and in air
corresponds well to the difference observed for the propagations of the plasmas induced
in these two different ambient gases. Indeed in argon, a propagating ablation vapor
facilitates the mass removal, while in air a stagnating ablation vapor near the target surface
may lead to its redeposit on the crater during the re-condensation of the plume. The crater
observation is therefore coherent with our image and emission spectrum observations

presented in the above sections.

$4800 5.0kV 6.8mm x400 SE(M)

Figure 5.6 SEM images of ablation craters in different experimental conditions of
ablation fluence and ambient gas. (a) 65 J/cm? in argon, (b) 65 J/cm? in air, (c)
160 J/cm? in argon and (d) 160 J/cm? in air. Each crater accumulates 10 laser
shots.

5.1.4. Summary for ablations with high or moderate laser fluence and in

argon or air ambient gas

We can thus resume the observed expansion behaviors of the plasma in the

experimental configurations investigated in Table 5-1 :
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Table 5-1 Behaviors of the plasma in different ambient gases and different ablation
fluence regimes

Fluence Moderate (65 J/cm?) High (160 J/cm?)
Ambient gas Argon Air Argon Air
Layer structure, from the Propagating Al .
surface of the target and in vapor, mixing Stagnating Al vapor

Structure of close to the target

the upward direction: between ions of Al .
the plasma at L. surface, separation
neutral Al, ionized Al, and Ar over the
short delay | . . . between Al vapor and
ionized ambient gas and whole volume of . .
. shocked air ambient
neutral ambient gas the plume
Post-ablation
interaction LSC wave LSD wave
model
. L . Large Al vapor
Axial profiles | Emission intensity profiles '8 p Small extent of Al vapor
- . axial extent .
similar for the both ambient . stagnating near the
of at long propagating away
gases target surface
from the target
delay
Electron density and temperature higher in argon than in air
Deep crater with Shallow crater with
Similar crater with effective | concentric rings, irregular surface
Craters . . . . .
mass removal effective material modification, material
removal redeposit

5.2. Investigation and explanations for the
different LSD wave propagations in argon
and in air

We can see from the results presented in the first part of this chapter that for moderate
laser fluence ablation where the LSC wave represents the dominant process in the post
ablation interaction, plasmas induced under air or argon ambient exhibit quite similar
behaviors in their propagation. This observation underlines in fact, the minor implication
in the LSC wave of the ambient gas, since whatever the ambient gas is, air or argon, it
remains essentially transparent to the ablation laser radiation. Following such
argumentation, it is natural to foresee that in the high laser fluence ablation regime, the
expansion behavior of the plasma changes according to the property of the ambient gas,
since the ignition and the process of the LSD wave depend on the ambient gas. This is
exactly what we have experimentally observed and presented in the first part of the

present chapter. Accepting the principle of the different behaviors in such specific
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conditions does not mean that we understand the mechanisms involved in the process.
And such understanding is also absent in the literature. It is why in our experiment, we
specifically designed a series of complementary observations in order to go into the
detailed of the understanding of the phenomenon. In the following part of this chapter,
we will describe such complementary investigations and discuss the results obtained.
Moreover, the knowledge and models from the literature will be used to interpret the
experimental results and explain the observed difference between the plasmas induced in
air or in argon at high laser fluence ablation regime. For a clear organization of our
presentation, we will structure our explanations within two points of view of macroscopic

and microscopic frameworks.

5.2.1. Macroscopic description with a faster LSD wave propagation in

argon

Experimental determination of the propagation velocity of LSD wave in different

gases

In this section, we focus on the high ablation fluence regime and perform the
comparison between the plasmas induced in air or in argon. As we mentioned, in this
ablation regime, the LSD wave is ignited in air as well as in argon. This situation
introduces an important simplification in the sense that the laser absorption zone follows
directly behind the shockwave and moves at same velocity [40]. Together with the fact that
the absorption of laser radiation leads to the ionization of the shocked gas and the
propagation of the LSD wave, we can understand that in this case, the LSD wave
propagates as an lonization wave at the same velocity as the shockwave. Such
simplification has a practical importance that the propagation of the LSD wave can be
monitored with emission from the continuum over the early stage of the plasma expansion
when the laser radiation is still present. This is because the continuum emission from the

plasma is due to free-free transitions or free-bound transitions involving free electrons.

It is why we used the “image” type setup described in Chapter 3 together with a
narrow band filter with a central wavelength of 530 nm to record plasma images with the
continuum emission at different delays in argon and in air. The two obtained series of
images are shown in Figure 5.7. We specify that in this spectral range, there is no emission

line at the delays used for image recording.
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Figure 5.7 Continuum emission images at different delays with the high ablation
energy (160 J/cm?) in air (a) and argon (b). The bottom line of the images
corresponds to the target surface and the real dimension of the images is 1.0 X1.0
mm?.

The images in Figure 5.7 show already a higher axial propagation speed for the plasma
in argon (Figure 5.7 b). From these images, we can further extract the position of the axial
front of the emission zone, which corresponds to the LSD as well as the ionization wave
front, as we discussed above. Such position as a function of the delay is shown in Figure
5.8 a. We specify that the origin of the time corresponds to the moment when the
propagating front of the laser pulse touches the target. It is therefore reasonable to think
that over ~ 20 ns the laser radiation is significantly present and interacts with the system
including the target surface and the induced plume. Providing such consideration, we can
see in Figure 5.8 (a) clear faster propagation of the LSD wave in argon than in air over the
post ablation interaction of an interval of about 20 ns. The derivative of the data presented
in Figure 5.8 (a) leads to the propagation velocity of LSD wave as shown in Figure 5.8 (b).
A larger velocity is effectively measured for the plasma in argon in the interval of the post

ablation interaction.

As complementary information, we plot as well the position of the transversal radius
of the emission image as a function of the delay, as shown in Figure 5.8 (c). Without laser
radiation, the radial expansion of the continuum emission images corresponds to the
expansion of the ordinary shockwave without support from the laser. In Figure 5.8 (c) and
Figure 5.8 (d) where the corresponding velocities are extracted, we can first remark similar
radial velocities in the both ambient gases. We can also remark a significantly smaller
shockwave propagation velocity in the radial direction than in the axial direction. This
clearly shows the acceleration of the shockwave by LSD in the axial direction. A detail
concerning the beginning of the radial expansion is worth to mention here: a smaller

displacement is observed at very early stage of the expansion. This corresponds to the fact
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that at its beginning, the expansion of the plasma is essentially two dimensional with
predominate axial propagation. The radial expansion becomes effective when the axial

dimension of the plasma becomes comparable with its radial one.
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Figure 5.8 Displacement and velocity of the fronts of the continuum emission
zone as a function of the delay in different ambient gases with high laser fluence
ablation. (a) axial position of the front; (b) axial velocity of the front; (c) position
of the lateral front at an axial position of 0.1 mm; (b) radial velocity at an axial
position of 0.1 mm.

From Figure 5.8 ¢, experimental LSD wave velocities can be estimated as:
VAL ~ 52km/s
VAL ~ 38km/s

VLI?D/VLI?S% ~ 1.37

Interpretation with the macroscopic hydrodynamics model

In the hydrodynamic model, by imposing the conservation of energy, momentum and
mass in the zone behind the LSD wave front, where all the laser energy is absorbed, the

velocity of the shockwave, which is identical to the LSD wave speed, is given by [40]:
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1
20r* = Dh|?
Visp = [—Po ]
(5-1)
where Vigp is the velocity of the LSD wave, pg is the density of the ambient gas, I the
incident laser irradiance and y is the ratio of specific heats. For an ideal gas,
_f+z

Y=y

where f is the degrees of freedom. For a monoatomic gas as argon, with three degrees of

freedom:

3+2
y=—5—~167

While for a diatomic gas such as the atmospheric air, with five degrees of freedom

(three translational and two rotational degrees of freedom):

_5+2_14
y_ 5 - "

So y is 1.4 for air and 1.67 for argon.

Provided that the initial conditions for argon and air are the same, so in Eq. (5-1), I
takes the same value. At 20 °C and 101.325 kPa, dry air has a density of 1.20 g/L and the
density of argon is 1.45 g/L. Therefore we get

Vish ~ 1.2 VAE
(5-2)

So the LSD wave in argon is significantly faster than that in air, which is corresponds
quite well to our experiment observation in Section 5.2.1. The consequence of a larger
LSD velocity is that there is a larger difference with respect to the propagation velocity of
the ablation vapor, which allows the last to propagate behind LLSD wave. This corresponds
to the case of the plasma in argon ambient. In this case, the fast upward propagation of
the ionized argon leaves behind a low pressure zone, which by aspiration, facilitates the
upward propagation of the aluminum vapor. The result is the observed mixing between
the ions of aluminum and argon. In air ambient, a reduced axial propagation of the LDS
wave may contribute to prevent upward motion of the aluminum vapor. However this

argument is in any case not sufficient to explain the observed stagnation of the aluminum
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vapor close to the target surface. It is why in the following section, we will develop a
second argument based on the microscopic mechanisms of the ignition of LSD wave in

argon and in air, which as we will see, are different.

5.2.2. Microscopic explanation: different LSD ignition mechanisms in

argon and in air

In order to develop our argument, we will first, in this section, present the results of
several complementary observations. We will then deduce, with the help of the
understanding elements from the literature, the different pathways leading to the LSD

regime in the two different gases.

Space-resolved emission spectrum at a delay of 15 ns

This observation consisted in recording the emission spectrum of the plasma just after
the termination of the laser pulse and observing its distribution over the axial extent of the
plasma. Figure 5.9 shows the continuum emission at delay of 15 ns recorded at different
axial positions in the plasma induced in the two different ambient gases: (a) argon and (b)
air. Starting from the surface of the target (axial position = 0 mm) and going upward, two
groups of continuum emission can be observed, one in the lower part of the plume and
the other in its up part. If we assume that the blackbody emission is a good approximation
of the continuum emission recorded, we can estimate the temperature of the plasma in the
two distinguished regions by using the Wien's displacement law:

AmaxT = b
(5-3)
where Apqy 1s the spectrum peak wavelength, T is the absolute temperature of the black
body and b is a constant of proportionality called Wien’s displacement constant and equal

to 2.8977721%x107> m K.

