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Préambule

Connaissez-vous la nébuleuse du crabe 7 Il s’agit d’un immense nuage interstellaire
créé par 'explosion d’une étoile. Cette supernova fut si violente qu’elle fut observée
par les chinois au XI®"€ siécle. Depuis ce jour, on peut observer a sa place un sur-
prenant nuage multicolore au milieu de l'espace. Ce nuage est en réalité constitué
d’un gaz d’atomes et d’électrons libres extrémement chauds : plusieurs dizaines de
milliers de degrés ! C’est ce que 'on appelle un plasma. Bien sir, je ne parle ici ni
de plasma sanguin, ni de télévision. Mais bien d’un quatriéme état de la matiére,
au méme titre que les solides, les liquides ou les gaz. Dans ce plasma, les atomes
se heurtent en permanence et parfois, parfois seulement, se lient pour former des
molécules. Molécules devenant de plus en plus grosses, formant des poussiéres,
puis des grains, des cailloux, des rochers, des planétes ! Notre planéte... Et
nous. Oui toi, toi aussi. Car tu es poussiére... mais poussiére d’étoiles. Tout ce
qui nous entoure est né de ce phénomeéne que 1'on appelle nucléation. Et c’est ce
phénomeéne que j’étudie durant ma these. Au fond de mon laboratoire, je ne re-
garde malheureusement pas les étoiles. Caché dans ’obscurité d’une cave, j’étudie
ce phénomeéne de nucléation en détruisant des matériaux avec un laser. C’est vrai
que dit comme ¢a, j'ai un peu 'impression d’étre Gold Finger, vous savez lorsqu’il
essaie de découper James Bond avec un laser. Eh bien ce n’est pas si loin | Mon
laser est si puissant qu’il va provoquer une mini-explosion et un plasma de quelques
millimétres. Une sorte de mini-supernova. Lorsque le plasma refroidit, les atomes
créent des molécules de plus en plus grosses jusqu’a former des nanoparticules. Ce
sont de tout petits cristaux de quelques nanométres de diamétre, invisible a 1’ceil
nu. Mes nano-planétes & moi. Or, ces nanoparticules peuvent étre trés utiles !
Par exemple, nous savons en fabriquer qui sont capables d’inhiber les agents chim-
iques présents dans les armes de guerre. Si nous comprenions comment elles se
forment, nous pourrions en créer de toute sorte ! Alors, pour essayer de les voir
se former, j’éclaire le plasma avec un autre laser dont je fais varier la couleur.
Chaque molécule va absorber certaines couleurs et en émettre d’autres, c’est ce
qu’on appelle la fluorescence. La combinaison des couleurs absorbées et émises est
propre a chacune des molécules : une sorte d’empreinte digitale si I'on veut. Et
tel un détective, j’essaie de reconnaitre quelles molécules se forment au court du
temps. Alors bien stir nous sommes loin de tout comprendre a ce phénoméne de
nucléation... Mais comme le disait Oscar Wilde, “Il faut toujours viser la lune,
car méme en cas d’échec, on atterrit dans les étoiles".

Written for Ma these en 180 secondes™ in 2020

*French version of Three Minute Thesis



Résumé

Les plasmas générés par laser sont des systémes complexes. L’énergie de 'impulsion
laser conduit & une transition de phase brutale. Le plasma formé est composé
de molécules, d’atomes, d’ions et d’électrons qui réagissent entre eux et avec
I’environnement. De tels plasmas sont utilisés pour mesurer la composition d’échan-
tillons (LIBS), pour produire des clusters et des nanoparticules, pour déposer des
matériaux, etc. La compréhension de la cinétique et de la thermodynamique du
plasma est essentielle afin de mieux comprendre I’évolution temporelle de la com-
position du plasma. Pour cela, mesurer les températures, la pression, la densité, la
composition chimique au cours du temps permet de caractériser ’état du plasma,
son écart a l’équilibre thermodynamique, et donc de mieux décrire 1’évolution
de sa composition chimique et les mécanismes de nucléation. Ce travail étudie
plusieurs aspects de cette question, depuis un modeéle général de nucléation capa-
ble de décrire la croissance des particules dans le plasma, jusqu’a la détermination
de quantités thermodynamiques telles que la pression et la température.

Un modéle de type complexe activé est développé afin de décrire la nucléation
des clusters. Il utilise 'approche micro-canonique de Weisskopf pour traiter la
cinétique de la croissance lorsque la nature transitoire des processus met en défaut
I’ensemble canonique. Ce modéle reproduit efficacement les distributions expéri-
mentales de taille de clusters d’oxyde d’aluminium. L’énergie d’activation des
réactions est abordée a ’aide de calculs DFT et de mesures expérimentales. Ces
résultats, comparés au modeéle, montrent que I’équilibre thermodynamique n’est
pas atteint pendant la croissance et qu’il n'y a pas d’équipartition de 'énergie
dans les clusters. L’énergie de liaison mesurée est dix fois plus faible que ’énergie
donnée par les calculs DFT et que I'énergie de cohésion du cristal.

L’un des paramétres clés dans la description des plasmas générés par laser est
la pression. Elle est mesurée a partir de la dynamique de 'onde de choc générée
en fonction de ’énergie de 'impulsion et peut atteindre quelques dizaines de MPa
dans 1'air, contre quelques GPa pour un plasma & une interface liquide/solide. A
I’air, Le modéle de Taylor décrit I’évolution de la pression a partir de 20 ns aprés
I'impulsion laser si I’on tient compte de I'anisotropie de ’explosion. La température
cinétique moyenne et la composition du plasma sont calculées a partir de cette
pression, de la densité électronique et des équations de la LTE. Cette température
apparait plus basse que la température mesurée a partir de I’émission atomique,
ce qui pourrait étre expliqué par des gradients de température ou une défaillance
partielle de 'Equilibre Thermodynamique Local (LTE).

La température cinétique dans le plasma est étudiée plus en détail en utilisant
des mesures spatio-temporelles de I’émission d’AlO fournissant la température vi-
brationnelle et rotationnelle de I’état excité des molécules. La température vibra-
tionnelle apparait beaucoup plus grande que la température rotationnelle, prou-



vant que I’équilibre thermodynamique n’est pas atteint dans la population excitée
qui n’a pas assez de temps pour étre thermalisée. La température rotationnelle des
molécules, plus sujette aux collisions, est probablement proche de la température
cinétique du gaz et permet de cartographier les gradients de température dans le
plasma.

La fluorescence induite par laser (LIF) est utilisée sur les molécules d’AlO afin
de mesurer la durée de vie de I’état excité et la température de I'état fondamental.
En raison des collisions, la durée de vie de 1’état excité est beaucoup plus courte que
celle de référence et doit étre caractérisée lors de la détermination de la composition
chimique des plasma. Les spectres de fluorescence peuvent étre décomposés en
deux contributions : la fluorescence directe, qui conserve la population initiale de
I’état excité, et la fluorescence induite par collision, qui peuple de nombreux autres
niveaux quantiques. En ajustant les spectres de fluorescence, on peut mesurer la
température de rotation des molécules dans I’état fondamental. Cette température
converge vers celle de I’état excité aux temps longs et y est 1égérement inférieur aux
temps courts, quand la thermalisation des états rotationnels n’est pas compléte.



Abstract

Laser generated plasma is a complex and interesting system. The deposition of the
pulse laser energy leads to a brutal phase transition and the formation of a plasma.
This plasma is composed of molecules, atoms, ions, and electrons reacting together
and with the environment. Such plasmas are used for measuring the composition of
a target (LIBS), for producing clusters and nanoparticles, for material deposition,
etc. Understanding the kinetics and the thermodynamics of the plasma is essential
in order to better understand the composition of the plasma, its temperature and
the nucleation process of clusters and nanoparticles. This work investigates several
aspects of this issue, from a general nucleation model able to describe the growth
of particles in the plasma, to the determination of thermodynamic quantities such
as the pressure and the temperature.

An activated complex-like model is developed in order to describe cluster nu-
cleation. It uses Weisskopf’s micro-canonical approach to handle the kinetics of
the growth when the transient nature of the processes disregards the canonical
ensemble. This model efficiently reproduces experimental size distributions of alu-
minium oxide clusters. The activation energy of the reactions is addressed using
DFT calculations and experimental measurements. These results, compared to
the model, show that the thermodynamic equilibrium is not reached during the
growth and that there is no equipartition of the energy in the clusters. The bound-
ing energy measured is ten times lower than the energy given by DF'T calculations
and lower than the bulk cohesive energy.

One of the key parameters in the description of laser-generated plasma is the
pressure. It is measured from the dynamics of the generated shock-front as a
function of the pulse energy and can reach few tens of MPa in air, and a few GPa
in liquids . In air, Taylor’s blast model describes the evolution of the pressure from
20 ns after the laser pulse if one takes into account the anisotropy of the blast.
The average kinetic temperature and composition of the plasma is computed from
the pressure and the electron density LTE equations. This temperature appears
to be lower than the temperature measured from atomic emission which could be
explained by temperature gradient or partial failure of LTE.

The kinetic temperature in the plasma is further investigated using spatio-
temporal measurements of AlO emission providing the vibrational and rotational
temperature of the excited state of the molecules. The vibrational temperature
appears much larger than the rotational temperature, proving that the thermody-
namic equilibrium is not reached in the excited population which has not enough
time to be thermalized. The rotational temperature of the molecules, more subject
to collisions, is likely to be close to the kinetic temperature of the gas and maps
the temperature gradient in the plasma.

Laser-Induced Fluorescence (LIF) is achieved in AlO molecules in order to
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measure le life-time of the excited state and the temperature of the ground state.
Because of collision, the life-time of the excited state is much shorter than the one
tabulated and should be characterized when calculating plasma chemical composi-
tion. Fluorescence spectra can be decomposed in two contributions: direct fluores-
cence, conserving an initial population in excited state, and collisionally-induced
fluorescence, populating many other quantum levels. By fitting fluorescence spec-
tra, one can measure the rotational temperature of the ground state molecules.
The rotational temperature measured from emission of the excited state appears
to be close to the ground state temperature but slightly overestimates it for short
delay. The thermalization of the rotational states is not always complete.
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Chapter 1

General introduction

For you are dust,
and to dust you shall return.
Genesis 3.19

Hen I was young my friends and I used to hike in the mountains near my
hometown. One evening we decided to spend the night under the stars but
as the sun disappeared, the temperature lowered down. Freezing, at the top of a
cliff and in the middle of wild nature, I was unable to sleep. That night the sky
offered me an incredible view. All night long I was able to watch the Milky Way
slowly turning in front of me. Thousands of stars lighting my sky. That night I
felt so insignificant and yet part of a wonderful universe that I craved so much to
understand - or at least try to understand.

Let me begin our journey in the stars. Most of the stars you can see, including
our sun, will end their lives in the so-called Asymptotic Giant Branch. At this
point in their life, stars are composed of various atoms such as carbon, oxygen,
or aluminum they have created by nuclear fusion. These atoms form a plasma,
that is to say, an ionized gas. Just before running out of fuel for nuclear burning,
the stars expand to the size of the Earth’s orbit and cool down. Some atoms
start to bound together forming molecules. This aggregation phenomenon, called
nucleation, creates larger and larger molecules called cosmic dust. More and more

In short: Along with the whole manuscript, “In short” bozes will provide the reader
important information summing up the section in order to ease the reading. During
my PhD, I worked mainly on the formation of molecules and nanoparticles in laser-
generated Plasma. It is a fundamental issue with broad impact and interests such
as cosmology, aerosols, cluster sources, and production of nanoparticles.

15




16 CHAPTER 1. GENERAL INTRODUCTION

matter is expelled in massive stellar winds rushing the stars to certain death. Yet
this death is also the birth of planetary nebulae. Nothing much to do with our
beloved planets if not the shape observed by the first astronomers. These nebulae
are formed by all the ejected atoms and molecules enveloping the tiny, but hot
remnants of the stars called white dwarfs. The ultraviolet radiation from the white
dwarf excites the molecules of the nebulae which start to emit colorful light similar
to the aurora borealis*. Each color is a fingerprint of the molecules composing this
space cloud. This fluorescence phenomenon, just as the absorption spectrum of
the molecules, enables astronomers to gauge the composition of the cosmic dust
which likely plays a crucial role in the chemistry of the Milky Way. How does the
dust appear? How can we describe the growth of these molecules? How can we
observe them using fluorescence?” Understanding the nucleation phenomenon in
dusty plasma is a fundamental question with surprisingly numerous applications
and not only for cosmology. The growth of organic aerosols in Titan’s ionosphere
gives Saturn’s moon its beautiful yellow color. The nucleation of aerosols in Earth’s
ionosphere has great importance in climate and cloud formation. Fine particles
of pollution caused by nucleation during combustion are one of the great health
issues of modern times. And finally, when a laser is focused on a target, it can
create a plasma in which occurs nucleation when it cools down.

For three years, I worked at the Institut Lumiére Matiére in Lyon. It is a large
institute condensing many research topics combining light and matter. Among
them, David Amans developed the topic of laser ablation in liquids. By focussing
a laser beam on an immersed target, one can obtain a colloidal suspension of
nanoparticles. The atoms in the plasma aggregate just like in space and form tiny
particles of a few thousands of atoms. This technique of nanoparticle generation
has been used for a few decades. Yet the processes involved in the formation of
the particles remain partially unknown. During my PhD, I worked with David
Amans and many other collaborators in order to better understand the formation
of particles in the laser-generated plasma. In this manuscript, I chose to focus
on my work concerning plasma generated in a gas phase for better consistency.
During my PhD, I also worked on laser ablation in liquids. In particular, I worked
on the production of nanoparticles, the interaction between the liquid and the
plasma, the shock-waves generated by the ablation. It led to several papers and
one patent and can be found in the annexes.

*Note that most of the pictures, including the illustrations here, are using false colors in
order to represent the emission of species which might not emit in the visible light.
fLight and Matter Institute
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In this composite image, visible-light observations by NASA's Hubble Space Telescope are combined
with infrared data from the ground-based Large Binocular Telescope in Arizona to assemble a dramatic
view of the well-known Ring Nebula. The Ring Nebula is about 2,000 light-years away in the constella-
tion Lyra. The nebula measures roughly one light-year across.

The blue gas in the nebula's center is actually a football-shaped structure that pierces the red dough-
nut-shaped material. Hubble also uncovers the detailed structure of the dark, irregular knots of dense
gas embedded along the inner rim of the ring. The faint, scallop-shaped material surrounding the ring
was expelled by the star during the early stages of the planetary nebula formation. This outer material
was imaged by the Large Binocular Telescope, part of the Mount Graham International Observatory in
Arizona.

The Hubble observations were taken Sept. 19, 2011, by the Wide Field Camera 3. The Large Binocular
Telescope data were taken June 6, 2010. In the image, the blue color represents helium; the green,
oxygen; and the red, hydrogen.

From HubbelSite
News release ID: STScl-2013-13



He 2-47 NGC 5315

IC 4593 NGC 5307

The colorful, intricate shapes in these NASA Hubble Space Telescope images reveal how the glowing
gas ejected by dying Sun-like stars evolves dramatically over time. Planetary nebulae last for only
10,000 years, a fleeting episode in the 10-billion-year lifespan of Sun-like stars. The Hubble images
show the evolution of planetary nebulae, revealing how they expand in size and change temperature
over time. A young planetary nebula, such as He 2-47, at top, left, for example, is small and is domi-
nated by relatively cool, glowing nitrogen gas. In the Hubble images, the red, green, and blue colors
represent light emitted by nitrogen, hydrogen, and oxygen, respectively.

Over thousands of years, the clouds of gas expand away and the nebulae become larger. Energetic
ultraviolet light from the star penetrates more deeply into the gas, causing the hydrogen and oxygen
to glow more prominently, as seen near the center of NGC 5315. In the older nebulae, such as IC 4593,
at bottom, left, and NGC 5307, at bottom, right, hydrogen and oxygen appear more extended in these
regions, and red knots of nitrogen are still visible.

From HubbelSite
News release ID: STScl-2007-33
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1.1 History of laser-generated plasma

1.1.1 Invention of the laser

Since 1916 and the theory of stimulated emission from Albert Einstein®, physicists
from all around the world tried to observe this phenomenon: a photon triggering
the emission of another photon with the same wavelength. In the 50s, stimulated
emission was observed for microwaves using resonating cavities®. In 1958, Townes
and Schawlow, proposed the same concept for lower wavelength, that is to say, for
visible light. However, progress was slow, and the laser race just started?®.

Despite having been discarded by Schawlow himself who believed it could never
be used for stimulated emission, Theodore Maiman started his investigation with
ruby. Townes later expressed the importance to explore the implausible because
“New discoveries are unexpected, though after some time they usually seem obvi-
ous, as does laser”? (see figure 1.1). Rubies are no simple stones. Their red color
is more intense than ever when shined by sunlight. And there is a reason for that.
The crystal absorbs the ultraviolet light from the sun and emits red light around
694 nm. By enlightening a ruby rod with a flashlamp, he was able to excite the
crystal which started to emit red light. On both ends of the rod, silver reflectors
were used to create the resonating cavity and trap these photons in the crystal.
While passing over and over in the crystal, these photons triggered more and more
de-excitation. In 1960, Theodore Maiman finally achieved Stimulated Optical Ra-
diation in Ruby®. This chain reaction produced an intense beam of red light: the
first laser.

In the following years, physicists tried many systems replacing ruby with all
sorts of crystals and gas. These lasers emitted light at different wavelengths but
most of them were ineffective. In 1962, Alan White and Dane Rigden created the
famous Helium-Neon gas laser at 632.8 nm®. Then in 1964, Joseph E. Geusic, H.
W. Marcos and LeGrand van Uitert demonstrated an important laser emission at
1064 nm from a Nd-YAG crystal”. This became the most dominant solid-state
laser and the one that I used throughout my PhD.