So for the first group of spectrum recorded in the lower part of the plume, with a
wavelength A4, of about 500 nm, a temperature of 5 800 K can be extracted. For the
second group of spectrum recorded in the up part of the plume, with a peak wavelength
of about 240 nm, a temperature of about 12 000 K is extracted. This means that the
aluminum vapor is colder than the ionized gas. This allows us to confirm that in this case,

the LSD wave leads to efficient absorption of laser energy by the ionized gas. Moreover in
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argon, at such very early stage of the expansion, due to the faster propagation of the LSD
wave, the lower part of the plume with aluminum vapor is well separated from the up part
of the plume with ionized gas as indicated by Figure 5.9 (a). In air in contrast, the slower
propagation the LSD wave leads to a zone of overlapping between the low temperature
and the high temperature parts of the plume at 0.2 mm from the target surface as indicated

by Figure 5.9 (b).
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Figure 5.9 Emission spectra from the plasma at delay of 15 ns for different axial
positions in the ablation plume induced in argon (a) and in air (b).

Excitation processes in the shocked gas

After the shockwave passing through the ambient gas, the ambient gas is excited. Such
excited gas is called shocked gas. The results presented in the precedent section show a
temperature of about 12 000 K in the shocked gas. With such high temperature, for an
atomic gas such as argon the electrons are excited to upper levels, even to the continuum
and getting ionized. For a molecular gas, such as the atmospheric air, dissociation can also
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occur besides electronic excitation processes. In order to observe the excitation state of
the shocked gas and its evolution, we recorded the emission spectrum of the plasma at an
axial position of 1 mm from the target surface for different detection delays. The results
are shown in Figure 5.10. We can see that in argon, absorption spectrum is first observed
on the continuum emission at a delay shorter than 150 ns. In Table 5-2, we list the
spectroscopic parameters of the observed absorption line of Ar I in the spectral range
from 690 to 780 nm. We can see that all these lines have an energy of the lower level of
the transition larger than 11.5 eV. It means that the excitation by the shockwave is
efficient enough to populate levels with energy higher than 11.5 eV. In other word, the

excitation energy available in the shockwave is at least 11.5 eV.

Now let us think about the effect of such excitation energy for air, since a similar
temperature is observed in shocked air as we discussed above (Figure 5.9 b). As we know
the dissociation energy of oxygen and nitrogen molecules in the ambient temperature and
pressure are respectively 5.11 eV and 9.74 eV [54], we understand easily that when the
shockwave passes through the ambient air, molecules of oxygen and nitrogen are first
dissociated. This explains the observation of the emission lines from atomic oxygen and
nitrogen at very early stage of the plasma expansion as shown in Figure 5.10 (b). We list in
Table 5-3 the spectroscopic parameter of the lines observed for atomic oxygen and
nitrogen. We can see that the energies of the upper levels of the transitions observed in
the spectrum are in the order of 12 eV, thus accessible with the excitation energy available

in the shockwave as we discussed for the excitation of the atomic argon.

Table 5-2 Spectroscopic parameters for Al I emission lines observed in the experiment.
Ayiis the Einstein coefficient, E; and Eyx are the energy of lower and upper levels of the
corresponding transition.[110]

Wavelength (nm) Ay (s Hi (eV) Ex (eV)
696.54 6.39¢+06 11.55 13.33
706.72 3.80e+06 11.55 13.30
727.29 1.83e+06 11.62 13.33
738.40 8.47¢+06 11.62 13.30
750.39 4.45¢+07 11.83 13.48
751.47 4.02e+07 11.62 13.27
763.51 2.45e+07 11.55 13.17
772.42 1.17e+07 11.72 13.33

At longer delays, we can see in Figure 5.10 (a) that the absorption spectrum becomes

emission spectrum. This means that further collisional excitations in the plume lead to
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significant population in higher excited states of atomic argon with energy larger than 13.5
eV. For the plasma in air, Figure 5.10 (b) shows the persistence of the emission lines from
O I and N I due to a continuous population of the involved upper states by collisional
excitations. The line shape becomes narrower because of the reduction of the electron

density in the plasma.
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Figure 5.10 Emission spectra of the shocked gas at different delay from the
plasma induced in different ambient gases and at the axial position of 0.2 mm
from the target surface.
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Table 5-3 Spectroscopic parameters for N I and O I emission lines observed in the
experiment. Ay is the Einstein coefficient, E; and Ey are the energies of the lower and
the upper levels of the corresponding transition. [110]

Wavelength (nm) Ay (s7) Ei (eV) Ex (eV)
NI 742.364 5.64e+006 10.33 12.00

744.229 1.19e+07 10.33 12.00

746.831 1.96e+07 10.34 12.00
O1 777.194 3.69¢+07 9.15 10.74

Mechanism of ignition of LSD wave in argon

The detailed observations on the structure of the plasma and the excitation state of the
shocked gas presented above allow us now to discuss the ignition mechanisms of LSD in

argon and in air.

Let us first look at the case of argon. In argon, we know that the pathways leading to
the LSD wave ignition starts with the excitation by the shockwave of atomic argon to its
excited state with an energy in the order of 11.5 eV. In addition, in such shockwave
velocity, about 10% of atomic argons are already ionized. [111] Taking in to account the
ionization potential of atomic argon of 15.8 eV and the photon energy corresponding to
the laser radiation at 1064 nm of 1.17 ¢V, we understand that the ablation laser radiation
cannot directly ionize excited argon. However, the following reactions can lead to the

further ionization of the shocked argon ambient gas:
hv(A < 280 nm) + Ar* - Art + e

-4
e+ Ar - Ar* +ethene + Ar* = Art + 2e

(5-5)
The first reaction (5-4) corresponds to the photoionization of excited argon atom by the
absorption of a UV photon emitted by the aluminum vapor. The second reaction (5-5)
corresponds to collisional excitation and ionization by electronic impact. Once a
significant amount of free electrons is available in the shocked gas, inverse bremsstrahlung
absorption becomes efficient to couple the laser energy into the shocked gas. Electrons are
thus getting accelerated, which leads to the further ionization of the shocked gas in an
avalanche process, because the accelerated electron can more efficiently ionize neutral

argon atoms. The LSD wave is thus initiated. This process can be summarized in Figure

5.11.
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Figure 5.11 Pathways of LSD ignition in Argon

Mechanisms of ignition of LSD wave in air

Let us look at now what happens in air. Air is mainly a mixture of two diatomic gases:
nitrogen and oxygen. According to the data presented in Table 5-4, for a shockwave
corresponding to the velocity of about 10 km/s, the temperature in the shocked gas is
about 14 000 K. Dissociation of nitrogen and oxygen molecules occur with following the

chemical reactions:
O, +M=0+0+M

(5-0)

Ny+M=N+N+M
(5-7)
In these reactions, M denotes any atom or molecule. With the compression and
dissociation of nitrogen and oxygen, the pressure in the shocked gas behind the
shockwave rises suddenly. According to Table 5-4, with a shockwave of about 10 km/s,
the pressure rises 1000 times higher than the ambient air. According to the literature, after

such strong shockwave, molecules in air are almost dissociated. [111]

Table 5-4 Hydrodynamic quantities behind a shockwave in air, with the standard
condition of po=1atm, Ty = 293 K beyond the shock front [54]

T (K) Velocity of Pressure behind the Density ratio p1/po

shockwave (km/s) shock wave (atm) (prbehind, py: before)
1. s Po-

10 000 6.97 561 11.00
14 000 9.31 1 000 11.10
20 000 11.8 1650 10.10

127



Laser-induced plasma as a function of the laser parameters and the ambient gas

However as shown by previous works [40], in the shocked air behind the shockwave,
ionization as a result of atom-atom collisions or photoionization by absorption of IR
radiation (1064 nm from the ablation laser) or visible one (~ 500 nm emitted by the vapor)
cannot ensure the rapid formation of a large number of priming electrons to ignite the
LSD wave. [40] Other ionization mechanisms should be involved to provide more
electrons. Such electrons can be produced through associative ionization, in which two
atoms combine into a molecule with the simultaneous release of an electron and formation

of a molecular ion. [46] The reaction requiring the lowest activation energy is the following
O+N+28eV =NOt+e

(5-8)

Other reactions are also possible in shocked air to contribute to the production of free

electron in shocked air:
N+ N+58eV =N +e

(5-9)

0+0+65eV =05 +e
(5-10)
Once enough priming electrons are produced, they get accelerated through inverse
bremsstrahlung absorption of IR ablation laser radiation. The absorbed energy from laser
compensates for the energy loss in the association reactions. They take place therefore at
a much faster rate than the direct ionization of atoms and molecules by particle impact.
Associative reactions play thus a key role in the creation of the priming electrons. As the
density of free electrons increases and the inverse bremsstrahlung further accelerate them,
the ionization by electron impact becomes more important and leads to avalanche

ionization and the initiation of the LSD. Such process can be summarized in Figure 5.12.

o

& N

O 2)

o o
@ 006\ \\?- '\OQ

& "2

& ©
° N+O+2.8 eV = NO*+e

O,N, = O, N* = N+N+58 eV =N,"te = M*"+ 2e = Avalanche & LSD
0+0+6.5eV = O,*+e

Figure 5.12 Pathway of LSD ignition in air.
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With the above discussed different microscopic LSD ignition mechanisms, we
understand well the faster propagation velocity of the LSD wave in argon, since it is
superimposed to the ionization wave. In fact only the electronic processes are involved in
the propagation of the ionization wave in argon, while in air, molecular processes
(involving thus nuclei) are implied in the propagation of the ionization wave. Different

time constants can be therefore expected for the two types of ambient gas.