Of course, the adventure of laser continued. The invention of dye laser in the
mid-60s using organic molecules gave scientists a large array of new wavelengths to
work with and tunable lasers. The invention of diode laser using semi-conductors
conducted to the production of cheap and powerful tiny lasers. Many other inven-
tions followed with many applications that lead to a real technological revolution.?

1.1.2 Development of laser ablation

Just after Maiman’s discovery, scientists started to imagine what they could do
with such technology. Of course, one of the first ideas was shooting targets with this
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Figure 1.1: From 50 ans du laser dans la villes lumicre*: “New discoveries are
unexpected, though after some time they usually seem obvious, as does the laser. But
iniatially, the laser was a surprise to most people, and even seemed impossible by several
Nobel Laureates. We must explore, take some chances, and be open-minded. That will in
the long run be rewarding, and helpful to humanity. I am delighted by the usefulness of
the laser, to which many individuals have contributed after the original idea was provided.
Best wishes to everyone for many other useful and interesting discoveries!”

new ruby laser. In 1962 Brech and Cross published the first observation of laser-
generated plasma®. The energy was so dense that they obtained the evaporation
of the target and the creation of plasma just by focusing the beam on a target.

If one can evaporate atoms from a target using a laser, then the laser can
be used as a source of matter. This was first pointed out by Smith and Turner
in 1965%: “It suggests the use of a laser beam to evaporate materials in vacuum
for the deposition of optical thin films.” By investigating the feasibility of this
procedure, they established the famous Pulsed Laser Deposition technique, widely
used nowadays in thin-film formation. A laser is focused on a target in a vacuum
chamber. In front of it stands a buffer substrate. The atoms evaporated from
the target are deposited on the surface and a thin film grows on it. The use of
laser gave this technique great versatility. It enables to evaporate various tricky
materials as ones with high fusion temperature or, on the contrary, fragile organic
molecules, and even proteins!'®!"!2 Tt is even possible to transfer chiral molecules
from the ablated target to the substrate in order to create original wave-guides 4.

The use of laser ablation didn’t stop there. In 1969, Lincoln and Kenneth
proposed to combine a laser evaporation source with a time of flight mass spec-

trometer enabling them to detect the ions produced by the laser!®. The laser is
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Figure 1.2: Figure from the article Short history of Laser development®. “(a)
Theodore Maiman’s first laser, removed from an aluminum cylinder used during
the operation, and (b) photo of Maiman behind a larger ruby laser, handed out at
the Hughes press conference announcing the laser. The photographer insisted on
posing Maiman with the larger laser, and initially many thought this was the first
laser.”

focused on a target in a vacuum chamber. The ions that are produced are then
accelerated by electrodes and analyzed in a mass spectrometer. This source had
the great advantage of heating only the target and measurements were achieved
with a high repetition rate. With the same idea, Friichtenicht used a laser in or-
der to produce an atomic beam !¢ in 1974. However, in all these applications, the
ablation takes place in a vacuum, and nucleation is not really observed nor sought.

At this time, nucleation was already an important research topic. In order
to study nucleation in laboratories, researchers used the so-called cluster beam
sources'”. A gas of atoms is rapidly cooled by a quick decompression. This leads
to the condensation of the gas in clusters of few tens of atoms. In 1981, Professor
Richard E. Smalley developed the first cluster source generated by laser vaporiza-
tion. This source was very similar to the ablation set-up developed by Lincoln and
Kenneth more than ten years earlier. The difference here is that Richard Smalley
used a collisional gas in order to cool the ablated metal atoms and to promote
condensation. From this point, laser ablation became a widely used technique
to create clusters. I used such a “Smalley source” to study the alumina cluster
formation in the first part of my PhD (see chapter 2).
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Figure 1.3: (a) Valois’ portal from the Abbaye de Saint Denis before renovation.
(b) Valois’ portal after renovations. (c) Scheme of the different renovation tech-
niques used between 1983 and 1998 (from Marie Godet’s Thesis®")

Finally, in 1991, Lida et al. tried to focus a laser on a brass target immersed in
water. They were looking for a new technique of sampling for ICPAES (inductively
coupled plasma atomic emission spectrometry). By doing so, the condensation of
the plasma was so quick that much larger particles were formed. They obtained a
“suspension consisting of fine particles of around 1 pum or less”. They concluded
that this process could be used “as a technique for solid sampling”!®. They actually
found a new way to create nanoparticles. The technique didn’t gain recognition
until Mafuné et al. showed in 2000 that it was possible to create size-controlled
nanoparticles using ligands in the liquid. From this time, pulsed laser ablation in
liquids is an active topic with an increasing number of publications. It appears to
be a highly versatile technique that can be used on many materials'*2%2! and with
many liquids?223:24:25.26.27 Ty contrast to chemical production, Pulsed Laser Abla-
tion in Liquids (PLAL) does not need the use of surfactants or chemical precursors
which is of great interest for bio-compatibility. Thus, the produced nanoparticles
are used in many fields such as biomedicine??’, catalysis?*3°, optics®32, additive
manufacturing®*3* and nanoparticle-polymer composites3®:3°.

Today, laser ablation is used in most of the laboratories around the world. It
is used daily as cluster sources or for nanoparticles formation as we focused here.
Among the other uses I can cite micro engraving, surface patterning, impressive
laser cutting, but also surgical intervention. It is also commonly used for surface
cleaning by removing the surface atoms not only in laboratories but also in the
industries and for art conservation. For instance, after the massive fire that rav-
aged Notre Dame de Paris, part of the lead roofing literally went up in smoke.
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Figure 1.4: Time evolution of the different phenomena occurring during laser
ablation in liquids.

The toxic atoms settled down on the stones and sculptures. In order to clean it,
Bartosz Dajnowski, from the Conservation of Sculpture and Objects Studio, has
used a pulsed laser to remove the deposit. This technique is used for rust, air
pollution deposit, or even radioactive pollution. Nucleation appears to be impor-
tant even in such applications. Indeed, art restorers noticed a yellow deposit after
such interventions as one can observe on the Valois’ portal sculptures from the
Abbaye de Saint Denis (See on figure 1.3). Marie Godet from the Laboratoire
de Recherche des Monuments Historiques found out it could be due to a crust of

gypsum nanoparticles created during the ablation process®’.

1.2 Laser ablation processes and plasma

formation

Following the large development of laser ablation since its first observation almost
60 years ago, lots of studies tried to determine the different processes leading to
the formation of the plasma. Today, we have a good idea of the general sequence of
events leading to the formation of the plasma383940:41,19:42 45 sketched on figure 1.4
in the case of ablation in liquid. In the case of ablation in air, the initial sequence
up to 1 us is the same, but the plasma is less confined and last longer (a few tens
of us). Yet, the processes are very complex and difficult to investigate because of
the extremely short nature of the event. Each step process is still up for debate
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in the community. Furthermore, many parameters have to be taken into account.
The interactions between the light and the matter are not the same depending
on the laser wavelength, pulse duration or energy density. It also depends on
the target nature: dielectric, conductor, semi-conductor, and all the environment
parameters: vacuum, air, water, etc.*3*%4% Here, I just want to draw an outline
of the processes in order to give an idea of the origin of the plasma without being
exhaustive.

When a laser pulse hits the target, electrons absorb the energy of the pulse
through electromagnetic coupling. Within a few picoseconds, the energy of the
electrons is transferred to the mechanical motion of the atoms (phonons), that is
to say, heat. When the laser fluency is large enough (eg. 10 — 10" GW /cm?), the
heating is extremely strong and violent. It can lead to fragmentation of the target,
spallation, evaporation, boiling, or even phase explosion depending on the ablation
conditions. The thermodynamic conditions are extreme with a large pressure
and temperature expected. In the conditions of our experiments, we observe the
formation of a hot gas of atoms and ions: a plasma. For laser pulses longer than
a few hundred picoseconds, the free electrons of the native plasma are accelerated
by absorbing photons through an inverse bremsstrahlung effect. This acceleration
further warms up the native plasma that can reach several thousands of kelvin 4647,
In air, the plasma cools down within a few tens of us because of collisions with
the environment gas and the atoms condensate to form clusters of a few tens or
hundreds of atoms. In liquid, the quenching is faster and nucleation leads to larger
nanoparticles.

When ablation occurs in liquids, the plasma is strongly confined and the sys-
tem is going through extreme pressure up to a few GPa. I was able to measure
such pressure from the propagation velocity of the shock wave it generates®® (see
annex D). The heat evaporates a large quantity of liquid (up to 100 times the
amount of ablated material®®°?) which enters the plasma® and can take place
in the particles’ nucleation. For instance, by ablating gadolinium oxide sample
in a solution of europium ions, I was able to obtain gadolinium oxide doped eu-
ropium nanoparticles in a single step process® (see annex F). The evaporation of
the liquid also cools down the plasma extremely quickly: above 10 K/ns%. This
fast quenching during nucleation could explain the observation of nanoparticles
obtained in a meta-stable phase®®?®3%%. In a side work of my PhD, we observed
that it is possible to produce ruby nanoparticles in the a phase despite the fact
that at room conditions, the v phase is more stable>°%57. This should not be pos-
sible according to thermodynamics at equilibrium. Maiman used ruby to create
the first laser defying expectations, and we can use a laser to create unpredicted
nanorubies.
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1.3 Toward a better understanding of nucleation

Nucleation in laser-generated plasma remains difficult to fully understand. A clas-
sical description of the nucleation fails to explain the formation of clusters and
nanoparticles even in the simplest cases. Plasma is a complex state of the matter,
composed of atoms, ions, electrons and molecules having their own chemical speci-
ficity. Furthermore, in the case of laser-generated plasma, the fast heating and
cooling of the system raise the question of thermal equilibrium. Can we describe
the processes with simple parameters such as pressure and temperature? This
would imply that all the species of the system, atoms, ions, electrons, molecules
and clusters, have time to exchange energy and reach the same temperature. For
fast quenching, one has to question the temperature uniqueness and the equilib-
rium in the plasma and within the clusters.

During my PhD, my aim was to better understand nucleation in laser-generated
plasma by discussing this question and bring new elements based on experimental
measurements.

One of the reasons why we still know little about nucleation in plasma is the
difficulty of observing it. Processes are fast (ns-us) and the extension of the plasma
is small (pm-mm). Scientists have to elaborate complicated techniques to study
nucleation. In order to study the plasma and clusters, I used mostly two of them:
a time of flight spectrometer coupled to a laser-generated cluster source just as
Lincoln and Kenneth!® did and the spectroscopy of the light emitted by the plasma
as astronomers do. In the first case we obtain precise information on the cluster
size distribution just after their formation. In the second case, we obtain pieces of
information such as temperatures, densities, and composition of the hot plasma.

Most of my experimental results are achieved on clusters made of aluminum
and oxygen atoms. This composition was selected first, because it is an oxide that
is to say an anisotropic material that is less studied than metals. Second, because
this oxide could play an important role in cosmic dust formation®®*°. Third, the
spectroscopy of A1O molecules, important in cosmology, is well known. And fourth,
because aluminum oxide nanoparticles generated by laser ablation have surprising
features. The nanoruby nanoparticles we obtained by laser ablation are nothing
more than aluminum oxide nanoparticles doped with chromium and this oxide
have been studied by Amans’ team previously 4647

In the Chapter 2 of this manuscript, I outline the different theoretical ap-
proaches and descriptions of nucleation and their limits. Then, I present the
micro-canonical model I developed in order to describe and interpret the nucleation
of clusters in the gas phase. This model, in-between simple canonical formalism
and complex molecular dynamics calculation is able to describe out-of-equilibrium
nucleation phenomena. It is then confronted to experimental measurements I per-
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formed in Japan allowing me to discuss equilibrium and equipartition of the energy
in aluminum oxide clusters.

In the Chapter 3, I study the dynamics of shock-waves generated by laser abla-
tion in order to measure the ablation pressure and I compare it to Sedov-Taylor’s
blast model. This model can be used with measurements of the plasma’s electron
density in order to determine the evolution of the composition and temperature
of the plasma. Compared to temperatures measured from atoms emission, this
measurement enables to discuss the difference between the excitation temperature
of the atoms and the kinetic temperature of the plasma.

In the Chapter 4, I discuss in more detail the question of the temperature in
the plasma and the formation of diatomic molecules. For that, I built an exper-
imental set-up able to measure the spatio-temporal evolution of the emission of
AlO and TiO molecules in the plasma. By fitting the emission of rovibrationnal
transitions, one can determine the rotational and vibrational temperature of the
excited molecules and discuss their evolution and equality.

Finally, in the Chapter 5, I develop the use of time-resolved light-induced
fluorescence on the plasma. After describing the experimental set-up I built, I
explore the spectroscopy of AlO molecules through 2D excitation/emission maps
and the information I can extract from it. In particular, I fit the fluorescence
emission in order to measure the temperature of the ground state AIO molecules
in the plasma and compare it to the temperatures of the excited state.

In short: When a laser with a large enough fluency is focused on a surface, it
generates a plasma. The light heats up the electrons of the target that couple with
the phonons within a few tens of ps leading to a phase transition. The dense and
hot plasma then expands and cools down with a few tens of pus in air. Under
liquids, the cooling is much quicker because of the liquid’s evaporation. Shock
waves can also be observed during the first few hundreds of nanoseconds followed
by a bubble during the first ms. Space and time evolution of the plasma is fast and
complex. In this work, I explore a new way to describe nucleation out of equilibrium
based on statistical physics. I developed spectroscopic techniques to measure the
time and space evolution of the plasma in order to determine its composition and
temperatures.




Chapter 2

Theoretical description of

Nucleation

Quand le passé n’éclaire plus l’avenir,
I’esprit marche dans les ténebres.
Alexis de Tocqueville, La démocratie en Amérique

Abstract: [ spent a part of my first year of my PhD developing a growth
model for clusters. It is an activated complez-like model using Weisskopf’s micro-
canonical approach to handle the kinetics of the growth when the transient nature of
the processes disregards the canonical ensemble. This model is applied to size dis-
tributions’ calculation of aluminum ozide clusters and confronted to measurements
I performed on a cluster source in Tokyo. It efficiently reproduces experimental size
distributions of clusters formed with different buffer gas densities. The activation
energy in the model is addressed using DFT calculations and experimental mea-
surements. These results, compared to the model, show that the thermodynamic
equiltbrium is not reached during the growth and that there is no equipartition of
the energy in the clusters. The bounding energy measured is ten times lower than
the energy given by DFT calculations and lower than the bulk cohesive energy.

2.1 State of the Art

Escription of homogeneous nucleation at the micro-scale has been a research
topic since the mid-30s and started with the processes of droplet formation in
a gas%901.62  Of course, this topic is of great interest for atmospheric research and

27
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cloud formation. Scientists defined two different kinds of nucleation: the homo-
geneous nucleation and the heterogeneous nucleation. Heterogeneous nucleation
is when the molecules nucleate on a pre-existing core, for instance, a microscopic
solid particle. Homogeneous nucleation is when atoms and molecules self assembles
without any precursors. This kind of nucleation applies to dusty plasma.

Despite numerous attempts of description, homogeneous nucleation remains a
phenomenon difficult to grasp. In a recent work from 2019, Jels Boulangier writes
about AGB stars: “Current models simplify dust formation, which starts as a
microscopic phase transition. [...] Such simplifications for initial dust formation
can have large repercussion on the type, amount, and formation time of dust.”®3.

In the introduction of this chapter, I want to make an overview of the different
existing models, their strengths, their limits, and how they complete each other.
Then, I will detail the microcanonical model I developed in order to fill a gap in this
range of description. When compared to experimental results, the model succeeds
to reproduce the size distribution of aluminum oxide clusters. In particular, this
model questions the formation of the cluster in the most stable state and the
desorption energy of atoms from the clusters. I addressed this question by running
quantum calculations and by measuring these energies directly on a cluster source
in Japan.

2.1.1 Classical Nucleation Theory

On a first approach, homogeneous nucleation is nothing more than a phase tran-
sition. Gas condensates to form a liquid or a solid. Such transitions have been
very well described by thermodynamics and enthalpy for more than 200 years.
For instance, the energy needed for a given amount of liquid to vaporize is called
enthalpy of vaporization. Conversely, when a gas condensates to form a liquid, it
releases energy. Naturally, the first attempt to describe homogeneous nucleation
was using classical thermodynamics concepts.

Let us consider a droplet of liquid in a gas. When gas condensates in lig-
uid, the droplet grows. The condensation process is exothermic and the energy
of the system should decrease. However, the size of the droplet increases, and
consequently its surface has to stretch which requires energy. Classical Nucleation
Theory (CNT)® simply considers this competition between the volume enthalpy
G, and surface enthalpy o. In figure 2.1, the evolution of the volume enthalpy G,
with the radius r of the droplet is represented in red. It is negative and propor-
tional to 7% because the energy of the system decreases when the droplet grows.
The evolution of the surface enthalpy o in blue increases proportionally to r? like
the surface. The total variation of energy for the system is plotted in yellow and
can be expressed as:
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This variation of energy first increases with the radius of the sphere until a
critical radius, r* = —20/G,, above which it decreases. Until a radius 7*, a
drop is not stable and the atoms would evaporate. After r*, the drop should
increase indefinitely as it becomes more and more stable. Yet, how does this
explain nucleation? Why can we observe particles with a finite size? Would
they grow larger if we wait long enough? This theory is a bottleneck. It fails to
explain the growth of clusters®-% and remains controversial regarding quantitative
results 76869707172 - One often observes stable objects with a radius lower than r*.

Let us consider the example of nanorubies. A ruby is a crystal of aluminum
oxide in the a crystallographic phase called corundum doped by chromium atoms.
aluminum oxide also exists in other phases such as the v phase. Because the
crystals are different, the atoms’ arrangement is different, and the energies are
different. Namely, the surface energy of the o phase is larger than the surface
energy of the v phase while the bulk energy of the v phase is larger than the
bulk energy of the a phase. For macroscopic size, one can neglect the surface
contribution and the stable phase appears to be the a phase that is to say a ruby.
On the contrary, for a size below 5 nm the surface effect is more important and
the stable phase should be the v phase. However, in a side project of my PhD, we
managed to obtain nanorubies with sizes below 5 nm using laser ablation.