5.3. Different plasma expansion behaviors in
argon and in air

We can now summarize the different mechanisms of LSD ignition in argon and in the
air. Based on these mechanisms, the observed different expansion behaviors of the plasma
induced in argon or in air can be explained. Figure 5.13 illustrates the internal structures of
the plasmas due to the different mechanisms of the LSD wave in argon (a) and in air (b).
The initial states of the vapor are the same in the both ambient gases. The initial
shockwave is generated with the same velocity. With argon ambient gas, after the passage
of the shockwave in the ambient gas, due to collisions, argon atoms are excited to a high
energy levels and a part of them can be ionized. With free electrons and highly excited
argon atoms, laser energy can be efficiently absorbed by the shocked gas, which leads the
ignition of LSD wave. The velocity of the LSD wave in argon is quite fast, so behind the
LSD wave, there is a zone of low pressure above the aluminum vapor. Such low pressure
zone leads to the acceleration of the upward motion of the aluminum vapor. As a result,
the vapor gets a large initial velocity and propagates into the region of the shocked gas.

This is why a mixing between the vapor and the gas can be observed.

In air, two phenomena lead to the observed different expansion behavior with respect
to the plasma in argon. First, the speed of LSD propagation is smaller than that in argon.
Second, the dissociation of air molecules suddenly raises the pressure of the shocked gas
before the ignition of LSD. Thus the ignition of the LSD in air does not leave behind it a
low pressure zone as in argon. On the contrary, the ignition of LSD in air imposes a high
pressure zone above the aluminum vapor, and prevents the last propagating away from the
target surface. Such mechanism corresponds well to our observation of the stagnating

vapor closet to the target surface. We can finally summarize the relationship between the
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microscopic mechanisms and the macroscopic behaviors of the plasma expansion in Table
5-5.
Fast LSD (ionization) propagation
a
4 )/Low pressure behind = Mixing vapor/gas

f _,,f/—? Propagation vapor
Target

/ Slow LSD (ionization) propagation

b / High pressure dissociated air

\

f" _,.llff? Stagnating vapor
Target

Figure 5.13 Illustration of the different structures dur to different LSD ignition
mechanisms in argon (a) and in air (b)

Table 5-5 Relationship between the microscopic mechanisms and the macroscopic
behaviors of the plasma expansion.

Fluence 50 mJ (160 J/cm?)

Ambient gas Ar Air

Collisional excitation/ionization of
Collisional dissociation of the
the shocked argon, , . ,
. ST shocked air, recombination with
collisional/radiative ionization of .
, . . . free electron generation, inverse
Microscopic | excited atoms inverse .
, , bremsstrahlung absorption, electron
mechanisms | bremsstrahlung absorption, , .
. S impact ionization, avalanche

electron impact ionization, o )
S ionization of the shocked air,

avalanche ionization of the

breakd d LSD
shocked air, breakdown and LSD reakdown an
High LSD velocity Low LSD velocity
. Low pressure rarefication zone in High pressure in the dissociated
Macroscopic . .
. shocked argon behind the LSD shocked air before I.SD starts
behaviors

Propagation of Al vapor and Stagnation of Al vapor, and

mixing between ions of Al and Ar | separation with the ionized air
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5.4. Resume

In this chapter, we have investigated the expansion behaviors of the plasma in
different ambient gases and at different ablation laser fluence regimes. The obtained
results are presented first for the moderate ablation laser fluence (20 m] corresponding to
65 J/cm?). Through imaging and time- and space-resolved emission spectroscopy
observations, we get the conclusion that, the plasmas induced in the two types of ambient
gas exhibit quite similar propagation behaviors, with comparable propagation velocities,
morphology and internal structure. The exhibited morphology and structure of the plasma

suggest a post ablation interaction dominant by the LSC wave.

The results concerning a higher ablation laser fluence are then presented. The
morphology and the structure of the plasmas induced in the both ambient gases show
characteristics of a post ablation interaction dominantly determined by the LSD wave,
which is coherent with our previous works. Moreover, a significant difference in
propagation behavior is experimentally observed and confirmed between the plasmas
induced in argon or in air. The most striking feature is that in argon a large zone of mixing
between ions of argon and aluminum is observed, which confirms once again our previous
works. But for the plasma induced in air with the same laser parameters, instead a
population of aluminum confined in a zone close to the target surface and separated from

the shocked gas is observed and confirmed experimentally.

We have then designed several complementary experimental observations to explain
such difference due to the ambient gas in the high fluence ablation regime. Based on such
observations and using considerations and models existing in the literature, we have
provided the explanations in two points of view. In the macroscopic point of view, the
hydrodynamic propagation of the plasma leads to a faster LSD wave in argon than in air.
The fast LSD propagation in argon leaves behind it a low pressure rarefaction zone in the
shocked gas, which facilitates the upward propagation of the aluminum vapor and leads to
a mixing zone between ions of argon and aluminum as observed in our experiment. In the
microscopic point of view, the ignition mechanisms are different in argon and in air. In
argon, ionization of excited argon through photo absorption of UV radiation and electron
impact represents the key mechanisms for the ignition of LSD. While in air, the key
mechanism corresponds to the dissociation of air molecules by shockwave and the

production of free electron in recombination reactions. This explains first a slower
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propagation velocity of LSD in air because of the longer time constant of the molecular
process in air than that of the atomic process in argon. This leads also to the
understanding that in air the dissociation of the molecules by the shockwave raises
suddenly the pressure of air before the LSD starts. Such high pressure zone is placed just
above the aluminum vapor. The combination of the appearance of such high pressure
zone in the shocked gas before even the LSD starts and the slower propagation of the
LSD wave finally results in the stagnation and confinement of the ablation vapor in a small

zone close to the target surface. This is exactly what we have observed in our experiment.
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Chapter 6. From plasma to
molecule: monitoring of
laser-induced aluminum
plasma in air at long delay

In a reactive ambient gas such as the atmospheric air, a metallic plasma such as
aluminum, undergoes oxidation reactions while the plasma cools down to the ambient
temperature. Besides the effects observed in relative short delays after the generation of
the plasma and related to a molecular ambient gas, the formation of AlO molecule in
longer delay within an aluminum plasma evolving in air represents therefore an important
aspect to be taken into account in our study of the properties and evolution of laser-
induced plasma as a function of the ambient gas. This is precisely the purpose of the
present chapter to monitoring the evolution of the plasma over the delay interval when
the molecule AlO appears in the plume. Such monitoring will more specifically performed
in terms of the correlation between the temperatures in the plasma and the evolution of

the intensity of the molecular band observed in the emission spectrum from the plume.

In the practical point of view, measurements with LIBS usually take place in the
atmospheric air. An important requirement is that a plasma is generated with the same
elemental composition as the material to be analyzed within a stoichiometric ablation, and
that the stoichiometry of the plasma remains constant during the interval of time when its
emission spectrum is recorded. In the case of analysis of metallic elements in an air
ambient, the oxidation due to the recombination with the oxygen contained in the ambient
gas obviously represents a mechanism which may change the stoichiometry of the plasma.
It is therefore important to avoid significant oxidation to occur in the plasma to maintain
its elemental composition. Such condition is explicitly needed in the procedure of
calibration-free LIBS [113]. It applies also in general because of the nontrivial relation
between the concentrations of metallic elements and the oxidation rates in the plasma.

Change of the stoichiometry of the plasma can thus invalidate a calibration curve.
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In this chapter, we have experimentally investigated the temporal evolution and
transformation of the plasma induced on an aluminum target by nanosecond infrared
(1064 nm) laser pulse in the atmospheric air, in terms of its temperatures over a large
interval of time from hundreds of nanosecond to tens of microsecond. Such evolution is
then correlated to the temporal evolution of the emission intensity from AlO molecules in
the ablation plume. In particular, for a given ablation laser pulse energy, the appearance of
the molecular emission while the plume cools down, allows determining a minimal delay
which corresponds to a maximal value of the temperature below which the molecular
emission begins to be clearly observed and to grow as a function of the delay. Such delay
or such temperature indicates thus the longest delay or the lowest temperature for laser-
induced plasma to be considered suitable for a correct analysis of metallic elements
without significant influence of alternation of the stoichiometry by oxidation. Beyond the
practical interest for LIBS, the results shown in this chapter provide also insights to the

kinetics of the AIO molecule formation in laser-induced plasma.

In the following, we will first discuss the oxidation reactions in an Al-plasma evolving
in the atmospheric air. We will then present in detail the obtained experimental results.
After looking at the evolution of the emission spectrum, we determine the electronic
temperature of the plasma at short delays with the use of multi Saha-Boltzmann plot. This
determination is first detailed for an ablation laser energy of 10 m]J. The determination of
the molecular temperatures is thereafter discussed. We present in detail the obtained
molecular temperatures for the same ablation laser energy. The evolution of the emission
intensity from AlO molecules will then be presented. The comparison between the
evolutions of the emission intensity and the plasma temperature will allow determining the
values of the minimum delay and the maximum temperature for the recombination for
AlO formation becoming a dominant process. By generalizing the same procedure to
other ablation energies, the minimum delay and the maximum temperature will be finally
determined for ablations with different laser energies. We will end this chapter with images
showing the spatial distribution of the molecules obtained with time-resolved
spectroscopic images and some preliminary results on the formation of nanoparticles in
the plasma. The last point represents one of the perspectives opened by the present PhD

thesis work.
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6.1. Pathways for AIO molecule formation in
an aluminum plasma evolving in the
atmospheric air

In a laser-induced plasma containing aluminum vapor, Al(g) , and with the
simultaneous presence of atomic and molecular oxygen as in general for a LIBS

measurement, the main path ways of oxidation have been identified as [114]

Al(g) +0, = Al0O+0

(6-1)
Al(g)+ 0+ M =Al0+M
(6-2)
which are in cooperation or competition with the recombination of atomic oxygen
0+0+M=20,+M
(6-3)

In a high temperature gas, the above reactions can occur in the both ways. The
dominant direction of each reaction is determined by the variation of the Gibbs free

energy, AG, during the reaction, which is a function of the temperature of the gas.
AG < 0: dominant forward reaction (spontaneous reaction)
AG = 0: balanced forward and reverse reactions (equilibrium)
AG > 0: dominant reverse reaction

Using ideal gas thermochemical table as shown in Table 6-1, the variation of the Gibbs
function of the above reactions can be evaluated. In the Table 6-1, AG{ denotes the
standard Gibbs energy of formation, which is the increase in Gibbs energy associated with
the reaction forming the given compound from corresponding elements with each

substance in its thermodynamic standard state at the given temperature.