Here, thermodynamics quantities evaluated for macroscopic states are directly
applied to nano-objects. Can we really consider macroscopic the surface energy or
bulk energy for a cluster made of a few atoms? As we will see later, the arrangement
of the atoms in tiny objects is far from the bulk organization. The Ostwald rule
states that the first growing phase is not always the most stable in bulk ™7,
During the crystal growth, the geometric structure may indeed reorganize with
transient states potentially having a different structure and stoichiometry from the
bulk %7787 The energies are thus different. Even the concept of the sphere is
not relevant for such nano-objects. Molecules are not spherical and nano-crystals
often have facets each of them with a different surface enthalpy. Nano-object
should be described as a collection of interacting atoms with their own geometries
and properties. These interactions can be described using quantum mechanics.

In short: Classical Nucleation Theory explains nucleation by a phase transition
described with classical thermodynamic. This first approach is too simple and fails
to describe nucleation. Such a macroscopic description does not take into account
the atomic and molecular nature of the early stage of nucleation. Hence, other
descriptions such as quantum calculations or statistical physics are needed.
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Figure 2.1: Sketch of enthalpy variation for a droplet of radius r in the case of
CNT.

2.1.2 Quantum calculation

Quantum mechanics is the best formalism to describe the physics of atoms and
molecules. By modelling the atoms and their electrons with such a theory, one
can describe their interaction in a very precise manner. This kind of calculation
appears to be much less naive than CNT calculation because it takes into account
atomic interactions in the formation of the clusters. As we will see, I used such
a calculation during my PhD and in particular the Density Functional Theory
(DFT). It provided me the energy and the geometries of stable aluminum oxide
clusters. From this information, it is possible to estimate the desorption energies
of atoms from the clusters. The main drawbacks of the quantum description, is
the high level of calculation it requires. For a system composed of more than one
atom, there is no exact solution. In order to compute interactions between different
atoms, one needs to make approximations and numerically solve the equations. For
many atoms, the calculation time explodes. Because of it, it is almost impossible
to compute the dynamics of nucleation with such a technique. Yet, it is a precious
tool for nucleation investigation.

For instance, in order to understand better nucleation of cosmic dust in AGB
stars, Gobrecht et al. calculated the potential energy of (Al,O3), clusters®. As
you can see on figure 2.2 (a), they found out that the energy by unit of (Al;O3) of
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Figure 2.2: (a) Reprint from®. Potential energy of (AlyO3), clusters calculated

by DFT. (b) Reprinted from Julien Lam et al.%6. Evolution of the gas-phase
composition from 6000 K to 1000 K considering P = 4 bars and na;/no = 0.6.
For clarity, the total pressure is normalized to one for each temperature. The
partial pressure Paj,0, for a given x and a given y corresponds to the summation
over all isomers.

the most stable clusters keeps decreasing. The bigger the cluster, the more stable
it is. The energy of the system decreases each time an Al;O3 molecule is added.
Contrary to CNT, no critical radius is observed in such a model.

Similarly, Julien Lam et al.%® calculated in 2015 the formation enthalpy of
various cluster stoichiometries (Al O, for m and n < 10) and used it to calculate
the ratio of each stoichiometry in the plasma for a given pressure and temperature
(see figure 2.2 (b)).

The main drawback of this approach is that there is no consideration of the
reactions’ dynamics. In particular, one can wonder the reaction path from Al O5
to AlgOg when there is no more AlyO4 nor smaller species (see figure 2.2 (b)
at 2000 K). This technique also considers a thermodynamic equilibrium in the
molecules and clusters. It assumes enough time for the formed clusters to relax to
their most stable state, that is to say a slow cooling process. This is reasonable
in the case of a slow nucleation process like in AGB stars. In the case of laser-
generated clusters, this question remains open in particular for laser ablation in
water because of the extremely fast cooling process. In that case, one needs a
kinetic description of the nucleation process.
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2.1.3 Numerical modelling

In order to describe the kinetics of the nucleation phenomenon, one solution is to
track each of the components while computing their interactions. Nowadays, it
is possible to model with powerfull computers a box full of thousands of atoms,
interacting together8:828384 " For instance, Prof. Zhigilei and his team are work-
ing on computing the whole laser ablation process on metals*?%. On figure 2.3,
you can observe a time-lapse of one of their simulation. They managed to repro-
duce the phase transitions creating a gas of atoms in which nucleation occurs and
Rayleigh instabilities creating nano-droplets of liquid target. This impressive re-
sult is of great importance in the understanding of the different phenomena taking
place during laser ablation. In particular, these nano-droplets might explain the
observation of large size nanoparticles for laser ablation in liquids.

Unfortunately, this kind of simulation is time-consuming and limited to a few
tens of nanoseconds. It is impossible to compute the whole process of homogeneous
nucleation. Furthermore, they do not use a quantum level of calculation, which
is impossible with today’s computers. They use classical potentials of interaction.
Such potentials are determined for each material in order to describe its properties
in the best way possible. It is often developed for bulk material and extrapolated
for clusters. Of course, such an extrapolation raises the same question as for CNT,
and one needs to check their performances at a small size. In the case of metals,
that is to say homogeneous, isotope materials, classical potentials have been proved
to be effective®. Yet in the case of ceramics and anisotropic materials, with charges
localization and electrostatic effects, such as alumina, work is still going on®.

If one wants to have a more global description of nucleation, describing the
growth of particles at a longer timescale, such simulations are not affordable even
with today’s computers. One needs to find another approach.

In short: Quantum calculations are very accurate to describe atomic and molec-
ular interactions as it takes into account the quantum description of the sys-
tem. However, such calculations have to be solved numerically and are very time-
consuming even with strong approximations. Calculating precisely the whole nu-
cleation process, from atoms to nanoparticles, remains impossible today. One way
to overcome this is not to calculate the dynamics of the system but more simply
the most stable molecules. This assumes that the whole nucleation occurs at the
thermodynamic equilibrium. In this chapter, I challenge this assumption in the
case of nucleation in laser-generated plasma.
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Figure 2.3: (a) Reprinted from Shih et al.*?. Snapshots of atomic configurations
and density distribution predicted in an atomistic simulation of laser ablation of a
bulk silver target irradiated in water by a 10 ps laser pulse at an absorbed fluency
of 600 mJ/cm?

2.1.4 Kinetic description

Back in the 60s, when scientists developed cluster sources by a supersonic expan-
sion of gas in a vacuum or laser ablation, studies on rare gas and metallic clusters
formation flourished. However, computers were still the size of a room and far
from achieving such complex calculations. Chemistry kinetics was already a ma-
ture field with strong knowledge and physicists used this knowledge and developed
nucleation theories based on statistical physics from the 50’s to the late 80’s%0:61:62,
After all, nucleation can be seen as a succession of chemical reactions.

The growth of a cluster A is due to its fusion reaction with a tinier cluster,
molecule, or atom B:

A+B—C (2.2)

The kinetics of such a reaction is driven by a chemical reaction rate ks p_,¢
such that the concentrations of the species (noted []) evolve as:

dA] _ d[B] _
o g —katp-olAl[B] 2.9
M = kayp-c[A][B]

dt



34 CHAPTER 2. THEORETICAL DESCRIPTION OF NUCLEATION

F \
Energy @‘

»
Reaction Path

Figure 2.4: Energetic representation of the reaction Al;O5+ Oy — Al;O;. Geome-
tries and energies are computed by ab initio calculation as developed later

If one knows all the possible reactions and all the reaction rates associated, it

is possible to solve the system of equation and give the exact evolution for each
concentration.

This reaction rate usually depends on the temperature and can be described
by the empiric Arrhenius law:

_Ea
kAJrB*)C = .Aexp < kBT) (24)

A is an experimentally determined pre-factor, kg is the Boltzmann constant, T is
the temperature of the system and E, is the activation energy. This energy is the
energy needed for the reaction to occur. For instance, on figure 2.4 is represented
an Al4Oj5 cluster reacting with a O, molecule to create a Al;O7 cluster. Despite
the fact that the final state has an energy lower than the initial state, the chemical
reaction has to go through an intermediate state which can have a larger energy.
The activation energy is the energy needed by the initial state to overpass this
barrier.

The main drawback of this formalism is that one needs to know the value of
the reaction rate depending on the experimental condition. Even using a simple
model for the temperature dependence such as the Arrhenius law, one needs to
know the activation energies and the pre-factor for every considered reaction.

This technique is particularly used in dusty plasma confined by electromagnetic
fields®®. For a given plasma composition, people are considering all the different
reaction rates between atoms, ions, and electrons. Then, they either solve the
equations on the concentrations or adopt more complicated space-resolved simu-
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lations. They track the position of the different species, their velocity, and their
probability of reaction depending on the plasma geometries and the different fields.
The advantage of such a model is that it is very complete and can be computed
on a large scale system. Yet, in order to do that, they need to have experimental
data on many constant rates. These rates are difficult to measure with all the
ensuing uncertainties. This is a gigantic amount of work, and this kind of model
only applies to plasma with a simple composition and usually describes only the
formation of diatomic molecules.

In order to overcome the issue of not knowing these reaction rates, one can try
to calculate them through quantum chemistry. Indeed, it is possible to compute
the dynamics of reactions between molecules considering temperature®. Yet this
is extremely time-consuming and applies mostly to simple systems such as carbon
clusters. More simply, one can consider an Arrhenius-like relation for the expres-
sion of the reaction rate and try to compute the different factors using quantum
calculations. For instance, in his last work, Tatsuo Oguchi adopts a mixed ap-
proach to describe the nucleation of alumina. He constructed a detailed chemical
kinetic model of aluminum oxidation in the gas phase. He used quantum calcu-
lations in order to obtain the molecular structures of the reactions’ intermediates
and calculate highly accurate energy potentials. In parallel, he also calculates
the coefficient rate based on VIST or RRKM* theory®. Similarly, Alexander
Starik used in 2018 a chemical description of the combustion fuel added with alu-
minum considering the ignition of a single microparticle of aluminum and modeling
the evolution of the plasma around it considering the diffusion of heat and par-
ticles, and reactions. They determined the reaction constants by matching the
thermodynamic properties of small clusters calculated by quantum methods with
characteristics of liquid droplets at a larger size”!.

Another solution is to measure these coefficients with experiments such as the
one [ worked with in Tokyo. There, I was able to measure the reaction constants
of Oy molecules desorption from alumina clusters. One can only access some re-
actions and the information is far from enough in order for me to adopt this kind

*These are kinetics theory developed further in the section 2.1.4.

In short: In order to describe larger systems, one approach is to simulate all the
atoms using not a quantum description but potentials of interaction. Yet it remains
time-consuming and restricted to materials with available potential such as metals.
Another option is to consider nucleation as a succession of chemical reactions with
given reaction rates. However, one needs to know all the possible reactions and all
the associated reaction rates, either by measuring them or calculating them.
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of description. Yet, as we will see, it is an interesting element of the discussion.

Finally, one can try to describe the reaction itself in order to determine this
reaction rate from quantities such as the cluster size and velocities. One approach
is to consider a general dependence of the reaction rate depending on thermo-
dynamic values (Gibbs free energy) and the size of the clusters. It is used for
instance in atmospheric cluster dynamics to describe the temporal evolution of
cluster densities of a given size%2. In complement, Monte Carlo simulation can be
used to calculate the evolution of the system®, and even to track the particles in
time and space®. Yet, most of the time, these models remain based on classical
thermochemistry considerations.

With this work, I aim to describe the kinetics of the system with a similar
cluster size description but not considering classical thermochemistry but the mi-
crocanonical ensemble.

Activated complex theory

In 1934 the chemist Eyring proposed a description of what is a chemical reaction.
When two reactants A and B stick together, they form an unstable intermediate I*
just like schematized on figure 2.4. If nothing happens to stabilize this intermedi-
ate, it ends up breaking apart. The reaction doesn’t occur. If on the contrary, the
intermediate loses some energy, the product C' is formed. The reaction happens.
This is the activated complex theory?5%:

stickin, coolin
A+B — - —

desorption

Cooling phenomena can be various. Among them, collisions with the environ-
ment atoms and molecules are the predominant cooling effect in most cases®”. One
can thus describe the sticking rate by a collision rate between the species depend-
ing on their concentration and velocity and the cooling rate by a collision rate
between the intermediate and the environment gas. If one manages to express the
desorption rate, that is to say, the rate with which an intermediate breaks apart,
one can express the reaction rate without using an empirical low.

RRK (M) Model

Such a question was already answered by Rice and Ramsperger and, in parallel,
Kassel in 1927. These chemists were trying to understand the decomposition of
a molecule when excited by a photon or temperature which is analogous to our
intermediate molecule. They had the idea to consider this molecule as a collection
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of n oscillators. Each oscillator corresponds to a degree of freedom of the molecule.
That is to say a vibration mode or a rotation mode. Each of these oscillators can
get excited and store some energy. The molecule starts vibrating and rotating.
If one of them stores too much energy, for instance, one atomic bond vibrates
too much, it breaks and the molecule is destroyed. However, the energy of the
molecule can also be evenly spread on the different oscillators and the molecule
will not break.

Using statistical physics and micro-canonical ensemble, one can enumerate all
the possible states of the molecule. The ratio between (i) the number of states
where the molecule breaks and (ii) the total number of states gives the probability
that the molecule has to break by unit of time. In order to have the rate of
breaking, we have to multiply this probability by the frequency for this breaking
to happen. They quite naturally chose the frequency of the oscillators. The idea
is that every time a bond extends, it can break.

Then they considered that all the oscillators are equal and that the energy
can spread the same way on each of them (equipartition of the energy). This
enabled them to find a useful expression for the reaction rate depending on the
temperature. That is the so-called canonical limit. This canonical model is named
RRK after the initials of the three chemists®%%1%0 or RRKM!'%!, for a modified
version by Marcus in 1952.

The RRK model has been extensively studied for chemistry and was naturally
adapted for clusters in the sixties!0%103,104,105,106,107,108,109 ' Tt describes the produc-

tion of clusters made of simple isotropic materials with low cohesion energy such
as noble gas!10, CO, 10111 or simple metals!12113,114,115,116,117,118

Another version of this model is inspired from nuclear physics!'?. In the 30’s,
nuclear physics was booming. Neutrons were discovered in 1932 by the British
physicist James Chadwick. Victor Frederick Weisskopf, an Austrian theoretical
physicist, was trying to understand how neutrons can be evaporated from the un-
stable nucleus of an atom. Just like the excited molecules of Rice, Ramsperger
and Kassel, this unstable nucleus represents our reaction intermediate. Weisskopf
adopted the same statistical approach that the chemists had a few years before,
but he wanted to take into account the density of the state of the evaporated
neutron. Instead of considering an oscillators’ frequency, he used an elegant trick.
He considered the inverse problem reversing time. Both models are close but this
time, the frequency of the oscillators doesn’t have to be added arbitrarily. The
desorption rate appears naturally from the calculation. Weiskopf model was later

tHe determined the probability per unit of time for a given neutron to be captured by the
nucleus. Then he calculated the probability of the reverse process by dividing it by the number
of states in which the neutron can be capture and multiplying it by the number of states into
which the nucleus can decay.
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adapted for molecules and clusters!!115,

However, after the 80s, these fields of research slowed down. The cluster sources
became new production tools. People started to investigate the properties of the
clusters more than their formation. New materials as oxides became the center of
interest. Unfortunately, if one tries to use these models to explain the nucleation
of anisotropic and iono-covalent clusters such as oxides, the model fails and thus
the statistical modeling of nucleation was slowly forgotten.

While I was looking for a simple way to describe nucleation, I had the chance
to talk with Prof. Mélinon who is a specialist in nucleation'?, and advised me to
look at these theories. Thus, I decided to adapt these models in order to be more
versatile and describe alumina clusters. As we will see, this becomes possible by
using the micro-canonical ensemble and computer calculation. After explaining in
detail the model, we will see how it manages to describe the formation of oxide
clusters and why canonical models cannot. We will further discuss the results of
the model with measured activation energies and DFT calculations.

In short: One way to simply calculate a reaction constant is to decompose the
reaction. When sticking together, the reactants form an unstable state: the acti-
vated complex. This complex is either stabilized (by collision for instance) or breaks
apart. One can thus decompose the reaction rate in a sticking rate, cooling rate, and
breaking rate. FEach of them being described independently. Sticking and cooling are
generally simply described through collisions and depend on simple quantities such
as density and velocity of the particles. The breaking rate or desorption rate can
be described by statistical physics and models such as RRK(M) and Weisskopf’s
model. These models use canonical ensemble enabling to write down an analytical
solution depending on the temperature for instance, similarly to Arrhenius law. It
was necessary at that time in order to be able to use them without computer calcu-
lations. Yet, the canonical ensemble assumes the thermal equilitbrium and a notion
of temperature in the cluster itself. It fails to describe anisotropic materials such
as alumina in which the energy might not be spread evenly. In order to overcome
this issue, these models are reconsidered in the micro-canonical ensemble which
assumes neither thermal equilibrium nor temperature inside the cluster.
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2.2 A model out of Equilibrium

2.2.1 Notions of thermodynamic equilibrium and statistical
physics

Since the 17" century, scientists explained the behaviors of a system using em-
pirical laws relating its pressure, temperature, and volume, namely an equation of
state. The concept of temperature is complex to define and measure. Variations
of temperature were first observed, by Philo of Byzantium in the IIT'Y century,
by bubbles due to the expansion of heated air'?!. In 1597 Galileo invented the
alcohol thermometer, using the dilatation of the liquid as a measure of the tem-
perature. Both of these experiments refer to the temperature as a macroscopic
variable, linking the temperature to the volume of a fluid. Later, the concept of
temperature was related to the energy of a system thanks to the development of
thermodynamics, as its name refers to. Temperature is defined uniquely when the
system is at the thermodynamic equilibrium, that is to say when the energy of the
system is equally spread on all its components and that there are no macroscopic
flows of energies. However, when thermal equilibrium is not fulfilled, the energy
is not spread evenly in the system. The temperature is no more unique or might
simply not be defined at all.

Statistical physics

Another way to describe a system is to look at its composition at a microscopic
level, considering all the possible positions, velocities, and energetic states of the
components of the system. By using probability theory and statistics, one can
deduce from such a description useful microscopic properties. In order to do so,
one can adopt different ensembles, that is to say, different collections of micro-
states:

e The microcanonical ensemble is the statistical ensemble of the possible states
for an isolated system. There is no exchange of matter nor energy. This en-
semble makes no assumption of equilibrium, but the concept of temperature
cannot be properly defined.

e The canonical ensemble is a statistical ensemble of the possible states for a
system in thermal equilibrium with a heat bath at a fixed temperature and
with no exchange of matter. In that case, the temperature is defined.

e The grand-canonical ensemble is a statistical ensemble of the possible states
of a system in thermal equilibrium with a heat bath and a reservoir. The
system can exchange heat and particles.
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In this model, I will use statistical physics to describe nucleation. Yet, contrary
to the previous model considering the canonical ensemble, I use the micro-canonical
ensemble to describe the clusters. By doing so, I won’t have to assume equilibrium
in the clusters.

2.2.2 A micro-canonic model

In laser-generated plasma, three different populations of species can be distin-
guished: the quenching gas (buffer gas), in our case helium (He), the atoms of the
ablated material (monomers), and the clusters (n-mers) composed of n monomers.
First, I need to make an approximation for the calculation to be possible. I have
to neglect all ripening effects. That is to say, the merging of two n-mers. Indeed,
considering all the different merging possibilities between the different cluster sizes
would be far too complex. Such an approximation can appear to be crude. Yet,
this approximation is valid in many cases because the density of monomers is of-
ten much more important than the density of n-mers. The probability that two
n-mers collide is thus very low. Furthermore, even when the density of monomers
decreases because of the clusters’ absorption, the density of clusters remains low.
A cluster grows when a monomer sticks to it and that the excited complex is cooled
quickly enough to be stabilized. Here, only the cooling due to collisions between
the hot cluster and the He gas is considered. Radiative cooling is neglected because
radiative lifetime for vibrational transition is typically greater than 100 us®, while
collision time with He gas is about 10 ns in our case (see figure 2.11). One can
then consider the following conceptual coalescence mechanism typical of activated
complex theory®:

sticking coolin%
Xn+Xo —— X5, Xn+1

desorption

with X; a monomer and X, a cluster of n atoms. Given the three reaction con-
stants Kgticking: Kdesorption alld Keooling and assuming a steady-state for the activated
complex, one can compute a global growth constant:

B0 D)

(n) _ sticking cooling (2 5)
growth /{Z(n+1) N /{j(n+1) .
cooling desorption

In order for the steady-state to be true, sticking events have to be a rare event with
respect to at least one of the cooling rate or desorption rate. This assumption was
verified in our experimental conditions. Indeed, the desorption constant defined
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below appears to be 100 times larger than the sticking constant (see figure 2.11 (b)).
From there, one can write a series of coupled equations describing the evolution of
the cluster densities with time:

d[X,] .
dt - Z kg(grgwth[Xn] [Xl]
[ ] " (2.6)
d X n+1 n n
% - kérthh[X”] [(Xi] - kér(j;vlt)h [ X1 XH]

The monomer concentration [X;] decreases because of reactions of monomers
with all the different clusters, hence the sum over all the possible sizes n. The
concentration of a cluster of size n increases when a monomer reacts with a cluster
of size n — 1 but also decreases when a monomer reacts with a cluster of size n
and forms a cluster of size n + 1.

Sticking and cooling constants

Esticking and keooling can be expressed considering hard spheres collisions model and
kinetic perfect gas theory. Indeed, one can consider that monomers stick to a
cluster when they collide. Likewise, cooling occurs when an He atom collides with
the cluster. In both cases, the rate can be written from a cross-section ¢ and the
relative velocity of the objects.

In the gas of atoms, the density of He (1.8 £ 0.2 x 107 see table 2.5 and
section 2.5.1) is large enough for thermalization to occur within a few nanoseconds.
Thus, the canonical ensemble can be used to describe velocity in the gas and the

In short: In the model, one considers that only monomers (single atoms) can
stick to the clusters as they are usually in large excess. The sticking rate is sim-
ply the probability of collision between one monomer and a cluster of a given size
taking into account their cross-sections. The cooling rate is the probability of col-
lision between the cluster and atoms of the buffer gas times the energy transfer
considering an elastic collision. The desorption rate is calculated using Weisskopf
model. From there, the reaction rate for each cluster size (growth rate) is deduced
from activated complex theory and one can compute the dynamics of the system by
directly solving the system of equations without having to consider the canonical
ensemble.
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velocity probability of the atoms is defined by the Maxwell-Boltzmann distribution:

N
7 = _2kBT 2
50 = (57) ¢ (27)

with kg the Boltzmann constant, m the mass of the atom, 7" the temperature of
the gas, and ¥ the velocity of the atom. The average relative velocity is :

8kgT
Tux(n)

(2.8)

with py(n) the reduced mass of a couple monomer (mass my) and cluster (mass
n X my). Thus, the sticking constant is:

R(n)

n - R 8kpT
Kiieang = 7l + 0 )’ [ (2.9)
ox(n)

with ox(n) the hard sphere cross-section between a monomer and a n-mer, ry the
monomer radius and R(n) the radius of the clusters composed of n atoms in the
drop model. Respectively, the cooling constant is:

8kpT
LY = o ) 1)), ——2 2.1
ot = B Tl + R+ D) [ 210

UHe(n+1)

with S(n) = mye/(2n x my) the efficiency of the energy exchange and py, the He
gas density.

In short: In Weisskopf’s model, one considers the energy released by the sticking
reaction spread on several oscillators representing the molecule or cluster. There
are many ways to spread this energy. It can be all concentrated in one oscillator
or evenly spread on all of them. Yet, if one oscillator has too much energy (larger
than a given value D) the cluster breaks apart just as if one of the chemicals bonds
vibrates too much. In order to suit anisotropic materials, the Weisskopf’s model is
modified. In contrary to isotropic clusters, oxides clusters cannot be considered as
a collection of identical oscillators. Some vibration modes are more relevant than
others. Thus, an effective number of oscillators s(n) is introduced.
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Desorption constant

In the model, I described Kgesorption by a modified version of the Weisskopf model.
When a monomer sticks to a cluster, the energy of the molecular bond is released
in the cluster. The excited cluster is considered as an isolated system with a given
energy E corresponding to its initial energy plus the bounding energy.

Just like Weisskopf model, a cluster composed of n monomers (n > 2) is de-
scribed as a system of s(n) loosely coupled harmonic oscillators of frequency v
on which the total energy FE is spread. For a cluster composed of n monomers,
one can count 3n — 6 oscillatorst. However, without assuming equipartition of the
energy on all the oscillators, the effective number of oscillators s(n) might be less.

A monomer can evaporate from the cluster if one oscillator has an energy
larger than a desorption energy D. The desorption rate can be written as the
frequency of collision multiplied by the ratio of the numbers of available micro-
states after and before desorption integrated over all the kinetic emission energy e
of the monomer!*9:

k((;egorption(E) =
E-D
Qn—l(E —D — 6)
/0 fcollision Qn(E> Q&tom(e)de (211)
E—D s—2
k((;eliorption(E) = 87TM0U3<S - 1)< )

Esfl

with Q,(F) = (E/(hv))* /(s — 1)! the number of micro-states for a cluster of
n monomers with an internal energy F, Q,_1(E — D — €) the number of micro-
states for a cluster of n — 1 monomers with an internal energy £ — D — ¢, and
Qatom(€) = 8T1eV/(h3vatom) the density of state for an ejected atom in a volume
V with an energy € and a velocity vagom. 1 = px(n —1) is the reduced mass of the
atom-cluster system and o = ox(n — 1) is the related hard sphere cross-section.

At this point, physicists from the 60s considered the canonical ensemble and
the equipartition theorem in order to state that the number of oscillators s(n) is
the total number of oscillators, namely 3n—6. They introduced the temperature in
order to develop analytical expressions that they can use experimentally. However,
this model overestimates the number of vibrational modes®2%123:124 " Franklin
introduces a coefficient o = 0.44 to correct this effect'??, but it can vary from 0.1
to 0.56, depending on the system 23

In the model, I decided not to introduce a temperature nor consider the equipar-
tition theorem, and remain with a micro-canonical description of the clusters which

tHere rotational degrees of freedom are ignored. Their associated energy is low and the
relevant motion for dissociation are vibration.
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are not considered at the equilibrium. Because of Franklin’s coefficient success,
I suggest taking s(n) proportional to the cluster size. Yet, it also has to be
higher than 2 in order for the Weisskopf constant to be well-defined. Thus, I
take s(n) = 3(n —3)a+ 2 with n > 3. The more « is close to zero, the more local-
ized is the energy. On the other hand, the closer is « to one, the more the energy
is spread on all the oscillators. This parameter is a probe of the equipartition of
energy, and thus, of the anisotropy of the cluster.

For a dimer which is simply one oscillator (s(n) = 1), Weisskopf constant is not
defined. There is no potential barrier and the desorption energy is exactly the bond
energy. Thus, one can expect the desorption constant to be simply proportional to
the vibration frequency vgimer just as it is usually done for activated complexes!?5.
A = Vdimer- 1N other words, a dimer is formed only if it was cooled by

desorption
helium within a vibration of the oscillator.

Energy of the cluster

The energy F in this model is the internal energy of the activated complex, i.e. the
hot cluster just after a monomer sticks to it. E is equal to the energy D realized
by the bounding event added with the oscillators’ energy before the sticking event
Ey:

E=FEy+D (2.12)

Because the growth rate is low compared to the cooling rate (see figure 2.11),
one can consider that just before a sticking event, the cluster is at equilibrium
with the gas. In that case, one can use the temperature of the gas in order to
define the energy before the sticking event Ejy. In our model, the oscillators are
not equivalent thus FEy = s(n)kgT.

The desorption energy D of a monomer from a cluster is much more complex
to estimate. During my PhD, I first tried to calculate this desorption energy on
aluminum oxygen clusters using DFT. As we have seen, such calculations require
equilibrium and do not consider kinetics. Thus, I also tried to measure it using
the experimental set-up of Prof. Mafuné in Tokyo. Aluminum oxygen clusters
are produced by laser ablation and heated in order to measure some reaction rate
from heat decomposition. In the following, I first present the DF'T calculations and
then the experimental measurements. These values are then compared with the
value given by the microcanonical model fitted on several clusters size distributions
depending on the buffer gas concentration.

$This is exactly the reaction we can expect for the formation of A1O molecules in the excited
state B2X1 as explained in the section 4.3.
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2.3 Calculation of desorption energy

Calculating the desorption energy in the case of a cluster or a large molecule is not
simple. The reaction path and reaction intermediate have to be determined first in
order to compute the difference in energy between the intermediate and the initial
cluster. Doing so with ab initio calculation is possible but time-consuming. One
can give a lower estimation of the desorption energy by calculating the difference
in energy of the initial cluster with the energy of the two resulting fragments. In
that case, the extra energy of the intermediate is not considered. This extra energy
is expected low in the case of desorption reactions with little modification of the
cluster geometry: one atom or one molecule detaching from the cluster. In that
case the geometry of the intermediate is close to the one of the initial cluster and
has a similar energy. In the following, the desorption energy is thus estimated by
this energy difference considering reactions with little modification of the cluster
geometry.

First, we used previous calculations of Julien Lam who already optimized the
most stable geometry of many neutral clusters stoichiometries?®. In that case, we
can evaluate the weakest bound in the cluster, cut the cluster in two fragments and
optimize their geometry before computing the difference in energy. This technique
is time effective and enables to calculate many desorption energies. However, the
clusters are neutral in contrary to the experiment run in Japan and the fragments
do not necessarily correspond to the most stable geometry of the clusters. Details
on the calculations are given below.

In order to complete these calculations, I also optimized the geometry for
charged clusters and selected only the reactions between the most stable geome-
tries (calculations developed below). For instance, in figure 2.5, is represented the
energy of the geometries of some charged clusters. In the panel (a), one can see
that the most stable geometry of Al3O7 is very similar to the most stable geometry
of Al307 with an Oy molecule removed. In that case, the intermediate should be
similar to the Al303 geometry and the desorption energy close to the energy of
Al305 + O minus the energy of Al3OF that is to say 2.55 ¢V. On the contrary,
in the panel (b), one can see that the most stable geometry of the cluster Al305
is very different from the most stable geometry of the Al;Of. In that case the
difference in energy is probably far from the desorption energy.

Calculation on neutral clusters

All the calculations presented here were performed using the Gaussian09 D01 re-
vision!?®. Bounds energies were calculated from optimized geometries calculated
by J. Lam et al.*® on neutral clusters of aluminum and oxygen. Briefly, they
calculated the most stable configurations for each stoichiometry using DFT opti-
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Figure 2.5: Energies of various Al303 configurations and energies of various Al3O7
configurations added with the energy of one Oy molecule (a). Energies of various
Al;OF configurations and energies of various AlsO3 configurations added with the
energy of one O, molecule (b). All the energy levels correspond to the vibrational
ground state at 0 K of the most stable configurations obtained after optimization.
All values are given in electron-volts. The number in brackets refers to the dif-
ference in energy between a given configuration and the most stable configuration
with the same stoichiometry. If this number is green, it means that this energy is
lower than the thermal energy at 1000 K.

AI3O4+
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mization. Randomly positioned sets of atoms are generated for each stoichiometry.
Each of them is rapidly optimized using the Streitz potential'?". The obtained con-
figurations are then compared. If two configurations have a difference of energy less

than 0.5 kcal.mol™! and atom position differences within 0.2 EA, they are considered
equal and only one is conserved. The set of random initial configurations have to
be large enough to cover all the possible initial configuration. Each of these con-
figurations is then optimized with DFT calculations using B3LYP/6-31+G* basis
set. The configuration obtained are compared again, and identical configurations
removed. The final geometries and frequencies were found through optimization at
a higher level of DFT (B3LYP/6-311+G(3df,3pd) basis set). Finally, the energy is
computed using MP2/6-311++G(3df,3pd)//B3LYP/6-311+G(3df,3pd) and only
the most stable is considered¥.

On these neutral clusters, I used AIM (Atoms In Molecules) in order to find
the weakest bond that is likely to break. The initial cluster and the fragments
are then optimized using B3LYP/6-3114+G(3df,3pd) basis set.The bond energy is
calculated as the difference between the energy of the first cluster and the sum
of the energies of the two fragments. All the results are presented table 2.1. The
average energy was 4.5 eV with a standard deviation of 2.0 eV.

Calculation on charged clusters

In the experimental work carried out in Tokyo the clusters were charged and not
neutral. A charged state can significantly change the desorption energy of atoms.
In collaboration with Professor Abdul-Raman Allouche calculations on the des-
orption energy of charged clusters were carried out. The method for performing
these calculations was identical to that described above. Figure 2.5 (a) represents
the energies of various Al3OZ configurations and the energies of various Al304
configurations added with the energy of one Os molecule. In the same way, figure
2.5 (b) represents the energies of various Al30} configurations and the energies of
various Al3OF configurations added with the energy of one Oy molecule. All the
energy levels correspond to the vibrational ground state at 0 K of the most stable
configurations obtained after optimization. All values are given in electron-volts.
In order to consider the fragmentation of a cluster, the most stable geometry of
the initial cluster has to be the same as the most stable geometry of the fragment
except for the oxygen atom or O, molecules removed. I was able to identify 4 re-

YSome theoretical background and the meaning of these notation are given in the annex C.
The level of calculation is chosen according the nature of the cluster and the charges in order to
ensure good results as demonstrated is literature.
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Cluster | Fragment 1 | Fragment 2 | bond energy (eV)
Oy 0] O 5.38
O3 Oy O 0.75
O, O3 O 2.74
AlO Al O 0.21
AlO, AlO O 4.02
AlO; AlO Oy 1.85
AlOy | AlO, Oy 2.50
Al Al Al 2.06
AlL,O AlO Al 5.49
Al Oy | AlOy Al 6.10
Al,O3 | AlO, AlO 4.98
AlLO4 | AlOg AlO 4.81
Al; Al Al 2.65
Al;0 Al,O Al 0.88
Al;O0, | ALO AlO 3.38
Al;O05 | Al,Os Al 6.86
Al3O4 | Al3O5 O 5.77
Aly Alg Al 1.56
AlOy | Al3O, Al 3.09
Al,O3 | Al3O3 Al 0.83
AlO4 | Al3Oy Al 6.04
Al O5 | Al,O4 Al,Oy 5.36
AlOg | ALLO5 O 7.61
AlgOg | Al;05 AlO 5.14
AlgOgy | AlgOsg O 7.88
AlgOqy | AlgOyy O 8.15

Table 2.1: DFT calculated dissociation energy from the most stable geometry of
neutral clusters considering the weakest bond breaking (average of 4.4 £ 2 V).
The most stable geometries of neutral clusters are taken from Julien Lam’s calcu-
lation 6.
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Cluster | Fragment 1 | Fragment 2 | bond energy (eV)
ALOY | ALOT 0, 2.55
ALOF | ALOF 0, 2.81
ALOF | ALOF 0 3.85
ALOF | ALOF 0 4.38

Table 2.2: DFT calculated dissociation energy on the most stable geometry of
charged clusters.

actions according to this criterion: Al;OF — Al;OF + O,, ALLOF — ALOF + Oq,
AL,OF — ALLO{ + O and AL,Of — Al,OF + O. By computing the difference of
energy, one have a lower estimation of the dissociation energy for each of these
reactions: 2.55 eV, 2.8 eV, 3.85 eV and 4.3 eV respectively. The results are sum-
marized in table 2.2 and are comparable to the bond energies for the equivalent
reactions from neutral clusters.