Table 6-1 Ideal gas thermochemical table of the standard Gibbs formation energy AG{ of
the elements involved in the reactions from (6-1) to (6-3). [115]

AG (k] /mol)

T (K)
AlO (g) Al () 0> O
0 83.930 324.476 0.000 247.165
100 75.680 313217 0.000 242.975
200 66.445 299.608 0.000 237.713
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298 57.692 286.179 0.000 232.106
300 57.529 285.923 0.000 231.998
400 48.906 272.352 0.000 226.035
500 40.488 258.889 0.000 219.914
600 32.251 245.544 0.000 213.670
700 24172 232.324 0.000 207.348
800 16.241 219.226 0.000 200.954
900 8.455 206.250 0.000 194.509
1000 1.592 194.174 0.000 188.027
1100 -4.777 182.585 0.000 181.504
1200 -11.041 171.100 0.000 174.955
1300 -17.204 159.707 0.000 168.380
1400 -23.292 148.394 0.000 161.781
1500 -29.318 137.161 0.000 155.165
1600 -35.276 126.002 0.000 148.528
1700 -41.188 114.911 0.000 141.883
1800 -47.050 103.888 0.000 135.216
1900 -52.882 92.922 0.000 128.542
2000 -58.681 82.011 0.000 121.854
2100 -64.455 71.155 0.000 115.159
2200 -70.200 60.353 0.000 108.455
2300 -75.915 49.614 0.000 101.742
2400 -81.613 38.904 0.000 95.026
2500 -87.316 28.237 0.000 88.296
2600 -92.977 17.636 0.000 81.567
2700 -98.637 7.056 0.000 74.830
2800 -100.791 0.000 0.000 68.092
2900 -95.926 0.000 0.000 61.350
3000 -91.079 0.000 0.000 54.600
3100 -86.252 0.000 0.000 47.850
3200 -81.450 0.000 0.000 41.092
3300 -76.665 0.000 0.000 34.333
3400 -71.909 0.000 0.000 27.575
3500 -67.166 0.000 0.000 20.812
3600 -62.419 0.000 0.000 14.053
3700 -57.709 0.000 0.000 7.286
3800 -53.008 0.000 0.000 0.524
3900 -48.311 0.000 0.000 -6.252
4000 -43.643 0.000 0.000 -13.018
4100 -38.984 0.000 0.000 -19.789
4200 -34.321 0.000 0.000 -26.561
4300 -29.670 0.000 0.000 -33.332
4400 -25.023 0.000 0.000 -40.111
4500 -20.397 0.000 0.000 -46.882
4600 -15.763 0.000 0.000 -53.653
4700 -11.166 0.000 0.000 -60.433
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4800 -6.553 0.000 0.000 -67.212
4900 -1.936 0.000 0.000 -74.000
5000 -2.656 0.000 0.000 -80.780
5100 7.261 0.000 0.000 -87.555
5200 11.841 0.000 0.000 -94.347
5300 16.437 0.000 0.000 -101.122
5400 21.026 0.000 0.000 -107.914
5500 25.601 0.000 0.000 -114.694
5600 30.189 0.000 0.000 -121.490
5700 34.756 0.000 0.000 -128.282
5800 39.353 0.000 0.000 -135.061
5900 43,932 0.000 0.000 -141.858
6000 48.512 0.000 0.000 -148.645

Using the data of Table 6-1, we can calculate the variation of the Gibbs energy, AG, for
the 3 reactions from Eq. (6-1) to Eq. (6-3) as a function of the plasma temperature. The
results are shown in Figure 6.1. We can see that for Eq. (6-1), AG exhibits negative value at
high temperature and it becomes slightly positive when the gas cools down. The
equilibrium temperature is found to be about 600 K. For Eq. (6-2) and Eq. (6-3), an
opposite behavior is observed with positive values of AG at high temperature and negative
values at lower temperature. The equilibrium temperatures are found to be about 4300 K
for Eq. (6-2) and 3800 K for Eq. (6-3). In a laser-induced plasma at an initial temperature
of tens of thousands K and undergoing cooling, Eq. (6-1) is the initial process for
spontaneous AlO molecule formation with negative AG value in the range of -100 kJ /mol
at 6000 K. However, the dissociation process can dominate through Eq. (6-2) with a larger
positive AG value in the range of +197 kJ/mol at the same temperature. . The dissociation
of Oz through Eq. (6-3) reduces also the formation of AlO in a high temperature gas
through Eq. (6-1). As the plasma cools down, the situation can change, especially when
the temperature approaches the equilibrium temperature of Eq. (6-2), the both Eq. (6-1)
and Eq. (6-2) tend to spontaneously produce AlO molecules with exothermic reactions.
Eq.(6-3) can influence the relative importance of Eq. (6-1) and Eq. (6-2), but it does not
change the general tendency of more efficient AIO molecule formation. It is why in
practice, the AlIO B 2yt — X2¥*emission bands appear in the emission spectrum of the
ablation vapor with a delay after the laser impact on the sample when the plasma cools
down into a temperature range where the recombination becomes a dominant process

[116, 117]. It is thus of practical importance for LIBS analysis of metallic elements to
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determine such range in order to avoid significant stoichiometry change due to chemical

reactions in the plasma.
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Figure 6.1 The variation of the Gibbs function for the 3 reactions of Eqs (6-1), (6-2)

and (6-3). Black points correspond to the reaction Eq. (6-1), red ones to the
reaction Eq. (6-2) and green ones to the reaction Eq. (6-3)

6.2. Observables in this experiment

In order to monitor the plume over a large interval of delay from hundreds of
nanoseconds to tens of microseconds, and in order for such monitoring being efficient to
provide useful information for a better performance of LIBS measurement, we will in the
following specify a certain number of observables that we can extract from the raw

spectra to characterize the plume in its evolution and transformation.

For a given ablation energy in a LIBS measurement, it is important to determine the
time delay after the laser impact on the sample, notated as Ty, the AIO molecule
population grows significantly. Such delay corresponds automatically to a maximal value
of the plasma temperature, notated as Tjqy, below which the combination processes
overcome the dissociation ones. In our experiment, the temperature of the plasma is thus
continuously monitored by means of emission spectroscopy. The evolution of the
temperature is moreover correlated to that of the emission intensity from AlO molecules
in order to determine the values of Tjyin and Tpay. It has to notice here that in the
experiment, the emission spectrum was recorded with temporal resolution but without
spatial resolution due to the fact that the signal was integrated along the line of sight in the
plume. This procedure appears approximate to provide actual axial temperature
distribution in the ablation plume which may exhibit an important radial gradient. Such
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conceptually unsatisfactory approach can however represent a great practical interest due
to its ease of implementation in a LIBS experiment. For a comprehensive interpretation
of the measured temperatures, the possible inhomogeneity of the plume has to therefore

taken into account.

Classical techniques of plasma diagnostics are used to extract the plasma temperature.
At short delays from several hundreds of ns to several pus when the plume is principally
composed of electrons, ions and atoms, the plasma temperature will be extracted using
Saha-Boltzmann plot [118]. Such temperature corresponds more specifically to the
electronic temperature, T, since the LTE condition is in general fulfilled in this interval of
delay [60]. At long delays beyond several us when the emissions from the elements begin
to disappear and that from AlIO molecule starts to appear, the temperature will be
extracted by fitting the experimental molecular spectrum with a synthetic one [84, 119].
More precisely, the rotational temperature, Ty, and the vibrational temperature, Ty, can
be extracted by simulating the experimental spectra with a theoretical model. In a laser-
induced plasma, for the B*X* state of the AlO molecule, however, a number of authors
observed a local equilibrium between the vibrational and the rotational degrees of
freedom of molecule [80, 120-122]. The temperature Ty, = Tyror can thus be extracted by
simulating the experiment spectrum and noted as Ty, in the following. It should be
noticed here that such temperature is not correlated to the electronic excitation
temperature of the molecule, neither to its translation temperature, since at the delay when
the spectrum becomes dominated by the molecular emission, the LTE condition is no
longer fulfilled [60]. Here again the relevance of the extracted molecular temperature
(Tmo1) for practical use should be emphasized because it becomes the only observable to
characterize the plume with emission spectroscopy for long detection delays when there is

not enough elemental emission lines to perform the Saha-Boltzmann plot.

6.3. Determination of the plasma temperature for
ablation with 10 m] laser pulse
6.3.1. Temporal evolution of the emission spectrum

Space-averaged and time-resolved emission spectra were thus recorded using the

spectroscopic type setup described in Chapter 3. In order to observe the evolution of the
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emission spectrum of the ablation plume over the investigated delays after the laser impact
on the target, we present in Figure 6.2 representative spectra at 4 different delays recorded
with an ablation pulse energy of 10 mJ (32 J/cm? or 8 GW/cm? in corresponding fluence
or irradiance respectively) and an chelle spectrometer. The intensities of the presented
spectra are normalized to the detection gate width of 0.15 us at a delay of 0.5 ps. In these
spectra, we can see that at a short delay of 0.5 us (Figure 6.2 a), the spectrum consists of
emission lines from the elemental species evaporated from the target (Al, Si, Fe) as well as
contributed by the ambient gas (N, O). The latter are due to the dissociation of the
molecules Oz (Eq.(6-3)) and N2 in the plume. The zoom in the inset of the figure around
the spectral range of the AlIO emission band does not show any signal. At a delay of 5 ps,
the emission lines from the elements are always observable, even though those from the N
and O become very weak (remark the break used for the vertical axis of Figure 6.2 b). The
zoom between 450 nm and 550 nm shows a hint of the emission band B2Zt — X2%% of
the AlO molecule, which indicates the presence of the molecules. The coexistence of
oxygen atoms and AlO molecules confirms the fact that both the Eq. (6-1) and Eq. (6-2)
mentioned above can contribute to the formation of AIO molecule in an ablation plume.
For longer delays, with the further cooling of the plume, the emission lines from N and O
disappear under the noise, because of their high excitation energy (~10 eV). The intensity
of the molecular band continues to increase because both the Eq. (6-1) and Eq. (6-2)
should contribute to the formation of AIO molecules with reduced temperature in the

plume.
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Figure 6.2 Typical emission spectra of plasma induced by 10 m] laser pulse at
delay of a) 0.5 ps, b) 5 ps, c) 10 us and d) 15 ps with an echelle spectrometer. The
intensities of the spectra are normalized to the detection gate for the delay of 500
ns.

6.3.2. Plasma temperature determination at short delays with multi-

element Saha-Boltzmann plot

At short delays, typically from 0.2 to 5 us, the plasma temperature can be extracted
from the emission spectrum using multi Saha-Boltzmann plot [118], which has been also
described in detail in Chapter 2. The lines selected in this experiment for the plot together
with their spectroscopic parameters are listed in Table 6-2. We can remark that the
majority of the lines belong to the trace elements contained in the target. Only one
aluminum ion line is selected, which has a quite high energy for its lower level of the

transition.

Table 6-2 Spectroscopic parameters of the lines selected for determining the electron
temperature in the plasma.

Species Aii(nm) Agi(s™) E;(eV) Ex(eV) g gk
Fe 11 234.3 1.70 x 108 0.000 5.295 10 8
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Fe 11 238.2 3.80 x 108 0.000 5.210 10 12
Fe Il 240.5 1.70 x 108 0.083 5.243 6 8
Fe I 248.3 490 x 108 0.000 4.997 9 11
Fel 249.1 3.80 x 108 0.087 5.070 5 7
Sil 250.7 4.66 x 107 0.010 4.960 3 5
SiT 251.4 6.10 x 107 0.000 4.935 1 3
Sil 251.9 4.56 x 107 0.010 4.935 3 3
Sil 252.4 1.81 x 108 0.010 4.926 3 1
Sil 252.9 7.70 x 107 0.028 4,935 5 3
Fe II 258.6 8.10 x 107 0.000 4.799 10 8
Fe II 259.9 2.20 x 108 0.000 4.774 10 10
Fe I 261.4 2.00 x 108 0.107 4.855 4 2
Fe Il 261.8 4.40 x 107 0.083 4.824 6 6
Fe Il 262.6 3.40 x 107 0.048 4.774 8 10
Fe I 271.9 1.40 x 108 0.000 4.564 9 7
Fe Il 274.0 1.90 x 108 0.988 5.517 8 8
Fe I 274.6 1.90 x 108 1.078 5.596 4 6
Fe II 275.6 2.10 x 108 0.988 5.491 8 10
ALTI 281.6 3.83 x 108 7.429 11.836 3 1

We can observe the evolution of the electron temperature over the time interval from
hundreds nanoseconds until to 3 ps as shown in Figure 6.3. We implicitly assume that the
LTE condition is satistied by the plasma over this interval [60]. We can see in Figure 6.3
that in a logarithm scale, the decay of the electron temperature shows a quite linear
behavior. In fact we can fit the experimental data with an exponential decay function in
the form of

T(t) = Tyexp (— ;)

0

(6-4)
The fitting parameters determined with the least-square method show Ty=12 800 K, t,
=5.7 ps and a quite good determination coefficient of R?=0.98. Without going into the
detail of the mechanisms of the electron temperature decay in a laser-induced plasma,

which is a complex process and situates beyond the scope of the present work, we will use
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Eq. (6-4) to describe the trend of evolution of the electron temperature in the plasma for

the delays beyond those allowing an experimental determination of such temperature.
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Figure 6.3 Electron temperature (open circles) in the plasma determined using the
method of multi Saha-Boltzmann plot for an ablation energy of 10 m] at different
delays of detection. The decay of the temperature is fitted with an exponentially
decay function (dashed line), which indicates moreover the trend of the evolution
of the temperature for longer delays.

6.3.3. Detection protocols for AIO emission spectrum and emission

intensity

In this experiment, two spectrometers were used. The first one was the echelle
spectrometer coupled to the intensified charge-coupled device ICCD) camera (Mechelle
and iStar from Andor Technology) that we have described in Chapter 2. It was calibrated
for both wavelength and spectral response using respectively a mercury argon calibration
source (Ocean Optics, HG-1) and a deuterium tungsten halogen light source (Ocean
Optics DH-2000). This detection configuration provided a spectral range from 200 nm to
850 nm with a resolution power of 1/AA1=4005. Spectra recorded using the echelle
spectrometer included emission lines from the elements contained in the target and
contributed by the ambient gas, as well as AIO B2Z* — X25* molecular band. In order to
get a better signal-to-noise ratio, a second spectrometer was used in the experiment to
specifically detect the AIO molecular band with a better sensitivity. It was the Czerny-
Turner spectrometer (Shamrock, Andor Technology) with a grating of 600 1/mm and

coupled to the same ICCD camera as for the echelle spectrometer. This detection system
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is also described in Chapter 3. With an entrance slit of 100 um, the resolution of the
spectrometer was determined using the same mercury argon calibration source from
Ocean Optics to be AA=0.27 nm (FWHM) over the observed spectral range. The
advantage of the Czerny-Turner spectrometer is also the absence of discontinuous
variation of the background of a spectrum observed with an echelle spectrometer due to
different orders of diffraction of the used prism. A flat background increases the precision

of the fitting of the experimental spectrum by a synthetic one.

On the other hand, in order to observe the evolution of the emission intensity from
the AIO molecules, the spectroscopic imaging system described in Chapter 3 has been
used. In this configuration of imaging detection, a narrow band spectral filter was used to
get the emission image of AIO molecules in the plume. The central wavelength of the filter
was 488 nm and its bandwidth 10 nm, which allowed recording the emission intensity
from the B2Z* — X?E*band of the AIO molecule. Table 6-3 shows typical detection delays
and the corresponding detection gate widths used in the experiment for monitoring the
plasma over a large time interval from 100 ns to 60 us. We remark that the gate width was
not identical for all the delays. This was because in the experiment for a given ablation
energy, the gain applied to the ICCD was fixed and the gate width was therefore adjusted
to optimize the signal. In the experiment, each spectrum or image was accumulated over
200 laser pulses distributed by burst of 10 shots, over 20 ablation sites. A displacement of
800 wm was applied between two neighboring craters. A personal computer was used to
ensure the synchronization of the different events (beam shutter opening, ICCD camera

triggering and target displacement) in the experiment and to manage the data recording.

Table 6-3 Delays and gate widths used for time-resolved spectroscopic and image
detections

Delay (us) 01 015 02 025 03 04 05 065 0.8

Gate (us) 0.02 0.05 005 005 01 01 015 0.15 0.2

Specttoscopic Delay (MS) 1.0 1.2 1.5 2.0 2.5 3.0 4.0 5.0 10

detection Gate(us)y 02 03 03 05 05 10 10 50 50

Delay (us) 15 20 25 30 35 40 50 6O

Gate (us) 50 50 50 50 50 10 10 20

Image Delay (us) 1.0 20 30 40 50 70 10 12

detection Gate (us) 006 03 05 08 10 15 15 1.0
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at long delay
Delay (us) 15 17 20 25 30 35 40 50
Gate (us) 1.0 10 10 20 03 05 08 1.0

6.3.4. Temperature determination at long delays with simulation of

molecular emission spectrum

To determine the temperature of the plume at long delays beyond several

microseconds, the AlO B?E* — X2 molecular bands were simulated with a synthetic

spectrum by setting Ty, = Tror = Tmor- For the construction of the synthetic spectrum, we

consider that the emission intensity associated to a rovibrational transition of a diatomic

molecule [119], with the details discussed in the section 2.3.2. The fitting results of the

experimental spectra by synthetic ones are presented in Figure 6.4, for the case of ablation

with 10 m]J lase pulse and at detection delay of 5, 10, 15 and 20 us. We remark that the

experimental spectra were first normalized to their own maximum before being fitted by

the synthetic ones.
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Figure 6.4 Emission band B2x* — X23* of AlO molecules. Experimental intensities
represented by red open circles, are measured at 4 delays of 5 ps (a), 10 ps (b), 15
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us (c) and 20 ps (d) for a plasma induced by a 10 m] pulse. Experimental data are
fitted with synthetic spectrum (dashed blue curve).

The fitting curves presented in Figure 6.4 show a mean determination coefficient of
R?=0.91, and a mean root-mean-square error (RMSE) of 0.072. They allow extracting a
molecular temperature for each of the concerned delay. Due to the noise, the fitting of an
experimental spectrum by a synthetic one implies an uncertainty for the extracted
temperature. This uncertainty is comprised between 7% and 9% for the 4 spectra
present in Figure 6.4 . We consider that the fitting uncertainty is the main source of
uncertainty of the molecule temperature determination in this experiment. The extracted
molecular temperatures for all the investigated detection delays for the ablation with 10 m]
pulse are shown in Figure 6.5 with the corresponding error bars. The electron
temperatures extracted with multi-Saha-Boltzmann plot at short delays (already shown in
Figure 6.3 with error bars) are also displayed in Figure 6.5 to provide an overview of the
evolution of the temperatures in the ablation plume from several hundred nanoseconds to
40 ps. Notice that in Figure 6.4, the positions of the experimental points with respect to
the horizontal axis are actually equal to delay + the half of the detection gate in order to
take into account the effect of average over the gate. We can see in the figure that at the
beginning of the appearance of the molecules, their temperature is quite close to the
electron temperature, since at such delay the LTE condition might be still satisfied [60].
When the delay further increases, the measured molecular temperature clearly deviated
from the evolution trend of the electron temperature (indicated in Figure 6.5 by its
exponential decay extrapolation). This behavior can be understood, because the electron
density decreases so much that the McWhirter criterion [83] cannot be satisfied anymore.
As for the electron temperature, the decay of the molecule temperature can be fitted with

an exponential decay function (Eq. (6-4)) with Ty =6590 K, to =90.7 us and a

determination coefficient of R%= 0.95.
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Figure 6.5 Evolution of the temperature in a plume ablated by a 10 m]J laser pulse.
Open red circles: electron temperature at short delays determined with Saha-
Boltzmann plot. Red dashed line: extrapolation of the electron temperature with
an exponential decay function. Open blue triangles: molecule temperature at long
delays determined by simulating molecular spectra. Blue dashed line: fit of the
molecule temperature with an exponential decay function.