Distribution of oscillators frequencies were also computed on 6 different charged
clusters: AIQOgr, AIQOI, Algogr, AlgO;{, AISOI and AIQO;{. It will be interesting
to compare them to the vibration frequency of the clusters used in the micro-
canonical model. The most stable geometry was calculated using the same tech-
nique as above. Vibrational frequencies were calculated from the DFT optimized
geometries using single point calculation CAS-MP2(3,3)/6-311++G(3df,3pd) or
CAS-MP2(2,2)/6-3114++G(3df,3pd) depending on the multiplicity. The results are
summarized in table 2.3. The vibrational frequencies ranged from 1.21 x 10?5~}
to 3.46 x 10'3s~1. Convergence of the high level calculations on a large cluster was
difficult to achieve, and only small clusters are presented here. These frequencies
are interesting to discuss in regard to the model as they should be related to the
frequency v. Of course, they are not unique, but one should keep in mind the
order of magnitude and the average value of 1.3 £1 x 10%3s7L.

In short: Quantum calculations on many clusters (neutral and charged) provide
the vibration modes of the clusters and an estimation of the desorption energy.
The bound energy is calculated as the difference in energy between a cluster in the
most stable geometry and the two fragments. This provides a lower estimation
of the activation energy as it is the limit case with no energy barrier. For these
stable clusters, the desorption energy is rather large, around 4.5 eV with a standard
deviation of 2.0 eV.
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Wavenumber | Frequency Wavenumber | Frequency
(em™1) (s7H (em™1) (s7H
63.542 1.90%x 102 246.9103 7.40x 10"
160.6444 4.82x10"2 421.5448 1.26x 103
426.932 1.28x10® 535.8503 1.61x10"
1070.5484 3.21x10% 700.8694 2.10x10%
ALO 64.2689 1.93x10'2 741.7171 2.22x10%
264.8373 7.94x10"2 247.3633 7.42x1012
857.9884 2.57x10% 421.9822 1.27x 103
153.5245 4.60x10'2 Al;OF | 579.7824 1.74x10%
269.5916 8.08x10'? 701.7165 2.10x10'3
1043.5521 3.13x10% 846.9449 2.54x10%3
69.9953 2.10x 10" 337.8109 1.01x10"
197.0233 5.91x10" 535.2298 1.60x 103
571.094 1.71x10" 692.3588 2.08x10%
683.497 2.05x10' 735.3846 2.20x10%
135.7173 4.07x10" 847.3825 2.54x10%3
ALOY 281.3896 8.44><101'2 86.1615 2.58><101?
649.4863 1.95x 1013 146.1669 4.38x10"2
957.9322 2.87x10% 285.062 8.55x 10"
188.5951 5.65x10'2 406.3666 1.22x10'
357.9738 1.07x10" 710.9609 2.13x10%3
664.3667 1.99x10' 892.6921 2.68x10%3
958.0738 2.87x10% 97.4417 2.92x 10"
40.4703 1.21x10"2 178.4102 5.35x 10"
40.4703 1.21x10" ALOZ | 3035616 1.09x10'3
303
108.1641 3.24x 10" | 507.2397 1.52x10'3
108.1641 3.24x 10" 729.2667 2.19x10%
ALOS 238.601 7.15x 10" 931.0337 2.79x10%3
238.601 7.15x10"? 104.8636 3.14x 10"
330.9319 9.92x10"? 277.9365 8.33x10"?
522.0569 1.57x10' 394.6595 1.18x10'3
909.4282 2.73x10% 671.631 2.01x10%
1152.6912 3.46x10%3 824.6668 2.47x10%
169.6939 5.09x 102 1003.141 3.01x10%
199.0543 5.97x 10"
597.0369 1.79x10'
820.0623 2.46x10%3
169.6944 5.09%x 10"
ALOS 273.0041 8.18x1olf
675.4853 2.03x10%3
820.4879 2.46x10'
197.373 5.92x 10"
398.6654 1.20x 10"
676.5087 2.03x10%
906.6551 2.72x10%

Table 2.3: DFT calculated vibration frequencies (average 1.3 £ 1 x 10'3s71).
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2.4 Measurement of desorption energies

2.4.1 Cluster source experimental set-up

Carrier Gas (O, in He)
Al Rod

Ablation Laser

Cluster Source

Skimmer

lon Lens

Deflectors Double-Stage
Reflectron

TOF-MS

Figure 2.6: Schematic diagram of the experimental setup. Reprinted from Nagata
et al. 20151%

Measuring desorption reaction rates on cluster requires a specific cutting edge
experimental set-up. I was able to travel to Japan thanks to the JSPS Il summer
program in order to perform experiments at the University of Tokyo in the team of
Prof. Mafuné. They have developed with Ken Miyajima an experiment coupling
a cluster source using laser ablation in a controlled environment with a heating
tube and a time of flight mass spectrometer. This experiment was originally de-
signed to study chemical reactions on clusters depending on the temperature. In
my project, this experiment was used to measure the reaction constant of decom-
position of aluminum oxide clusters produced by laser ablation. The team was
kind enough to let me explore the possibilities of their experimental setup for 3
months. In order to test the microcanonical model, cluster distributions were mea-
sured for different growth conditions by changing the density of the quenching gas.
In this experimental setup, the clusters produced are positively charged. Charges
are not explicit in the model but do not change the core of the discussion. They
can have an impact on the interaction potential, the geometry of the cluster and
the desorption energies. In the model, charges can thus modify some parameters.

I Japan Society for Promotion of Science
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The previous calculations show that the average difference in desorption energies
is low compared to the differences observed in-between clusters and should have
little impact on the model.

As shown in figure 2.6, clusters were created by ablating a rotating aluminum
rod (Nilaco, 5.0 x 30 mm, > 99 %) using the focused second harmonic (532 nm) of a
Nd:YAG pulsed lasers (10 Hz repetition rate, 5-6 ns pulse duration, 7 mJ per pulse)
in the presence of oxygen (1% oxygen; Japan Fine Products Co., Ltd.,>99.9% pu-
rity) diluted in helium (Japan Fine Products Co., Ltd., >99.99995%). The pressure
of buffer gas can be tuned from 0.47 to 0.825 MPa, changing the cluster formation’s
conditions which affect the size distributions of clusters. The partial pressure of
dioxygen was held constant and the partial pressure of helium was varied. The
cluster beam passed through an extension tube of 4 mm inner diameter and 120
mm long. The temperature in the extension tube can be tuned from 298 to 1000
K using a resistive heater and monitored using a thermocouple (type K). Inside
the tube, the density of gas was estimated to be 10" molecules cm™ and the
flight time is about 100 us such that the thermodynamic equilibrium is reached
very quickly. This is enough time to thermalize the clusters even considering only
conduction effects through collision with the He carrier gas. During this 100 us,
reactions within clusters can occur before the beam expands in the vacuum cham-
ber (about 2 x 107° Torr) cooling it instantly and stopping all reactions. Positively
charged clusters were selected and accelerated before entering the time of flight
mass spectrometer. The ions travel in a 2.4 m field-free region. They were reflected
by a dual-stage reflectron and detected using a Hamamatsu double-microchannel
plate detector. Signal from the detector was amplified with a 350 MHz pream-
plifier (Stanford SR445A) and digitized using an oscilloscope (LeCroy LT344L).

In short: Direct measurements of desorption energies on aluminum oxide clusters
were achieved by heating clusters produced by laser ablation. The stoichiometry of
the remnant clusters was measured with a TOF-mass spectrometer depending on
the temperature. The hotter, the more clusters break and their size reduces. 21 O
desorption reactions were clearly identified during this process. Fitting the ratio of
the clusters at different temperatures using Arrhenius reaction rates provides Oq
dissociation energies relative to the identified reactions. The average dissociation
energy appears to be much lower than the one found through quantum calculation:
0.44+0.2 eV against 4.4+2 eV. This order of magnitude can be extended to the other
desorption reactions happening simultaneously, even if it was impossible to directly
measure them. Such a low value can be understood as the clusters are not formed
in the most stable states. Thus, one needs to be careful when considering quantum
calculation at the equilibrium to describe clusters in laser-generated plasma.
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Averaged time-of-flight mass spectrometry (TOFMS) distribution (typically 500
sweeps) have a resolution of m/Am = 1000. In order to observe a large range
of cluster size, each measurement was composed of 2 data acquisitions with two
different sets of parameters for the TOFMS in order to observe small size clusters
and large size clusters. Both acquisitions were merged in order to observe sin-
gle charged clusters from 100 to 1000 atomic mass units. In the case of alumina
clusters around bulk stoichiometry (AlyO3),, it corresponds to sizes from 6 to 49
atoms. The relative amount of species was deduced considering the integrated area
of the corresponding peaks from —0.5 to +0.5 atomic mass units.

Figure 2.7 (a) shows an example of the mass spectra obtained. The Log-Normal
shape is typical and corresponds to the expected distribution in size of the cluster
derived from the nucleation theory!?. The inset represents a zoom from 150
to 180 mass numbers. One can see that the main peaks correspond to different
alumina cluster stoichiometries while the secondary peaks, much smaller, are not
assigned to any stoichiometry. These are the so-called ghost signals. They are due
to the contamination of other gas species like hydrogen or water that can attach
to the cluster’s surface. Some of these signals could be due to isotopes, though
this is highly unlikely. The portion of aluminum and oxygen isotopes are below
the detection limit (<0.24% for *0). Consequently, we do not consider or analyze
these minor peaks in the consideration of aluminum oxide clusters**.

A color map of the cluster composition is represented in figure 2.7 (b). It is ob-
tained by integrating the TOF spectrometer peaks for each of the possible cluster
stoichiometry depending on the number of oxygen and aluminum atoms. Such a
map gives a quick insight on the cluster composition and size distribution. In par-
ticular, the evolution of such a map depending on the temperature is useful in order
to identify the desorption reactions on the clusters (see figure 2.8) Most of them
are composed of 10 to 20 atoms and have a stoichiometry close to (AlyO3);" ((2:3)
stoichiometry). This is expected because it corresponds to the stoichiometry of the
bulk material. Signals above and under the red lines corresponds to unexpected
stoichiometries like Al;Of. It is very unlikely that these signal actually corre-
sponds to such unstable composition but are probably some ghost signal. In the
following, only the signals corresponding to Al,,,O; for (2/3)n+4 > m > (2/3)n—6
are considered (data in-between the two red lines on figure 2.7 (b)). This cut is
chosen in order to remove most of the ghost signals without cutting any plausible
stoichiometry no matter the experimental conditions.

Figure 2.8 shows color maps of the clusters’ composition depending on the
temperature. One can observe that while heating, cluster size decreases follow-

**It happens that some of the ghost signal have the same mass as some alumina cluster
stoichiometries. In that case, it either corresponds to unexpected stoichiometries and are ignored
(see figure 2.7 (b)) or can lead to background signals as for Al307 in figure 2.9 (b) (dashed line).
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Figure 2.7: (a) Typical spectrum obtained by the TOF-MS after calibration. The
inset is a zoom on some part of the spectrum with the assigned peaks. On the
right side of the peaks, one can see the so-called ghost signals. (b) Typical color
mapping of the relative integrated raw signal for the different cluster stoichiometry.
The red solid lines represent the cut used in the data processing in order to remove
the ghost signals.

ing the (2:3) stoichiometry (white dashed line). Clusters are desorbing aluminum
and oxygen atoms. Defining precise reaction paths is impossible except for the
stoichiometries inside the red square. There, the relative evolution of the cluster
stoichiometries clearly match O, desorption reactions. Large clusters can expe-
rience several O, molecule desorptions. The ensemble of these reactions from a
given stoichiometry is called channel. In the following, I focus on these evolutions
in order to study these reactions. The reaction energies can be deduced from the fit
of the cluster composition. Because these reactions occurred simultaneously with
a general decrease of the alumina clusters, one can expect the activation energy of
the cluster evaporation reaction to have a similar magnitude.

Figure 2.9 shows the relative signal intensities for each of the identified desorp-
tion channels. For each of the reaction channels, it was possible to determine the
different reactions involved and the theoretical relative intensity associated. By
fitting the experimental data with these reaction models (solid lines), I was able
to determine the reaction rate and the activation energy of each of the reactions.
The results are averaged on 10 different measurements.
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Number of Aluminium atoms
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Figure 2.8: Color mapping of the relative integrated signals for the different cluster
stoichiometries in terms of their composition for several temperatures. The dashed
white lines represent the composition (AlO); and (Al,O3); respectively denoted
(1:1) and (2:3). One can notice the presence of ghost signals.
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Figure 2.9: Cluster composition as a function of the temperature. For all these
measurements, the ablation pressure is set at P = 0.37 MPa with a 0.09% O, con-

centration (100 mL/min He flow, 10 mL/min 1% O, flow, 0.8 MPa input pressure).

In the panel (d), only the sum of the isomers are represented for clarity.
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2.4.2 Construction of the model and fitting technique

Here is presented the kinetic models used to fit the evolution of the species depend-
ing on the temperature for the different channels. After detailing the reasoning by
analyzing one channel, results on the other channels are given more concisely.

Detailed example of Al,O;" with n odd

Let us have a closer look at the graph figure 2.9 (a) corresponding to the desorption
channel AL,O; for n odd. One can observe the decrease of Al,OF around 520
K correlated with an increase of Al,OF and the decrease of Al,OF around 680
K correlated with an increase of Al,O5. This corresponds to the two reactions
AlL,OF — ALOF + Oy and AlL,OF — Al,OF + O,. However, with a closer look at
the evolution of Al,OF, one can notice a break in the exponential behavior. This
is typical of the presence of two different isomers of Al,Of reacting with different
characteristic times.

From this observation one can deduce the different reactions and the associated
rates:

o)
ALOY(a) = ALOF + 0, with k(¥ = AWe 3T
(b)

E
ALOF(b) — ALOY + 0, with &Y = AP 7 (2.13)

Ea
ALOY — ALOY + 0, with hy = Ase *57T

One can write down the temporal evolution of the relative concentration of each
species considering that all the reactions are first-order reactions:

d[Al,OF (a)]
dt
d[ALOF (b)]

dt
d[AL,O5]
dt

= — k(" [ALOF (a)](t)

— —kP[ALOY (B)](1)

=k [ALOZ () + kK [ALOF (a)](t) (2.14)

+ &V [ALOF ()] (t)
d [AIQOQ]

i = +ko[Al,OF](1)

with [ | corresponding to the normalized partial pressure of the different species.
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One can solve analytically this system of first-order equations. The first ones
are simple exponential and do not depend on the evolution of the other species
because the backward reaction is never considered™. On the opposite, the next
ones depend on the concentration evolution of the previous species. However, one
can use the previous exponential solution for the concentration of these species as
input and use the variation of parameters method to solve it. Finally, some initial
conditions corresponding to the initial ratio in the different species are needed
to fully define the solutions. In that case we considered that there is no Al,O5
and that the initial proportions of Al,O7 (a), Al,OF (b) and Al,OF are respectively
al@ a® and B = 1—(a'® +a)). Initial guess for these values are 3 ~ 0, (¥ ~ 0.8
and a® ~ 0.2 considering the curve at low temperature (see figure 2.9 (a)).

This leads to the following evolution of the species:

(a)
[ALOF (a)] = oW
ALOZ (b Je kit
[ALOZ (0)] = (2.15)
[AL,OF] = ¢e*’f2t
[AL,O3] = 1 — ([ALO7 (a)] + [ALO7 (b)] + [ALOS])
with
b= LS 1] n . [ewz—k?’))t _
ky — ki ky — K (2.16)

+(1 =¥ —a®)

This model might seem complicated to fit with 9 parameters: Aﬁ“’, Agb), Ao,
Eé‘f), E(gl;), Eu, t, @ and a®. The time of flight in the heating tube ¢ is esti-
mated to be 100 ps. All the other parameters are first estimated by hand. The
initial amount of each species can be deduced from the experimental data at low
temperature as explained previously and coupled variables A; and E,; set the slope
at the inflection point (e.g. at 500K in figure 2.9 (a)). Given the temperature and
the slope of the inflection point, one can guess these values.

From this setting, an algorithm of least squares minimization is used in order to
optimize the parameters by fitting the experimental data presented in figure 2.9 (a).
Initially, only the bigger clusters are considered as their concentration evolution
does not depend on the other species. Then, the other species are fitted step by

T Oxygen molecules corresponds to less than 1% of the carrier gas and most of it is consumed
by the formation of the cluster. The density of clusters and Oy molecules is low enough in the
heating tube to neglect any collision between the reactants.
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step in order to be sure to have a good convergence. Finally, all the evolution is
fitted at once in order to adjust all the parameters together. This fitting procedure
leads to fast and stable convergence. In instances where the initial guess was varied
dramatically, the algorithm converges to very similar values.

The uncertainties due to the differences in convergence have been checked to be
always below 1% and were found to be negligible compared to the error between
the different measurements. All the different desorption channels were treated
similarly.