The presentation of the two temperatures in the same Figure 6.5 may however give
rise of some confusion. Two facts need to be emphasized in order to get right
interpretation of the results shown in Figure 6.5. First, the two temperatures do not
represent the same physical quantity. The electron temperature, T, , represents the
temperature of the plasma as long as the LTE condition is fulfilled. At long delays,
typically beyond 5 us, it loses its precise physical meaning. The extrapolation in Figure 6.5
(T, extrapol) would only indicate the tendency in which the plume cools down. On the
other hand, the molecule temperature, T, corresponds to the vibrational and the
rotational temperature of the molecule AlO. As we mentioned in the section 2.3.2, this
temperature is determined by assuming a local equilibrium between the vibrational and the
rotational freedoms of the molecule. The LTE condition being broken at these long delays,
the measured molecule temperature indicates neither the excitation temperature for atoms
nor the translation one of the molecules. The second fact is that the detected emission is
averaged over a certain volume of the plume. Space segregation between elements and
molecules in the plume would lead to the correspondence of the above two discussed

temperatures to the different places in the plume. A space-resolved detection would be

more appropriate to describe the distribution of the temperatures in the plume. The
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motivation to present the two temperatures in the same figure as shown in Figure 6.5
corresponds rather to a practical reason: the electron temperature and the molecule
temperature as determined in our experiment are the two observables that can be
measured using emission spectroscopy to characterize an ablation plume over two
distinguished time intervals which extend from several hundreds of nanoseconds to tens

of microseconds, a very large time scale for the evolution of an ablation plume.

6.3.5. Determination of t,,;, and T, for the case of ablation with 10 mJ

laser pulse

Evolution of the emission intensity of the AIO molecule

After determining the evolution of the temperatures in the plume, in this section we
will correlate such evolution to that of the emission intensity from the AIO molecules in
the plume. For this purpose, the molecular emission intensity was monitored as a function
of delay. Such monitoring was primarily performed in our experiment with a direct
imaging of plasma using ICCD camera. A filter was used to select a spectral band with a
width of 10 nm around 488 nm, which allowed an efficient detection of the Av =0
sequence of the AlO B25* — X25* band as described in Section 2.3.2. The advantage of
this method of detection is its high sensitivity thanks to the integrated intensity over the
whole volume of the plume. Such high sensitivity allows high time resolution with narrow
detection gates. Figure 6.6 shows the measured emission intensity as a function of the
delay (taking into account of the detection gate as in Figure 6.5) for plasma induced by 10
m] pulse (blue solid squares). The data shown in the figure are first normalized with
respect to the detection gate (gain of the ICCD kept constant) and then they were
normalized again in such way that the bump in the curve being equal to the unit. The
disadvantage of the detection with plasma image is however the inclusion of the
continuum emission and eventually interfering lines in the detected emission intensity. In
order to confirm the emission from the AlO molecule, we repeated the measurement with
the spectroscopic detection system. The detected spectral intensity of the AIO molecule
band, with the background subtracted, is also plotted in Figure 6.6 (red open circles) after

normalizing the maximum of the signal to unit.

As shown in Figure 6.0, the space-integrated intensity from the plume first decreases as

a function of the delay. Such decrease corresponds to the decay of the continuum

148



Chapter 6. From plasma to molecule: monitoring of laser-induced aluminum plasma in air

at long delay
emission and the line emission from elements in spectral range covered by filter, while the

plume cools down. Beyond a certain delay, 6 us for instance, the emission intensity climbs
due to, presumably, the contribution of the AIO molecules which start to emit in the
plume. The contribution of the molecules is confirmed by the spectroscopic measurement
which leads to the data presented in Figure 6.6 by the red open circles. We can see that the
normalized spectroscopic data exhibit, with a worse time resolution because of larger
detection gates used to compensate the lower sensitivity of the spectroscopic detection,
the same behavior of evolution as the data obtained with the image detection. This
confirms the clear appearance of AlO molecules with an increasing population in the
plume after 6 us. According to our definition given in Section 6.2, we can determine

Tmin = 0 us for the case of ablation with 10 m] laser pulse.
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Figure 6.6 Emission intensity from the plume in the wavelength range of the AlO
molecular band as a function of delay for the case of 10 m] ablation. Blue solid
squares: intensities detected with imagy detection; Red open circles: intensities

detected with spectroscopic detection. T,,;, is identified as the delay from which
the emission from molecules start to clearly increase.

Correlating the plasma temperature to the molecular emission intensity

In order to determine the value of Ty,4, associated to T,,;,, we plot in the same figure
the data presented in the Figure 6.5 and Figure 6.6 as shown in Figure 6.7. We can see that
starting from the value of T, we can determine the value of Tp,qy. It is however possible
to have two value of T4, as shown in Figure 6.7. The first one correspond to the

molecular temperature that we call Tpyax . Another possible value can be obtained using
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the extrapolation of the electron temperature, that we call Ty, 5. We notice the second
value of Tynax g has only an indicative meaning. It means that if the electron temperature
continues to decreases following the exponential decay law as the short delays, then the
electron temperature at the moment when molecules start to appear clearly in the plume
would be given by Tyax g. In this way, using the data presented in Figure 6.7, we
determine Typayx » = 6300 + 600 K and Ty g = 4500 £ 500 K for the case of ablation
with 10 m]. We remark that the value of Tyax g is quite close to the equilibrium

temperature of the reaction of (6-2), while the value of Ty,  1s significantly higher.
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Figure 6.7 Temperature in the plume (in red) and molecular emission intensity (in
blue) as a function of delay for the case of ablation with 10 m] laser pulse and the
determination of the values of T,y

6.4. Determination of t,,;,, and T,,,, for other
ablation energies

6.4.1. Determination of electron and molecule temperatures

We generalize now the procedure presented above for ablation with 10 m] to other
ablation laser energies of 5, 20, 30 and 50 m]. Figure 6.8 shows electron temperatures at
short delay determined with multi Saha-Boltzmann plot for the cases of ablation with
these laser energies. The extrapolations of the electron temperatures to longer delay with

fitting with exponentially decay law are also shown in Figure 6.8 (dashed lines). We get the
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at long delay

electron temperatures for these energies at long delay with fitting uncertainties of 13%,

8%, 2% and 2% respectively for 5, 20, 30 and 50 m)].

Temperature (K)

16000
14000
O ----- 5mJ
12000 o 10 mJ
A -----20 mJ
10000 oo
% -=---50 mJ
8000
6000
4000 NN
T — T -
10 15

Delay (us)

Figure 6.8 Electron temperatures in the plasmas induced with different ablation
energies determined using the method of multi Saha-Boltzmann plot as a function
of the detection delay. The decays of the temperatures are fitted with
exponentially decay functions (dashed line), which indicate moreover the trends
of evolution of the temperatures for longer delays.

In the same way as for the case of ablation with 10 m] pulse, molecular spectra are

fitted with a synthetic spectrum for the cases of ablation with 5 mJ, 20 mJ, 30 mJ and 50

m] pulses. The results are shown in Figure 6.9 to Figure 6.12.
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Figure 6.9 Experimental molecular emission intensities (red open circles)
measured at 4 delays of 2 ps (a), 4 us (b), 7 ps (c) and 10 ps (d) for a plasma
induced by a 5 mJ pulse. Experimental data are fitted with synthetic spectrum
(dashed blue curve).
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Figure 6.10 Experimental molecular emission intensities (red open circles)
measured at 4 delays of 10 ps (a), 15 ps (b), 20 ps (c) and 30 ps (d) for a plasma
induced by a 20 m] pulse. Experimental data are fitted with synthetic spectrum
(dashed blue curve).
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Figure 6.11 Experimental molecular emission intensities (red open circles)
measured at 4 delays of 20 ps (a), 25 us (b), 30 ps (c) and 35 ps (d) for a plasma
induced by a 30 m]J pulse. Experimental data are fitted with synthetic spectrum
(dashed blue curve).
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Figure 6.12 Experimental molecular emission intensities (red open circles)
measured at 4 delays of 30 ps (a), 40 us (b), 50 ps (c) and 60 ps (d) for a plasma
induced by a 50 m]J pulse. Experimental data are fitted with synthetic spectrum
(dashed blue curve).
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6.4.2. Evolution of the temperatures for different ablation energies

From the fittings shown in Figure 6.9 to Figure 6.12, we can extract the evolution of
the molecule temperature for these ablation energies. The relative errors on the
temperatures related to the uncertainty of the fitting are of 10%, 8%, 10% and 11% for
ablation laser energy of 5, 20, 30 and 50 m] respectively. Figure 6.13 shows the electron as
well as the molecule temperature measured for all the tested ablation energies including 10
m]. The fitting curves are also plotted in the figure in dashed lines. We can see first that
the evolution of the temperature has a similar behavior for all the ablation energies. In
general, higher ablation energy corresponds to higher electron and molecule temperatures.
The observation is in agreement with the previous reported results on the increase of the
molecular vibrational and rotational temperatures as a function of the kinetic energies of
the reactants [82]. For the molecule temperature, however, the case of 10 m| presents a
singularity, since the molecule temperature is exceptionally high. Further investigation is
needed to address such singularity. We simply remark here that such inversion in the
ordering of the molecule temperature versus the ablation laser pulse energy observed in
our experiment for 10 m] seems significant with respective to the precision of our
temperature determination. We remark also that all the molecule temperatures decrease as
a function of the delay with a rate much smaller than that of the electron temperature.
And all molecule temperatures are comprised between two limit values, an upper limit
around 6000 K and a low limit around 4000 K. We thus deduce that there is a temperature
zone where AlO molecule can emit in laser-induced plasma, and such zone is defined by
5000 £ 1000 K. We remark that this zone is slightly higher than the equilibrium
temperature of Eq. (6-2). This observation may suggest higher vibrational and rotational
temperatures than the translation one for AIO molecules formed in the plume through
exothermic reactions of Eq. (6-1) and Eq.(6-2). The reaction heat from the exothermic

reactions may also explain the slow decay rate of the molecule temperature.
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Figure 6.13 Electron as well as molecule temperatures as a function of delay for

different ablation energies. The fitting curves of the decay of the temperatures are
plotted in dashed lines.