Al,O;} with n even

From the evolution of the species displayed in figure 2.9b, the following reactions
are considered:

(@)
ALO (a) = ALOF + 0, with k(¥ = AWe 5T
(b)

E
ALOF(b) — ALOE + 0, with & = AP e 7 (2.17)

AAIQC)(JSr — AIQOI + 02 with k’2 = AQe_ka%

Initially no Al,OF is present, as shown by the blue traces in figure 2.9 (b). The
model is thus identical to the previous one transposed to even species.
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Al;0;" with n odd

From the evolution of the species figure 2.9 (c), the following reactions are consid-
ered:

Ea

AlgOfl — A1309+ + OQ with kl = Ale_kgf%"
Ea

AlgO;r — Al?,o7+ + 02 with ko = A26_ﬁ (218)
Ea

ALOF = AlOF + O, with kg = Age 67

Initially no Al3OF nor Al3OF is present, as shown by the blue and orange traces
in figure 2.9 (c) however AlzO7 appears with an off-set (dashed line). The off-set
could be some non-reactive isomer of some host signal**. If it is a non-reactive
isomer, one could expect the signal to be constant. Yet cluster production can
drift in time and detector sensitivity may change with temperature. If it is a
ghost signal or low reacting cluster, one could expect few reactions to happen
when the temperature increases leading to a slow decrease. Considering the linear
evolution of Al;OF signal after 650 K, the off-set value was described as linear:
[offset] = aT + . a and v are fitted on the value above 650K. The initial
proportions of Al307; and AlzOf are respectively @ and 8 =1 — (a+7). v is the
off-set value for T' = 0. Thus, the evolution of concentrations are:

[Al;07] = ae™™!
ALOF = de—ket
[Alzg% —Ze » (2.19)
[ALOF] = 1 — (JALLOH] + [ALOZ] + [ALOF))
with
6= L [ 1] 4 5
ke [etha=h)t 1] (2.20)

kia ) ks (ks—k2)t
— e -1
@ k) (s —hy) | )

H(Clusters having the same mass over charge ration and thus are identified as Al307 but are
not.
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Al;0;F with n even

From the evolution of the species figure 2.9 (d), the following reactions are consid-
ered:

E
Al;Of(a) = Al;OF (a) + Oy with k) = Al e w7

Al;Ofy(b) = AL;OF (b) + Oy with kY = AP e ma7

AL;OF (a) = Al;OF (a) + Oy with Al = Ae %s7

50

ALOZ(b) = ALOF (b) + 0 with kY — AB e k5t (2:21)
(@)

ALOf (a) = Al;OF + 0, with k(" = AWe w7

5Y)

ALOF (b) — AlLOF + 0, with kY = AV e w7

Ea
ALLOf = AlOf + 0, with ky = Age Fo7

There are two different channels of desorption here: (a) and (b). That is to say that
the isomer (a) of one stoichiometry always leads to the unique isomer (a) of the
second stoichiometry. One can deduce that because the intensity of the channel (a)
and (b) are not exchanged (about 75% — 25%) and the reactions occur at different
temperatures making the path quite clear. This can be easily understood because
of the cluster geometries. Let us consider two different geometries of the same
stoichiometry. When both of them lose one O, molecule, it is very likely that the
remaining clusters still have different geometries leading to two different isomers.

Initially no Al30) and Al3Of are present in the reaction tube. The initial
proportions of Al30f; (a) and (b) and Al;O7 (a) and (b) are respectively a(®,
a® 3@ and f®) =1 — (al® 4+ a® + @), Thus, the evolutions of concentrations
for i = [a, b] are:

ALOf(i)] = a@e ki
[ALOF (i)] = ge st
[ALOZ (7)) = Ve (2.22)

[ALO]] = xe
[AL,O ;] =1- Z ([Alzo old)] + [A12O (4)] + [Al2o+( )]) - [Alzoﬂ

i=a,b
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with
(@) (i . .
PR [ -H ] 4 0
I{:;Z) o k:(L’L)

Y = K [e“fé“—’fi”)t _ 1} + K [ewé”—ké“ﬁ _ 1]

L O A .y R
key — k1 by — kY
B k?:(sz)(Kfl) + Ky) (ka—kt
o) et —1 (2.23)
k4 - k3 ’

X(i)

x=> x"

i=a,b
RO .
(kS — k) (k) — k)

i) ) (i
. (6“) _ ke )
(kS — k) (k) — k)
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Al,0;F with n odd

From the evolution of the species figure 2.9 (e), the following reactions are consid-
ered:

E(ti)
ALO{ (a) = ALLOF + 0y with k) = AWe T
50

ALOF (b)) = ALLOT + 0y with kl? = AP e 75T

(2.24)

The initial proportions of Al;Of (a) and (b) are respectively @ and 1 — « such
that the corresponding evolution of the different species are:

[A1,0f (a)] = ae Mt
[ALOZ (b)] = (1 — a)e™™t (2.25)
[ALO7] =1 — ([ALLOg (a)] + [ALOg (b)])

Al,0; with n even

From the evolution of the species figure 2.9 (f), the following reactions are consid-
ered:

Eq1
A14Oi_0 — Al4O;{(a) + OQ with ]{?1 = Alef’WTT
(@)

ALOF (a) — ALLOF + 0, with k() = AWe maT (2.26)
5®)
ALOF (b) = ALLOF + 0y with &P = AP e w7

Here, Al,Of (b) is not formed by the decomposition of Al;Of, but is already there.
The initial proportions of Al,Of; and Al;Of (a) and (b) are respectively a, 3@
and ) = 1 — (a + @) such that the corresponding evolution of the different
species are:

(2.27)
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with

Fio (a) _ a
6=y [T 1] 4 5 (2.28)
2 T M

2.4.3 O, dissociation energies

From the models described above, 10 sets of parameters are obtained, one for
each set of data. Table 2.4 shows the average values of (i) the logarithm of the
pre-exponential factor, (i) the activation energy, and (iii) the corresponding time
of reaction at 1000 K for the different reactions. The error corresponds to the
standard error of the ten different values corrected by the Student’s t-distribution
coefficient for a full 90 % confidence interval in order to account for the low amount
of measurements. All the values are consistent with similar work carried out by
Mafuné’s team on different oxides!?®.

The average value of the desorption energy is 0.4+ 0.2 eV. This value is almost
ten times lower than the previously calculated value (see section 2.3 and table 2.1
and 2.2). One can argue that the desorption energy is only relative to O, desorption
reactions. These O, molecules could be absorbed into the surface of the cluster with
weak bonds and desorb very easily. However, up to three Oy desorption reactions
were observed on a single cluster with different activation energies. It is unlikely all
these are just physically adsorbed O, molecules. Furthermore, only O, desorption
reactions were identified here, but many other desorption reactions involving Al
atoms occurred simultaneously. One can expect the activation energies of these
reactions to have the same order of magnitude as they take place in the same
heating conditions. Considering the heating temperature of the experimental set-
up, reactions with the activation energy of a few eV as calculated couldn’t be
observed at all.

The discrepancy between the measured desorption energies and the calculated
desorption energy can be explained considering that the cluster formed during
laser ablation are not formed in the most stable state. Indeed, the quenching is
really fast and the most stable state might not be reached. Several isomers were
identified in the Oy desorption reactions, proving that it’s not only the most stable
configuration that is produced. It is important to be careful while considering ab
initio calculations at the equilibrium for the cluster generated by laser ablation.
These stable configurations might never be reached during the nucleation path.
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ALOY
Reactions Log(A) E, (eV) k=1 (s) at 1000 K
AL OgF (a) = Al,OF + O 22.84+0.2 |0.62+0.01 |1.94+03x1077
ALOS (b) = ALOF + O, 129406 | 0.09+£0.02 |943x106
ALO¢ — AlL,OF + O 23.04+0.1 |0.79+0.01 |95+0.6x 1077
AL, OF (a) = AlLOF + O 23.34+0.1 | 0.68840.008 | 2.3+0.1 x 1077
ALOZ (b) — AlLOF + O, 179403 | 0.30440.004 | 5.6 4+ 0.3 x 1077
ALOF — ALOT + O, 23.0+£0.2 | 0.836+£0.008 | 1.7+£0.2 x 107°

AL;O;
Reactions Log(A) E, (eV) k=1 (s) at 1000 K
A1301+0( ) = ALLOF (a) + Og || 183£0.1 | 0.229+£0.006 | 1.7+ 1 x 1077
Alz;Of(b) — AlsOF (b) + Oy || 21 £2 043+£0.06 |44+2x1077
Al;OF (a) = ALLO¢ (a) + O || 202401 | 0.328+£0.002 | 7.5+ 0.1 x 1078
ALZOF (b) = ALZO¢ (b)) + Oy || 204 F 0.1 | 0.477 +£0.006 | 3.6 £ 0.2 x 1077
A130+(a) — Algozf + Oy 19.6 £0.1 | 0.371+£0.004 | 23+0.1 x 1077
Al;Of (b) — AlzOf + O, 1441 0.440.1 574 0.5 x 107°
Al;OF — ALZOJ + O 8.6 4 0.3 0.134£0.07 | 1.941.6x 1073
Alz;Of, — Al;Of + Oy 144403 ]0.12+0.1 2.6 4+ 0.5 x 1076
Al;Of — ALLOT + O, 21.34+0.1 | 0.486 £ 0.004 | 1.65 4 0.08 x 1077
Al;OF — ALLOT + O, 181+0.2 | 0.374+0.008 | 1.1+0.2 x 1076

ALOF
Reactions Log(A) E, (eV) k=1 (s) at 1000 K
AL,Ofy — ALLOF (a) + O 19.740.1 | 0.304+0.003 | 9.34+0.4 x 108
Al,O{ (a) — ALLO¢ + O, 178405 |031+£0.02 |945x1077
AL,OF () — ALOF + O, 205+04 | 0.71+0.03 |47+0.6x 1075
AL,Of (a) — ALLOT + O, 20.73 £ 0.01 | 0.328 = 0.002 | 4.47 +0.08 x 1078
Al,Of (b) — ALOF + O, 13.69 £ 0.01 | 0.157 4+ 0.006 | 7.1+ 0.5 x 107°

Table 2.4: Reaction parameters calculated from 10 fits (90% Confidence interval)
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2.5 Model confrontation with experiment

Using the experiment of Prof. Mafuné, I was also able to measure the size distri-
bution of the cluster formed for different density of Helium gas while keeping other
parameters constant. The density of the buffer gas (He) has a direct impact on
the nucleation as described by the microcanonical model. The higher the buffer
gas density, the better the cooling and the larger the clusters. Confronting these
measurements to the prediction of the model is a good way to test its validity.
However, the model depends on many parameters. Some of them related to the
experiment like the buffer gas density. Others related to the clusters like the parti-
tion coefficient « or the desorption energy. Determining these parameters a priori
is impossible. In particular, the desorption energies calculated by DFT are not
consistent with the ones measured.

In order to test the model on the experimental data, we chose to fit the calcu-
lated distribution on the measured one for two different buffer gas density. The
obtained parameters are then discussed and compared to the expected values. To
this end, we first have to determine what are the helium density, the monomer den-
sity and the temperature at the ablation point. One can calculate these parameters
from the pressure at the ablation point.

2.5.1 Determination of the experimental parameters

Unfortunately, there is no direct pressure measurement at the ablation point, and
its value has to be extrapolated. The gas is injected by a pulsed valve (burst
of a few 100 us) at a given pressure between 0.47 and 0.825 MPa. Then, the
pressure decreases along the cluster path before reaching the vacuum chamber.
Some measurements along the decompression path are reported in figure 2.10. For
an injection pressure of 0.8 MPa, the pressure 70 mm after the injection valve
show a maximum of 3.3 kPa while the pressure in the vacuum chamber, after
about 285 mm, is measured to 3.2 x 10~* Pa. These three values are well aligned
in the semi-log plot, suggesting that the pressure decreases exponentially along
the path.

There is no analytical solution of the decompression dynamic in such a compli-
cated geometry because of the non-linearity and time dependence of the Navier-
Stokes equation. However, one can expect the solution to have indeed some
exponential-like behavior %,

An exponential model is accurate enough to deduce the pressure at the abla-
tion point. The dashed line represents the best-fitted exponential evolution of the
pressure with a decay length of 13.2 mm. The dashed lines correspond to decay
lengths of 13.7 and 12.7 mm estimated as the higher and lower values considering
the uncertainties on the measurements. The pressure at the ablation point (red
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point) can be extrapolated at 0.37 MPa with a lower value of 0.34 MPa and a
higher one of 0.41 MPa that is to say an error of about 10%.

106 N T T T T T
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Figure 2.10: Maximal pressure measured along the decompression path at the
input, in the reaction chamber, and at the output. Error bars correspond to
the uncertainties on the position of the pressure gauges and uncertainties on the
pressure measured. The dashed line represents the best exponential model with a
decay length of 13.2 mm. The dotted lines correspond to decay lengths of 13.7 and
12.7 mm. The red dot corresponds to the ablation area. Error bars correspond to
uncertainties on the position of the pressure gauge and the measure values

Considering an isentropic decompression, one can easily estimate the kinetic
temperature Ty at the ablation point from the injection temperature and pressure
Ty and p; and the pressure at the ablation point py using:

y—1

T, =T <]2> N (2.29)

b1

Because the injected gas is mostly monoatomic He, . = 1.66'3! and the in-
jection temperature is close to room temperature, that is to say 77 = 293 K. Thus,
the expected temperature of the He gas at the ablation point is 216 + 9 K.

Combined with the pressure and considering the equation of state for perfect
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gas, this measurement also provides an expected density for the helium and oxy-
gen. The density of helium is proportional to the input partial pressure and is
tuned from 5.240.5 x 10* cm™3 t0 9.240.9 x 10'” cm~3. In contrary, the density

of oxygen atoms is kept constant to 1.8 0.2 x 10*7cm 3.

The density of monomers depends both on the density of oxygen we just cal-
culated and the density of aluminum atoms. Because the amount of oxygen was
set to optimize the cluster formation in the experiment, one can expect the ratio
between aluminum and oxygen to be close to 2/3. Yet, it is important to verify
aluminum is not in excess nor deficient. Determining the density of aluminum is
more complicated as it is driven by complex phenomena during laser ablation. It
depends on many parameters such as the material, the surface aspect, the focaliza-
tion of the laser, its wavelength, the pulse energy, etc. However, in the experiment,
these parameters are kept constant and the average amount of ablated material per
pulses is determined by weighing the rod before and after experiments. Knowing
the number of pulses, one can calculate the amount of ablated aluminum atom
per pulse. The measurement was systematically done after a long enough period
of ablation in order to be able to measure the difference in mass (typically 30
hours). Thus, one can assume that the number of atoms ablated per pulse is
2.3+ 0.3 x 10!, The error is estimated from the mass loss measured after three
different experiment runs and considering the precision of the weight scale.

The amount of aluminum ablated gives a density of 1.2 +£0.2 x 10" cm™3 (2/3
of the oxygen density) if one considers an isotropic and homogeneous plasma with
a volume of 2 mm?. Such a volume is consistent with the observation of the plasma
plume. However, the uncertainty on the plasma volume leads to uncertainties on
the aluminum atom density which is probably not constant in the plasma plume.

The density of monomers is difficult to properly estimate but should have the
same order of magnitude as the density of oxygen atoms. In the discussion, the
density of the monomers will be discussed compared to the density of the oxygen
atoms which is better estimated.

2.5.2 Comparison with experimental distribution

In order to compare the model to experimental data, cluster distributions are
measured for various density of the buffer gas (He). In the model, only one kind
of monomer is considered. However, aluminum oxide, composed of two kinds of
atoms, was chosen in order to study an ionocovalent system. The number of
aluminum and oxygen atoms in the cluster is summed for each stoichiometry and
only the total number of atom (n) is considered. Experimental data in figure 2.11
(a) shows in black the typical Log-Normal distribution of the number of atoms
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(n) in the clusters disregarding their composition in oxygen or aluminum. This
distribution was obtained for pg, = 6 x 10%cm=3.

Similarly, the average stoichiometric mass and Van der Waals radius are con-
sidered in the model: myx = (2ma; + 3mo)/5 = 3.39 x 10726 kg and rx =
(2ra1 + 3ro)/5 = 1.65 A. Van der Waals radius is chosen because it refers to
the potential which is more relevant for collision cross-sections. rg. = 1.40 A and

Mie = 6.64 x 10~27 kg.

The other parameters of the model are optimized in the fitting procedure and
then compared to the previous estimations and calculations.

Fitting is done using the least-square optimization between experimental distri-
butions and calculated distributions for two different He densities simultaneously:
pie = 6 x 10¥cm ™2 and pge = 9.2x 10%cm=3. Only clusters of size between 15 and
49 are considered, given that the model is expected to overestimate the clusters of
tiny size because it does not consider ripening. Furthermore, some O, molecules
adsorptions observed on tiny clusters lead to uncertainties for cluster size below
15.

On the experimental distribution, one can observe peaks for given sizes called
magic numbers (n = 12,17,22,27,32,37,42 and 47). In metal clusters, magic
numbers are explained by the completion of layers within an electronic or geo-
metrical shell model3%133134  Tn oxides, it is mainly due to stoichiometric effect
(charge effect) such that (AlyOs3), clusters are more produced compared to oth-
ers. Here, because the clusters are charged, they always correspond to the charge
balance [(AlO3);(AlO)]T composition. Magic number features are implemented
qualitatively in our model by modulating the desorption energy. The idea is sim-
ple, if a cluster is stable, its desorption energy is high. If the cluster is unstable,

In short: In order to test the model, the size distributions of aluminum oxide
clusters produced by laser ablation is measured by a TOF mass spectrometer for
different densities of the buffer gas (He). The pressure at the ablation spot is
estimated considering an exponential decrease along the decompression path. The
temperature at the ablation point is estimated to 216+9 K considering an isotropic
decompression. From there, one can deduce that the density of the buffer gas is
tuned from 5.2 & 0.5 x 10¥ ecm™ t0 9.2 £ 0.9 x 10! cm™ and that the density
of oxygen atoms is 1.8 £ 0.2 x 10'7 ecm™3. This density is equivalent to the one
of aluminum atoms calculated from the mass of ablated matter per pulse and the
volume of the plasma plume. By fitting the calculated distributions on the mea-
sured ones, we obtain parameters that are then discussed and compared to these
expected values and to the bounding energy that have been calculated and measured
previously.
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its desorption energy is low. Thus, for a cluster of size n the energy D becomes:
2mn
D(n) = D + 4. cos (T — gz5> (2.30)

where § is the amplitude of the modulation, A the period of the modulation (in
our case 5 atoms) and ¢ a phase.
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Figure 2.11: (a) Experimental distribution obtained for pye = 6 + 0.6 x 10"%cm =3

(black) and calculated distribution (red) at the same helium density given the
fitted parameters table. The cluster size corresponds to the total number of atoms
in each identified cluster, whatever the cluster stoichiometry. (b) Cooling rates,
desorption rates, sticking, and growth rate for the initial monomer concentration
and the parameters of table 2.5. Dashed lines correspond to a constant value of D,
while solid lines correspond to D modulated by a sine as shown in (c¢) and leading
to the observed magic number features.
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Parameters ‘ Fitted values | Expected values
Monomer density p% (cm™2) 1.66 x 10'" | 1.8 +0.2 x 10'7
He density pg. (cm™) 6 x 10" 6+ 0.6 x 10
Gas temperature T' (K) 215 216 +9
Dimer frequency Vgimer (s71) 7.89 x 1013 ~2x 101
Cluster frequency v (s7') 1.47 x 101! ~ 8 x 10"
Equipartion coefficient « 0.014 0-1
Growth time tgowtn (18) 35 30-40
Dissociation Energy D 0.47 eV 04+0.2
Modulation amplitude § (eV) 0.18 ~02®
Modulation wavelength A (atom) 5 5@
Modulation phase ¢ (rad) 0.34

Table 2.5: Parameters fitted on experimental distributions for py. = 6 x 10*cm =3

and pre = 9.2x10"cm ™3 and expected values for these parameters according to the
experimental set-up. (V) Variations observed on the measured dissociation energies.
(2) Alumina stoichiometry. ) Statistics on 21 desorption reactions observed.

In order to improve the fitting process, a first fit is done on smoothed ver-
sions of the experimental distributions without modulating the desorption energy.
In this case, the last three parameters (e, A, ¢) are not considered. Then, these
parameters are optimized on the raw data considering the previously optimized
parameters. A = 5 is easily guessed from the experimental observations and only
e and ¢ are numerically fitted. Finally, the last optimization of all the parameters
is run on the raw data starting from the previously found values.

The resulting rates for pg. = 6 x 10"%cm ™3 are shown figure 2.11 (b), with and

without the desorption energy modulation plotted in figure 2.11 (c¢). Desorption
constant is always much larger than the sticking constant and there is no critical
size where this changes. The corresponding experimental and calculated distribu-
tions are compared in figure 2.11 (a). One can notice that the simulation fits very
well the experimental measurement for cluster size larger than 15 and reproduces
the magic numbers despite the simplicity of the model. As expected, the main
difference is the overestimation of tiny clusters (between 5 and 15 atoms). Ripen-
ing might not be negligible despite the fact that monomers remain in large excess
(> 10'" cm™3) compared to clusters (< 10'® cm™3) during the whole process.
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Discussion of the parameters

Most of the values are in very good agreement with their experimental or theoret-
ical estimation (See table 2.5). The density of monomer is close to the density of
oxygen at the ablation point estimated to be 1.840.2 x 107ecm ™. This density has
the same order of magnitude as the density of the aluminum atoms in the plasma
plume assuming a plasma volume of a few mm?® and measuring the number of ab-
lated atoms per pulse, 2.3 £ 0.3 x 10'*. The temperature of the system is close to
the temperature of the He gas following an adiabatic expansion (216 + 9 K). The
vibration frequency of the dimer (Vgimer) is around the one of AlO (vpj0 ~ 2 x 10'3
s~ 1124 The time of growth (tgowtn) of few tens of us is typical of the flying time
inside the cluster source before entering the reaction chamber and the heating tube
(see figure 2.6). Maximal desorption energies are for cluster size multiple of 5 (see
figure 2.11 (c¢)) which is consistent with the alumina stoichiometry.

The cluster frequency v is usually associated to the Debye frequency !16-117:118,112,113

of the considered material (about 2.2 x 10 s7! for alumina!®). This frequency is
much larger than the fitted one (1.47 x 10" s71). Yet, the use of Debye frequency,
derived from acoustics considerations in an infinite crystal, has to be questioned
in the case of tiny clusters of ionocovalent materials with high anisotropy and
low coupling between the oscillators. Einstein frequency considering independent
oscillators'® (about 8 x 10'? s7! for a-alumina'®”) might be more relevant. Fur-
thermore, ab initio calculations on alumina clusters show a large dispersion in the
vibration modes frequencies. Such physical interpretations of v parameter should
be considered cautiously, especially if the clusters are not at the thermodynamic
equilibrium.

The coefficient « of the effective number of clusters oscillators s(n) is very low,
meaning that the equipartition of energy is not reached. After a monomer sticks
to a cluster, the energy is localized in a few oscillators only.

Finally, the desorption energy D = 0.47 eV might be surprisingly low. Indeed, it
is well below the tabulated cohesive energy of bulk alumina (6.35 eV '3¥) of the bond
dissociation energies of the different dimers (respectively 5.20, 5.17 and 2.74 eV for
AlO, O, and Al,'3) and the average value calculated by DFT on the clusters in
the most stable geometries (4.4 +2 eV). However, the experimental measurements
seem to confirm such a low value. It appears that despite large dispersion, the
average activation energy is 0.4 +0.2 eV which is in total agreement with the value
fitted in the model. It means that neither bulk material data nor DF'T calculations
at thermodynamic equilibrium are effective to describe such clusters. They might
not reach the most stable state.
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Figure 2.12: (a) Evolution of the average size of alumina clusters larger than 10
atoms for different density of helium gas (black dots) and average cluster size
predicted by the model (red line) for the parameters of table 2.5 fitted on the
distribution measured at pg. = 6 x 10 em™ and ppe = 9.2 x 101 ecm™3. (b)
Average cluster size of calculated distributions versus time for different pressure in
helium.

Buffer Gas Effect

Theoretical distributions for different values of helium pressure are calculated and
their average size (red line) is compared to our experimental measurements (black
dots) in figure 2.12 (a). Averages are calculated for clusters from 10 to 45 atoms
in order to avoid the systematic bias of tiny cluster overestimation. The model
follows the general decrease of the cluster size. The higher the density of helium,
the larger the clusters formed. Indeed, when the helium density increases, the
frequency of collisions increases as well as the cooling efficiency of the unstable
intermediate. The global growth constant increases. Thus, for the same growth
time, larger clusters are obtained for higher He gas density. The deviation from the
experimental data at high pressure could be due to the confinement effect. When
the He pressure rises, the confinement of the aluminum atoms leads to higher
spatial densities of monomers. At low He pressures, the clusters formed are much
tinier than the size predicted by the theory. However, at lower pressure, the signal
simply disappears. For such a low pressure, the gas valve is no more fully reliable
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and the gas burst density and timing are no more fully controlled, explaining the
signal lost. As shown in figure 2.12 (b), the model predicts that the growth of the
clusters begins as soon as the ablation takes place. The growth speed is the largest
at the early stage then decreases. There is no critical radius above which growth
accelerates as in CN'T. The higher the pressure in the quenching gas, the faster is
the growth. When there is no helium, there is no growth.

In short: In order to compare the model with experiments, calculated size distri-
butions are fitted on experimental distributions measured for different buffer gas
density. It appears that the model is robust and reproduces well the experimental
distributions. The parameters converged close to the expected values. In partic-
ular, the dissociation energy appeared to converge to 0.47 eV, which corresponds
to the average measured dissociation energy. The equipartition coefficient is very
low, meaning in this model that the energy is localized in a few oscillators. This
15 expected for anisotropic and inocovalent materials such as oxides. With these
parameters, the model also achieves reproducing the behavior of the system when
the density of the quenching gas changes.
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2.6 Conclusion

In this chapter, I explored the different ways to describe nucleation in plasma.
Nucleation is a complex phenomenon that cannot be described by classical physics
and thermodynamics. It is challenging to describe both the early stage of the
nucleation dealing with atoms and molecules and the late stage of the process
dealing with large nanoparticles and crystals. The description of nucleation should
also consider the dynamics of the system that might evolve out of equilibrium,
especially for laser-generated plasma.

With this work, I was looking for a simple and versatile theory, able to de-
scribe nucleation with general concepts and fast calculation. The aim was not to
describe precisely the chemical path of the nucleation process but to be able to
better understand the general physics of nucleation and the behaviors of the sys-
tem depending on various parameters. Luckily, I was able to talk to Prof. Patrice
Mélinon who worked a lot on nucleation theories based on statistical physics de-
veloped in the 70s. In this work, we adapted these theories to anisotropic clusters
by working directly with the micro-canonical ensemble. It led to a model based
on the activated complex theory and Weisskopf model in order to describe the
growth of the cluster and the influence of the quenching gas. This model success-
fully reproduces experimental size distributions and even magic number features
of alumina clusters and their dependence on the quenching gas pressure. However,
it neglects the ripening effect and thus overestimates the density of tiny clusters if
the amount of monomers is not large enough compared to the cluster population.
We also show that there is no critical cluster size over which nucleation can occur,
but rather that growth speed is the greatest at the early time. Yet it takes place
only if clusters can be cooled down while growing.

This work questions the physical meaning of the prefactor v in Weisskopf’s
model. It is well below the Debye frequency usually considered. It appears that
a better frequency to consider in the case of iono-covalent material would be the
Einstein frequency. Yet, considering clusters far from bulk geometries, such a
frequency should not be over-interpreted. Furthermore, the equipartition of energy
is not verified and only some oscillators are excited. The non-convergence between
the microcanonical and canonical ensembles shows that the system is not at the
thermodynamic equilibrium. It could explain that the desorption energy, deduced
from this model and confirmed by direct measurements, is almost 10 times lower
than DFT calculation and bulk cohesive energy.
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Chapter 3

Pressure in the plasma and

thermodynamics

Under pressure
Freddy Mercury

Abstract: One of the key parameters in the description of laser-generated
plasma is the pressure. As a thermodynamics parameter it is important for nu-
cleation processes and for the plasma description. As a mechanical parameter it
15 interesting for phase transition in the target and damage to the surface. The
ablation generates very large pressure and shock-waves. I measured the dynamics
of the generated shock-wave as a function of the pulse energy using a shadowgraph
setup which gives the jump pressure using Rankine—Hugoniot relations. Generated
pressure can reach few tens of MPa for atmospheric pressure ablation.* I show that
the dynamics of the shock-wave is fully determined by Taylor’s blast model if one
takes into account anisotropy in the energy spreading. The main interest of using
Taylor’s model for laser ablation, is that it is extremely simple and universal and
depends on the laser pulse energy only. Using this model, one can determine the
pressure from 20 ns after the laser pulse only from the pulse energy and the den-
sity of the surrounding atmosphere. Considering Saha’s law, I show that one can
determine the average temperature of a plasma from measurement of the electrons
density and enerqy of the pulse only. This temperature appears to be lower than the
temperature measured from atomic emission which could be explained by tempera-

*I also measured the shock-wave dynamics in water (see in the annex D) and pressure up to
few GPa.

7
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ture gradient in the plasma or partial failure of Local Thermodynamic Equilibrium

(LTE).

3.1 The pressure in laser-generated plasma

N the previous chapter, I developed a model able to grasp the physics behind
I nucleation processes. In particular, the initial conditions of the plasma (density
of molecules and temperature) are driving the nucleation process. However, these
quantities are difficult to measure, in particular for uncontrolled environments
such as atmospheric ablations. The next step to understand nucleation would be
to determine such quantities in laser-generated plasma.

When hearing about densities and temperature, many physicists would think
about pressure. Indeed, these three quantities are related by state equations. The
most famous equation of state being that for a perfect gas, PV,, = RT with P the
pressure of the gas, V,, its molar volume, R a constant and 7" the temperature. It
was introduced by Emile Clapeyron in 1834 and combines the Boyle’s law (1662)
and the law of Charles and Gay-Lussac (1787). This equation of state was first
written from experimental observations. Yet, one can also derive it from kinetic
gas theory as achieved soon after by August Kronig in 1856 and Rudolf Clausius
in 1857. The pressure can be described by the force exerted on a surface due to
the collisions of the particles. This force increases with the number density of the
particle and their kinetic energy.

One can rewrite this relation as P = NkgT with N the density of particles
and kp the Boltzmann constant. The density of particles and temperature of the
gas is directly related to the pressure. Of course this is a very simple model.
In particular, it does not take into account interactions in-between particles nor
charge effects. Yet, in laser-generated plasma, the density of particles is usually
not far from the atmospheric density and the plasma is mostly neutral. Actually,
this simple state relation is already used in some laser-generated plasma models
(see section 3.2 and section 3.4.2).

Knowing the pressure generated by laser ablation is useful as a nucleation
parameter 'Y and often difficult to estimate?®. It is also important for plasma
spectroscopy and LIBS!41142.143 - Dyring ablation, the high pressures can induce
phase transitions in the target®’. It can also damage the target!'* which is a
concern for laser surgery and diagnostics on biological tissue!#6:147%148 hut also re-
cently in mechanics with laser micromachining and laser remelting 14%15°, On Mars,
the Super Cam microphone could use the shock-wave generated by the LIBS in
order to determine the amount of matter removed and the softness of the target 51
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The phase transition that occurs during laser ablation is so abrupt that it
creates a shock-wave propagating in the air. Images of the plasma and shock-wave
evolution are shown in figure 3.1 (a). The evolution of the plasma is observed
using the shadowgraph method. The images presented correspond to a different
delay between the ablation pulse and the recording such that it is possible to
reconstruct the evolution of the plasma despite its extremely fast dynamics. The
plasma also expands in the air. Within a few hundreds of ns. At the very early
times, the velocity of the plasma front evolves up to 5 pm/ns. Yet, very rapidly,
the expansion slows down. After 100 or 200 ns, the plasma expansion stabilizes
around 0.3 pm/ns.

In this chapter, I study the dynamics of the laser-generated shock-fronts. I
first come back to some models used to determine the pressure in laser ablation
processes. In particular, Taylor’s blast theory gives a link between the pulse energy
and the dynamics of a shock-wave. According to this model, the pressure behind
the shock-front should be rather homogeneous and one could use it to describe the
pressure in the plasma. Then, I present the shadowgraph set-up I used to measure
the shock-front velocity. These measurements enable me to measure the pressure
behind the shock-front and discuss Taylor’s model. The main interest of using
Taylor’s model for laser ablation, is that it is extremely simple and universal and
depends on the laser pulse energy only. Thus, it is very simple to use in many
fields. In particular, it does not depend on the ablation process and should work
for any material. More than just determining the pressure in the plasma, I strive
to prove that this model works for many combinations of laser pulse energies and
materials. In particular, I studied ablation of a metal (gold), an oxide (alumina),
and paraffin which is a soft organic material. Finally, I will explore a way to
determine the densities of different species and the temperature in the plasma
considering measured pressure and local thermodynamics equilibrium.

In short: For this part of my PhD work, I studied plasma generated by a UV
pulse of 5 ns in the air. The generated plasma has a typical size from one to a
few millimeters depending on the energy of the pulse and a lifetime of a few tens
of microseconds. The phase transition is so strong and fast, it leads to very high
pressure and creates the shock-front. By studying this shock-wave one can measure
the pressure. The determination of the ablation pressure can then be used as a
thermodynamic parameter for the plasma emission, the nucleation but also as a
mechanical parameter to study the impact of the ablation on the target.
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Plasma

Shock-wave

Figure 3.1: (left) Shadowgraph images of the ablation of an alumina target in
air for different delay. (right) Image of the New Mexico atomic explosion from
Taylor’s article!®?.
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3.2 Models for laser ablation pressure

3.2.1 The unexpected relation between laser ablation and

nuclear explosions

The 27" of January 1996, at 10 am, 6 nuclear bombs exploded in Fangataufa’s
atoll. These were the last nuclear tests of France. A relief for most as the nu-
clear tests were catastrophic for the environment and local populations and an
open puzzle for engineers and scientists. If one cannot test atomic bombs, how
to be sure they are safe? This question remains topical. Today most countries
such as the USA, the United Kingdom or France, have renounced physical tests
of atomic bombs but still have to secure the development of new warheads. They
use numerical calculations with the same code they developed in the 90s based on
experimental data recorded from explosions. Indeed, despite tremendous progress
in computers, it would be dangerous to modify the code without proper experi-
mental data to validate the changes. Quite surprisingly, the answer to this impasse
is laser ablation. In order to reproduce the experimental condition of nuclear ex-
plosion (pressure, temperature, abrupt phase transition...), the USA and France
built what are called Mega-Joules Lasers. These are actually composed of hun-
dreds of extremely powerful laser focused to the same spot in order to achieve an
extremely strong energy concentration recreating nuclear fusion conditions. This
is called inertial confinement fusion (ICF).

The first category of model I will discuss here were mostly developed in the 80s
for ICF. They are all based on a description of the light absorption of the plasma
and energy flux balance 153:154:155,156,157,158,159,160 " T wi]] not go into details of these
models as I won’t use them directly, and I invite the reader to check the references
if interested. All these models lead to a scaling law of the pressure with the laser
fluency: P o I¢. The exponent o depends on the laser pulse absorption process. If
light absorption is dominated by inverse-bremstrahlung absorption, that is to say
the free electrons absorb the light, the pressure should scale with o = 3/4. If light
absorption is dominated by resonant absorption, that is to say the ablated atoms
absorb the light, the pressure should scale with @ = 2/3. The proportionality
coefficient is generally dependent on characteristics of the plasma and is usually
determined from experimental data. It changes depending on parameters such as
the target composition but remains of the same order of magnitude in the different
papers. Usually, experiments were run at very large fluency (about 10* W /cm?).
For instance, Fratanduono et al.'6! in 2011, used 351-nm laser radiation with 3 ns
pulse on a diamond target. The pressure was measured from the displacement of
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the target. The power-law determined was:
P[GPa] = (42 + 3) x (I [TW /cm?])0-71=001 (3.1)

Except for the fluency, which are about 1000 times larger than classical LIBS flu-
ency, the characteristics of the laser used for ICF are similar to the one used in
my experiments. Both are YAG:Nd laser but ICF lasers are way larger. One can
wonder if such models could be extrapolated at low fluency. Considering typical
fluency for LIBS of 10! W/cm?=10"2 TW /cm?, the extrapolation of this expres-
sion would give pressure of 1.6 GPa. However, absorption phenomena might be
different and 42 is not always the answer, even +3. For instance, in an equivalent
work, Fabbro states about his model that it “will not apply to situations where the
laser intensity and/or wavelength are so small that inverse-bremsstrahlung absorbs
all the laser light” 1

In 1947, some images of the first nuclear explosion of New Mexico (1945) were
declassified (see left side of figure 3.1). On these pictures, one can see the shape
of the shock-wave and the time after the explosion. Nothing more was needed
by Sir Geoffrey Taylor in 1949 to calculate the energy of the bomb with a fairly
good accuracy!®%!52 In order to achieve this spectacular result, Taylor devel-
oped a self-similar model able to give the dynamics of the shock-wave generated
by the explosion only considering the initial energy. In particular, this model
also enables to determine the pressure behind the shock-front. Such a model
was actually developed simultaneously by other Physicists such as John von Neu-
mann and the Russian Leonid Sedov. Since that time, researchers attempted to
use this simple model in order to determine the pressure during laser ablation.