Determination of the value of t,,;, and T,,,,

As for the case of 10 m] ablation, the evolution of the molecule emission intensity was

observed and compared to the evolution of the molecule temperature. We deduce with

such procedure the values of 7,,;;, and T4, for all the tested ablation energies as shown in

Figure 6.14. The obtained results are shown in Table 6-4. Only the values of Ty,x um are

given in this table for Ty, , because Ty g determined in Section 6.3.5 has only an

indicative meaning. We can see that the experimentally determined values are respectively

in the range from 3 to 15 us for Ty, and from 4500 K to 6600 K in terms of the

molecule temperature for Ty, for the range of ablation laser energies studied in this work.

155



Laser-induced plasma as a function of the laser parameters and the ambient gas

120004, | (a)
. I 110
o & S h
< e
@ 8000 ; . o T,
= ' y *
?ﬂ‘ '\\ ,F ' 4 Tmol
@ R ' -
E‘ :. \\ u LN mol 105
S . .
= v T —
it ¥ " N E ~
4000 - Yoo le—h TS .
| | m-
\ .
T . T T T T 0.0
(] 5 10 15 20 25 30
Delay (us)
16000 : 15
: (c)
12000 '
< [
— &
o L I 1.0
S 80007 % .’ —
5 - p
55 a .
2 \
o HJ\"""-,k . los
= ' RS S
4000 \ —47- “‘%w
v
T : T T T T 0.0
0 10 20 30 40 50 60
Delay (ps)

Figure 6.14 Temperatures of the plume (in red) and molecular emission intensity (in
blue) as a function of delay with the ablation laser pulse energy of 5 mJ(a), 20 m]J (b), 30
m] (c) and 50 m] (d).

Table 6-4 Experimentally determined values for Tp,in, Tmax m for different ablation

energies.

Laser energy (m]) Tinin (US) Tmax m K)
5 3 4500£500
10 6 6200£600
20 8 48001500
30 10 5400£500
50 15 6600£700
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6.5. Distribution of AIO molecules in the ablation

plume

In this section, the space distribution of AIO molecules in ablation plume is observed

with the use of spectroscopic imaging technique. The imaging detection system described

in Chapter 3 is used for the observation. Three narrow band filters (10 nm bandwidth)
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were used to record emission images of aluminum atoms (central wavelength 400 nm), of
AlO molecules (central wavelength 488 nm) and of the continuum background (central
wavelength 530 nm). Figure 6.15 shows the obtained images for a plume resulting from
ablation with 20 m] laser pulse. Note that the intensities shown in this figure are
normalized to the maximal value of each image. We can see in Figure 6.15 that the
population of aluminum atom stays in the middle of the plume. The continuum is also
emitted from the same region. As the delay increases, we can observe simultaneously the
reduction of the continuum and the increase of the emission from the molecules. Such
variation can be compared with the results shown in Figure 6.14 (b). We can see that from
a certain delay of 7 to 8 us, the emission from AlO molecules becomes dominant. We can
see also in the Figure 6.15 that the AIO molecules were formed in the peripheral regions
surrounding the hot core of the plasma, which means that the recombination of AlO
needs a relative low temperature. In addition, in this peripheral region, the aluminum
vapor is in contact with oxygen provided by the ambient air. For further increased delays,
the molecular population appears also in the central region of the plume, due to the
diffusion of the molecular population formed in the peripheral regions, and recombination
in the central part of the plume with a lowered temperature. A similar result is obtained for

ablation with a higher energy of 50 mJ. The images are shown in Figure 6.16.

1 mm

1.25 ps

Al atom Background continuum AlIO molecule

-
-
-
.

Figure 6.15 Emission images of aluminum atom (blue), continuum background
(grey) and AlO molecules (red) for a plume resulting from ablation with 20 m]
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laser pulse. Individual images correspond to detection delays shown in the
images. The real dimension of each picture is 1.1 X 3.0 mm?, and the bottom line
of the images represents the target surface.

Al atom Background continuum AlO molecule

Figure 6.16 Emission images of aluminum atom (blue), continuum background
(grey) and AlO molecules (red) for a plume resulting from ablation with 50 m]
laser pulse. Individual images correspond to detection delays shown in the
images. The real dimension of each picture is 1.5 X 3.7 mm?, and the bottom line
of the images represents the target surface.

6.6. Preliminary results on the nanoparticle
formation in ablation plume

As a perspective of the present PhD work, we collected the re-condensed materials
with plastic plate placed at the positions where AlO population is concentrated as shown
by the image study presented in the precedent section. Two plates were used in this
experiment. They were respectively placed above the plume and at its lateral side as shown
in Figure 6.17. Figure 6.18 shows a picture of the experimental arrangement. Typically
each plate was exposed to 6000 laser ablations of an aluminum target under the
atmospheric air. After particles being collected, they were observed with scanning
electronic microscope (SEM). Figure 6.19 (a) shows an SEM image of a plate exposed to
plumes generated with 5 mJ laser ablations. The statistics on the size of the particles shows
a distribution centered around 30 nm (Figure 6.19 (b)). Further observations on the
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samples prepared with different ablation laser energies shows a similar size distribution of

the collected nanoparticles.

X-Y stage

Z
V'
X

Figure 6.17 Illustration of the arrangement used to collect the re-condensed
materials with two plastic plates positioned around the ablation plume.

Figure 6.18 Pictures of the arrangement used to collect the re-condensed materials
with two plastic plates positioned around the ablation plume.
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Figure 6.19 (a) SEM image of the collected nanoparticles obtained with 5-m]
ablation and (b) their size distribution (b).
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6.7. Resume

In this chapter, the evolution and the transformation of the laser-induced plasma on an
aluminum target in the atmospheric air has been investigated in terms of its temperatures
and the emission of AlO molecules formed in the plume. The results show that it is
possible by combing different plasma diagnostics techniques, multi-Saha-Boltzmann plot
and molecule spectrum simulation, to monitor the temperatures in the ablation plume
from hundreds of nanosecond up to tens of microsecond. This is indeed a quite large time
interval in which the properties of the plasma undergo dramatic changes by involving a
large number of physical and chemical processes. The evolution of the emission intensity
from AlO molecules is thus observed in correlation with the decay of the electron and the
molecule temperatures. More specifically, we defined two parameters which can be
experimentally determined. The first one, Tpyn, corresponds to the minimal delay for a
dominant molecule recombination in the plasma. The second, Ty, refers to the
associated maximal temperature in the plasma for a dominant molecule recombination.
We have experimentally determined these two parameters for different ablation laser
energies of 5, 10, 20, 30 and 50 m] at 1064 nm. The determined values lie respectively in
the range of 3 to 15 us for Ty and 4500 K to 6600 K in terms of the molecular
temperature for Tp,q,. These determined values indicate therefore the longest delay or the
lowest temperature for laser-induced plasma to be suitable for a correct analysis of metallic
elements, aluminum for instance in our experiment, in air without significant influence of
the alternation of the stoichiometry by oxidation. Even though the above drawn
conclusion should be applied in general for LIBS measurements, it needs however to be
mentioned that the lack of space-resolution for the detection used in the experiment leads
to a space-averaged characterization of the plasma. This means that for a given space-
averaged temperature in the plasma, even globally the formation of AIO molecule is a
dominant process, locally for example in the central part of the plume at a higher
temperature, there can still be negligible molecule formation, hence suitable for LIBS
measurement. Detailed spatial distribution of AIO molecules is shown in the end of this
chapter. We can clearly see a predominant molecule distribution in the periphery of the
plume where the temperature is a priori lower. Finally as a perspective of this PhD work,
we collected re-condensed nanoparticles and examined then with SEM. Further works in

this direction will be continued in our team.
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General conclusion and
perspectives

This thesis work is the continuation of the research works that have been started in
our team with the PhD thesis of Qianli Ma. The ensemble of these works intends to study
the laser-induced plasma, such as used in the most of LIBS experiments for analytical
purposes. The specifications required in the design of this collection of works were a
systematic, detailed and deep investigation of the spatiotemporal behaviors of the plasma
generated and evolving in the typical conditions of LIBS measurements. Provided the
large dispersion of the LIBS experimental configurations, required in the most of the cases
by the experimental and practical constraints of the applications, a simplification
procedure was guided by the “LIBS magic cube” introduced in the General introduction
of the present PhD thesis manuscript. Doing this, we reduce the parametric space to
explore to limited dimensions with a small number of cases to study. In our
understanding, the 3 most important parameters on which the resulting properties of the
plasma depend are ablation laser wavelength, ablation laser fluence and ambient gas. In a
simplified and qualitative approach, we allowed for each of these parameters two variables,
or more exactly two distinct domains of variation. Therefore for the ablation laser
wavelength, we have UV and IR; for the ablation fluence, we have high fluence and low
fluence, and for the ambient gas, we have argon (a monoatomic gas) and the atmospheric

air (a diatomic gas). Such strategy leads to 8 parametric volumes to explore in our study.

In the thesis of Qianli Ma defended in December 2012, the 4 volumes with argon as
ambient gas have been explored. The focus was to study the effects of the ablation laser
wavelength for ablation in an atomic ambient gas. In this thesis, we continue with the
effects of laser fluence and a coupled parameter of laser pulse duration. And especially we
explore the 4 parametric volumes with the atmospheric air as ambient gas. The focus of
the present PhD thesis work is thus to study the specificities due to the implication of a
diatomic molecular gas such as the atmospheric air. Of course, the first thesis by Qianli

Ma has prepared a good basis in terms of understanding of the phenomenon as well as the
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methods of experimental investigation. The present second thesis obviously takes the
advantage of the progresses made with the first one, but contributes in its own way to the

accomplishment of the investigation project in its totality.

In order to achieve the objectives of this thesis, we have continued to work with the
simple model system already used in the first thesis, the ablation of an aluminum target.
The initial choice of aluminum was justified by its commercial availability in analytically
pure quality or with different alloys, its ease to handle in the experiments and, last but not
least, its simple emission spectrum. In addition, the same experimental setups and similar
experimental protocols as in the thesis of Qianli Ma have been used in this thesis. These
setups and protocols allow performing classical plasma diagnostics, including time- and
space-resolved emission spectroscopy and fast spectroscopic imaging, with high
performance and reliability. As in the previous thesis, the data treatment methods are
based on the assumption of the LTE. Such methods allow the characteristic parameters of
the plasma being extracted from the experimentally recorded spectra. The most important
observables in this experiment, observed and measured to characterize the plasma, include
the morphology and the internal structure of the plasma, its profiles of emission intensity,
of electron density and of temperature. One of the specificities of this thesis, due to the
requirement of investigating the effect of a reactive molecular ambient gas, is the large
time scale, from several nanoseconds to tens of microseconds, covered by the time
resolved investigation. Comparative study represents also a particularity of this thesis,

which allows often underlining the effect of a specific parameter.

After the above discussion on the context and the general approach of this thesis, let
us now go to the synthetic presentation of the results obtained in this thesis and the
conclusions drawn. These results and conclusions can be summarized into the following

three aspects of our study.

1. Convoluted effects of ablation laser fluence and pulse duration on the expansion

behavior of the plasma induced in argon at one atmosphere.

In this study, the morphology as well as the internal structure of the plasma has been
observed closely related to plasma shielding by the different species in the plume during
the post ablation interaction. Dual-wavelength differential spectroscopic imaging

technique as well as time- and space-resolved emission spectroscopy have been
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successfully applied to reveal the detailed structure of the plume by showing two-
dimensional distribution of representative species in the plasma. Time-resolved detection
allows continuously monitoring the plume from 20 ns to about 1 ps. The morphology and
the internal structure of the plasma have been studied for different ablation regimes

characterized by laser fluence and pulse duration.

With a pulse of moderate fluence of 65 J/cm? and a short pulse duration of 4 ns, the
observed plasma morphology and structure are more suitably described by the regime of
laser-supported combustion (LSC) wave. The characteristics of such propagation regime
include a rather spherical expansion of the plume, a layered internal structure, and a fast
decay of the population of the ionized ambient gas. Plasma shielding in this case is
dominantly contributed by the ablation vapor, which leads to an absorption zone in the
middle of the plume close to the target surface. For ablation with a pulse of higher fluence
of 160 J/cm? and the same pulse duration of 4 ns, the characteristics of propagation with
laser-supported detonation (LSD) wave are observed. Such characteristics include a cleatly
elongated morphology of the plume, a dominant plasma core consisting of mixture of
aluminum ions and argon ions, and a significantly longer lifetime of argon ions. Plasma
shielding in this case is dominantly contributed by the shocked and ionized ambient gas
which is initially localized around the propagation front of the plume. With a pulse of the
same fluence of 160 J/cm? and a significantly longer pulse duration of 25 ns, similar
characteristics of propagation with laser-supported detonation (LSD) wave are observed as
for the high fluence short duration pulse. This demonstrates the importance of laser
fluence, but not laser irradiance, for the determination of plasma morphology and internal
structure. Moreover, the effect of pulse duration leads to stronger plasma shielding by the
shocked and ionized ambient gas for a longer pulse. A delayed evaporation of neutral
aluminum appears as a consequence of the splashing ejection of melted aluminum bath

lying in the crater.

2. Comparative study of the expansion behaviors of the plasma induced under argon or

air ambient gases; Investigation on the specific features of the evolution of laser-

induced plasma in a molecular ambient gas; Microscopic mechanisms of laser-

supported detonation waves.

In this study, we have investigated the expansion behaviors of the plasma in different
ambient gases and at different ablation laser fluence regimes. In the regime of ablation
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with a moderate laser fluence (20 m] corresponding to 65 J/cm?), through imaging and
time- and space-resolved emission spectroscopy observations, we get the conclusion that
the plasma induced in the two types of ambient gas exhibits quite similar propagation
behaviors with comparable propagation velocities, morphologies and internal structures.
The exhibited morphology and structure of the plasma suggest a post ablation interaction
dominant by the LSC wave. In the regime of ablation with a higher ablation laser fluence
(50 m] corresponding to 160 J/cm?), the morphology and the structure of the plasmas
induced in the both ambient gases show characteristics of a post-ablation interaction
dominantly determined by the LSD wave, which is coherent with our previous works.
However, a significant difference in propagation behavior is experimentally observed and
confirmed between the plasmas induced in argon or in air. The most striking feature is
that in argon, a large zone of mixing between ions of argon and aluminum is observed,
which confirms once again our previous works. But for the plasma induced in air with the
same laser parameters, instead, a population of aluminum confined in a zone close to the
target surface and separated from the shocked gas is observed and confirmed
experimentally. We have then designed several complementary experimental observations

to explain such difference due to the ambient gas in the high laser fluence ablation regime.

Based on such observations and using considerations and models existing in the
literature, we have provided the explanations in the macroscopic and the microscopic
points of view for the observed phenomenon. In the macroscopic point of view, the
hydrodynamic propagation of the plasma leads to a faster LSD wave in argon than in air.
Such fast LSD propagation in argon leaves behind it a low pressure rarefaction zone in the
shocked gas, which facilitates the upward propagation of the aluminum vapor and leads to
a mixing zone between ions of argon and aluminum as observed in our experiment. In the
microscopic point of view, the ignition mechanisms are different in argon and in air. In
argon, ionization of excited argon atoms through photo absorption of UV radiation and
electron impact represents the key mechanisms for the ignition of LSD. While in air the
key mechanism corresponds to dissociation of air molecules by shockwave and the
production of free electrons in recombination reactions. This explains first a slower
propagation velocity of LSD in air because of the longer time constant of the involved
molecular process in air than that of the atomic process in argon. This leads also to the
understanding that in air, the dissociation of the molecules in the shockwave raises

suddenly the pressure of the shocked air before the LSD starts. Such high pressure zone is
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situated just above the aluminum vapor. The combination for a plasma induced in air, of a
high pressure zone in the shocked air before the LSD starts and a slower propagation of
the LSD wave finally results in the stagnation and the confinement of the ablation vapor

in a small zone close to the target surface as experimentally observed.

3. From plasma to molecules: monitoring of the evolution and the transformation of the

plasma over a large time interval from hundreds of nanosecond up to tens of

microsecond.

The stoichiometric ablation, where the elemental composition of the generated plume
is identical to that of the sample to be analyzed, is a basic requirement of the LIBS
technique. However even such ablation is performed with a proper choice of the ablation
configuration for a stoichiometric ablation, the stoichiometry of the resulting plume can
still change during the evolution of the plasma. Oxidation of metallic elements in a plasma
propagating in a reactive gas such as the atmospheric air is a clear example. It is the reason
why in this study, we were interested in the correlation between the molecule formation in
a laser-induced metallic plasma, aluminum for instance, and its thermodynamic state. More
specifically, we have used the atomic and molecular emission spectroscopies to
characterize the ablation plume over a very long time interval from hundreds of
nanosecond to tens of microsecond. Investigation over such long time delay is required by
the observation of the molecular emission from AlO molecules. The evolution and the
transformation of the plasma induced on aluminum target in the atmospheric air have
been therefore investigated in terms of the temperature and the emission intensity from
AlO molecules in the plasma. Our results showed that it is possible by combining different
plasma diagnostics techniques, Saha-Boltzmann plot or molecule spectrum simulation, to
monitor the temperature in the ablation plume from hundreds of nanosecond up to tens
of microsecond. This is indeed a quite large time interval in which the properties of the
plasma undergo dramatic changes by involving a large number of physical and chemical
processes. The formation of the AIO molecule is thus observed in correlation with the
decay of the electron and the molecule temperatures. More specifically, we have defined 2
parameters which can be experimentally determined. The first one, Tyyip, corresponds to
the minimal delay for dominant recombination leading to AIO molecule formation in the
plasma. The second,Ty,qy, refers to the associated maximal temperature in the plasma for

dominant molecule recombination. We have thus experimentally determined these 2
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parameters for different ablation laser energies in the range from 5 to 50 m] at 1064 nm.
The determined values lie respectively in the range from 3 to 15 us for T, and from 4500
K to 6600 K in terms of the molecule temperature for Tp,,,. These determined values
indicate therefore the longest delay or the lowest temperature for laser-induced plasma to
be suitable for a correct analysis of metallic elements in air without significant influence of
the alternation of the stoichiometry by the oxidation. Beyond the practical interest for
LIBS technique, our results provide also insights to the chemical kinetics for AlO

molecule formation in laser-induced plasma.

Thinking about the perspectives opened by the present PhD thesis, we can already
indicate three directions which will be followed in our research team with continuous
efforts. The first direction would push our investigation on the effects of the experimental
parameters on the properties of the generated plasma even further to their effects on the
analytical performances of the LIBS technique. Our investigation would therefore focus
on how to improve the figure of merit of the technique in terms of, for example, LoD,
precision, accuracy, repeatability or reproducibility. Our study could also intend to reduce
matrix effect, self-absorption or various saturation effects. This direction clearly engages
us into further application of our basic research finds to improve LIBS instruments and to
satisfy practical industrial and societal needs with suitable and dedicated LIBS solutions. A
second direction that we would follow is guided by the evolution and transformation of
the ablation plume beyond hundreds of microsecond. We have studied the early stage of
the plasma expansion and its transformation into a molecular gas. A logical next step is
necessary the investigation on the transformation of the molecular gas into re-condensed
nanoparticles. Following this direction, new physics will appear and new investigation
methods will be needed. A third direction would encourage us to develop more detailed
theoretical models to describe and explain in a more quantitative way our experimental

observations in the framework of collaboration with a theoretician team.

Collaboration is indeed the keyword in our future works in the three directions
mentioned above, since the collaboration with industrial partners for LIBS applications,
the multidisciplinary collaboration to favor original researches in the frontiers between
spectroscopy and material science, or the collaboration with theoreticians for detailed
modeling of the observed phenomena, will be certainly necessary to realize the objectives

that we target.
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