It is discussed in many papers showing great interests despite some discrepan-
Ciog 163,164,165,166,167,168,169,170,171,172

3.2.2 Taylor’s model

“An ideal problem is here discussed. A finite amount of energy is suddenly released
in an infinitely concentrated form.” Here is Taylor’s start. A punctual source of

In short: Pressure obtained with laser ablation is of great interest in particular
for the case of inertial fusion and thus, some models were developed in order to
link the pulse fluency and the ablation pressure. In parallel, Blast-Theory developed
by Taylor, establishes a link between the pressure and the energy of the pulse. In
this chapter, the pressure at the ablation point is measured from the shock-front
dynamics, and the different models are discussed.
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energy in three dimension infinite space. The surrounding environment is air with
a given specific ratio v. The total energy is considered constant. In this problem,
we only consider the energy FE, the air density pp and the position of the outer
edge of the disturbance R(t). The only possible relation for the evolution of R()
is thus:

R(t) = S()t*° B2 py ' /° (3:2)

with S(y) a dimensionless function of 7. Here we already have an important result
of Taylor’s model being that the time evolution of the position of the shock-wave
has to be a power-law with an exponent 2/5. Yet, S remains to be determined. In
order to do that, we have to find expressions for the pressure, density and radial
velocity which satisfy the equations of motion and continuity, that is to say Euler’s
equations, and the equation of state of a perfect gas.

Euler’s equations are a set of equations governing adiabatic and inviscid flow.
It consists of Cauchy equations of conservation of mass (continuity), and Navier-
Stokes equation without the viscosity corresponding to the conservation of the
momentum. With spherical symmetries, this gives:

op 0 2
9 , Opw) __2pu

ot or r
ou ou_ _10p 33
ot or  por
The equation of state for a perfect gas is:
0 0
— —_— _’Y pumm -4
(5 +ug ) o) =0 (3.4)

Taylor determined the following similarity assumptions for :
e the pressure p/py = R73f,
e the density p/py = ¥
e the radial velocity u = R=%/?®,

where R is the radius of the shock-wave forming the outer edge of the disturbance
and fi, U and ¢, are functions of /R where r < R is the radial coordinate.

Injecting these solutions in the above equations, one can find a set of 3 differ-
ential equations on f;, ¥ and ®; depending only on . Solving these differential
equations analytically is laborious, as shown by Sedov in 1946 and von Neumann
in 1947. Taylor chose the step by step calculation in order to obtain desired results
which are given in his papers?!5? for different  and ~.
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In particular, for v = 1.4, the evolution of the position of the shock-wave R(t)

is given by:
E 1/5
R(t) = 2/ 3.5
(*) (0.856,00) (35)

with F the energy of the explosion and py the density of the air. Of course,
precision of step by step calculation from the 50s could be improved. But here, this
result is precise enough considering the other uncertainties of the measurement.
The maximum pressure at the shock-front is then given by:

p(R) = 0.155% (3.6)

One can wonder if v = 1.4 holds during laser ablation or nuclear explosion.
Indeed, for extreme temperatures, the specific heat ratio might change. In partic-
ular, this is discussed by Taylor in his paper determining the energy of the New
Mexico explosion'®2. In that case, extreme heat could lead to a value of gamma
close to v = 1.3 which would slightly change the estimation of the atomic bomb
energy. However, such considerations increases the complexity of the problem and
Taylor’s himself do not rely much on this alternative calculation.

More than 60 years before Taylor, shock-waves have been investigated by Rank-
ine and Hugoniot for one-dimensional flow in fluids. Later generalized, the so-called
Rankine-Hugoniot relations give the gas velocity u;, pressure p; and density p;
immediately behind the shock-front (r = R) for an ideal gas by considering the
conservation of mass, momentum and energy. In the case of large over-pressure,
Rankine-Hugoniot relations are:

2
U =———
v+1
2 D (3.7)
pl_’y—i—lpo .
v+ 1
P1 = £o
v—1

with D = dR/dt the velocity of the shock-front. One can show that these ex-
pressions are indeed consistent with Taylor’s self-similar solution. Thus, one can
use both the Taylor’s model considering the energy of the pulse but also Rank-
ine-Hugoniot relations considering the velocity of the shock-wave in order to de-
termine the pressure of the shock-wave. However, for pressures close to the atmo-
spheric one, exact Rankine-Hugoniot relations differ from Taylor’s model. In the
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following, I will use the exact solution for the pressure:

P1(R) = poo <1 + % (M2 - 1)) (3.8)

with My = u,/co the Mach number and ¢y = 340 m/s the sound velocity in the air.

Of course, Taylor’s model has its limits. In particular, it cannot apply at the
instant of the ablation. During laser ablation, the deposition of the energy is
neither point-like, nor instantaneous and the model should apply only when the
shock-wave is far enough from the ablation spot. One of the goal of the study is
to determine from when Taylor’s model stands true. Furthermore, the model is
spherical. In the case of laser ablation, the target surface changes the geometry of
the system which changes the propagation of the energy.

3.3 Measurement of shock-wave dynamics

3.3.1 Shadowgraph experimental set-up

In order to observe the shock-wave, I used a shadowgraph imaging set-up presented
on figure 3.2. The strong variations of pressure and density lead to variations of
the refractive index such that the light going through the shock-front is deviated.
The shadowgraph apparatus is composed of a 30 mW continuous-wave diode laser
(445 nm) in front of an iICCD camera from Andor. An objective Zoom 6000 from
Navitar is mounted on the iCCD camera with a spatial resolution of 44 pm.

The typical size of the shock-waves generated by the laser pulses are a few mm
with a thickness of only a few tens of ym. The shock-wave travels fast, around 10
times the speed of sound (about 3400 m/s) and thus travels 100 pym in less 30 ns.
In order to observe the shock-front, we have to record the image on a shorter
time-scale.

The interest of using iCCD camera is to achieve such a high time resolution, up
to 5 ns. This camera is an amplified camera. It is composed of a 1024 x 1024 px

In short: Taylor’s model is a similarity model for explosion considering the ex-
pansion of a spherical shock-wave generated by a punctual source of energy in
an adiabatic and inviscid flow. It is extremely general and enables to predict the
pressure of the shock-wave considering only the energy of the pulse. Thus, it is
very convenient to use in order to determine the ablation pressure for many laser
ablation applications.
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Figure 3.2: Simplified scheme of the measurement apparatus of the shock-waves
in air.

iCCD Camera
Gating 5ns

CCD chip-set for which each pixel is 13.5 um side. In front of which there is an
honeycomb electronic amplifier. '

Fortunately, the ablation process has a good repeatability and we are able to
reconstruct the dynamics of the shock-wave making one image for each pulse and
changing the delay between the ablation time and the recording time on the iCCD
camera. The delay between the ablation pulse and the camera is controlled by a
digital delay/pulse generator DG645 from Stanford Research Systems.

This ablation is done by focussing the third harmonic of a YAG-Nd pulsed laser
(355 nm, 5 ns, 9 Hz) with a 100 mm lens on various targets: pure gold (99.99%
from Neyco), a sapphire crystal (alumina), and some paraffin from Roti-Plast. The
sapphire crystal was grown by Czochralski (Cz) technique with radio frequency
induction heating in an iridium crucible!™!™ . The ablation was performed in
ambient air. The power of the laser pulse was changed using a diaphragm. The
energy of the pulse was measured with a Nova II power meter mounted with a
high energy pyroelectric sensor.

Figure 3.3 (a) shows some images of the shock-wave generated in the air by the
ablation of a gold target for different delays with a pulse of 3.1 0.1 mJ. In front

fThe photons arrive on a W-AGT photocathodes and are converted to electrons. The elec-
trons are accelerated and multiplied in an ensemble of micro-channels with a large electric field.
Then the electrons arrives on P43 phosphors and are converted back to photons illuminating the
CCD chip-set. This amplification can be tuned with the difference of potential applied to the
micro-channels. The main interest of this amplification is to enable fast gating. The electronics
of the camera is able to turn on and off the amplification within 5 ns. This mean that the gate
of measurement can be reduced to 5 ns giving a great temporal resolution of the measurement.
In return, the decay time of the phosphor is 2 ms such that is difficult to make images at a rate
faster than 500 Hz.
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of the camera, a band filter 450-5 nm centered on the continuous laser wavelength
is used. It limits the saturation of the iCCD camera due to plasma emission and
enables to measure the shock-front position down to 10 ns after the laser pulse.
The position is determined by measuring the distance between the bottom of the
plasma and the outer-edge of the shock-wave.

3.3.2 Results and discussion

In the following, I first show that the dynamics of the shock-front is perfectly
described by Taylor’s model. T also discuss the impact of anisotropy on the esti-
mation of the pulse energy. The shock-front is not perfectly spherical, such that its
dynamics measured perpendicularly to the target’s surface overestimates the laser
pulse energy. This discrepancy is corrected when the energy measured is averaged
on all the directions. In a second part, I discuss the evolution of the pressure in
time and space and the limit of Taylor’s model. Finally, I suggest a user-friendly
expression of the initial pressure generated from laser ablation according to Tay-
lor’s model which depends only on the pulse energy.

Impact of anisotropy on the estimation of the pulse energy

For 5 different pulse energies (0.0940.01, 0.8+£0.05, 2.6+0.2, 114+1 and 51.6+2 mJ)
the positions of the shock-fronts generated from the ablation of a gold target are
shown in figure 3.3 (b). The errors on the pulse energy measurements correspond
to maximal fluctuation of the measured value. The positions correspond to the
distance perpendicular to the target between the bottom of the plasma and the
outer position of the shock-wave (d,). Each position is averaged from 5 different
measurements and error bars correspond to the standard errors corrected with
student’s coefficient for a 95% confidence interval. The origin of time corresponds
to the laser pulse. Because of the pulse duration (5 ns), the laser jitter (a few ns)
and the iCCD camera gating (5 ns), t=0 is chosen as the average time between
the first frame recording the laser pulse and the next image. The solid lines corre-
spond to Taylor’s model for £ = 0.081 4+ 0.04, 3.73 £ 0.15, 13.0 £ 0.5, 43 £+ 3 and
110 £+ 2 mJ respectively. The model agrees well with the experimental data except

In short: The shock-front was imaged using shadowgraph and iCCD camera able
to capture an image on 5 ns and resolve the position of the shock-wave with a veloc-
ity larger than the sound velocity in the air. In order to reconstruct the dynamics
of the shock-wave, images are recorded from different laser pulses with increasing
delay. Fortunately, the repeatability of the system is good enough to reconstruct
consistent dynamics of the shock-wave.
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Figure 3.3: (a) Shadowgraph images of the ablation of a gold target in air for
different delay times. (b) Time evolution of the shock-wave position. Solid lines
correspond to Taylor’s model in t5. Errors are computed from 5 different measure-
ments corrected by student coefficient for a 95% confidence interval. (c) Measured
energy of the laser pulse compared to the angular averaged measurement from the
shock-wave position at ¢t = 300 ns. Black points correspond to measurements on
gold, red point on alumina and blue point on paraffin. Errors are given by the an-
gular average. (d) Energy determined from the shock-wave position at ¢ = 300 ns
depending on the angle for a pulse energy of 0.53 & 0.02 mJ. Errors are given by
the standard deviation of 15 different measurements. The red line corresponds to
the measured pulse energy while the black line corresponds to the angular average.
Dashed line corresponds to error propagation on the average.
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Figure 3.4: (a) Energy determined from the shock-front position at 300 ns and
Taylor’s model in a direction perpendicular to the target (yellow), parallel to the
target (red) and its angular average (blue) in the case of gold target. (b) ratio of
the energy determined using Taylor model using the position of the shock-wave
in the perpendicular direction of the target and the measured energy of the laser

pulse. (c) Measurement of the anisotropy of the shock-wave defined as %
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for the lower pulse energy where the shock-wave velocity slows down quicker after
100 ns. Furthermore, the energy is systematically over-estimated as observed in
previous works 167165,

This discrepancy is due to the anisotropy of the system. On figure 3.3 (d) is
represented the energies calculated from the position of the shock-wave according
to Taylor’s model for a pulse of 7.8 0.2 mJ at ¢ = 300 ns. This delay is chosen for
the size of the shock-wave to be large enough in order to obtain a good measure-
ment of its position. For each angle, the distance of the shock-wave is measured
from the center of the ablation spot. The black line corresponds to the angular
average of the energy over the hemisphere. As you can see the energy measured
perpendicularly to the surface (0° angle) largely overestimates the laser pulse en-
ergy while the energy calculated along the surface (+£90° angle) underestimates
it (see figure 3.4 (a)). The energy appears to be mostly directed in the normal
direction of the target. Because of the target surface, the explosion is partially
confined. The conserved quantity of this problem is the energy. One can compute
the hemispherical average of the energy as:

S, B [sin(0,)
DR SR ]

with 6,, the measurement angle. This corresponds to the average of the energy
measured for each angle weighted by the circumference of the corresponding circle.

(3.9)

Figure 3.3 (c) shows the excellent agreement between the energy of the laser
pulse and the calculated energy from Taylor’s model average over the total emission
angle. Additional measurements on alumina (in red) and paraffin (in blue), show
that this model is very general and does not depend on the characteristic of the
target. It can apply to metals, dielectric and soft materials such as paraffin.

Such consideration of anisotropy were already suggested in previous works 171172
discussing the fact that the shock-wave is not fully hemispherical. In most of the
cases, the position of the shock-wave is measured perpendicularly to the surface. In
that case, the energy is overestimated by a coefficient close to 2.5 over a large laser
pulse energy range (see figure 3.4 (b)) and is consistent with previous works'63.

The anisotropy of the shock-wave can be characterized by:

Emam - Emm

3.10
< FE> ( )

This quantity is represented on figure 3.4 (c) in function of the laser pulse energy.
It appears almost constant except for energy larger than 10 mJ where the shock-
wave appears to be more isotropic.
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Measurement of the pressure

The Mach numbers of the shock-front, defined as the velocity of the shock-front
us divided by the sound velocity ¢y, is presented in figure 3.5 in terms of time
(a) and shock-front’s position (b). Dashed lines correspond to the shock-front
velocity given by Taylor’s model applied to the measurement presented in figure 3.3
(b). Dots correspond to velocities determined from the difference of the shock-
front position between two successive images divided by the delay between these
images. Important noise comes from fluctuations in the measured position of the
shock-wave. In order to improve the calculation of the shock-front velocity, lowess
smoothing? from MATLAB is applied on the position before differentiation and
on the obtained velocity. Results are represented by solid lines. Parameters of the
smoothing were chosen in order to decrease the noise in the data without adding
bias.

The pressure deduced from Taylor’s model are represented by dashed lines in
figure 3.5 in terms of the time (c) and shock-front position (d). In comparison,
solid lines and dots correspond to direct measurement of the pressure behind the
shock-front using Rankine-Hugoniot relation and the Mach numbers presented
above.

Taylor’s model and Rankine-Hugoniot relation for the pressure are mostly in
good agreement. For high pressure compared with the atmospheric pressure, Tay-
lor’s model is equivalent to the approximate asymptotic forms of Rankine-Hugoniot
relations. On the contrary, when pressure is close to the atmospheric pressure, Tay-
lor’s model diverges from the Rankine-Hugoniot relations. This might explain the
difference between both pressures for large delay on the low power pulse. Fur-
thermore, at the earliest time, the pressures deduced from the velocity of the
shock-wave saturate when Taylor’s model diverged. Indeed, the initial speed of
the shock-wave is not as great as expected by Taylor’s model because the energy
deposition is not point-like. Taylor’s model fails to describe the pressure before
20 ns. Despite a focal point of about 100 um, the pressure remains high even after

Hocally weighted scatter plot smooth

In short: The dynamics of the laser-generated shock-wave measured perpendicu-
larly to the surface is perfectly described by Taylor’s model with the exception that
the energy of the pulse is systematically overestimated by a factor 2 or 3. Such
observation is consistent with previous reports. The energy is not spread equally in
all the directions. Considering the average of the energy given by Taylor’s model
i all the directions enables to retrieve the energy of the laser pulse, confirming
the ability of Taylor’s model to describe laser ablation. These results have been
checked from 0.1 to 50 mJ and on gold, alumina and paraffin.
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Figure 3.5: Mach number of the shock-wave in terms of time (a) and its position
(b). (c-d) Pressure of the shock-wave determined from the shock-wave Mach num-
ber and Hugoniot’s model. Dots correspond to discrete differential, solid lines are
pressure values calculated from smoothed data as eye guideline and dashed lines
correspond to Taylor’s model with the energies fitted on the position.
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a few mm which can explain large damage observed on soft materials like organic
tissue in LIBS for instance.

Initial pressure

In these experiments, the initial pressure seems to saturate to values corresponding
to the pressure predicted by the model for a delay time between 10 and 20 ns (see
figure 3.5 (¢)). One can estimate the initial pressure to be the one given by Taylor’s

model for a given t*:

3/5
Po/ [2/5

(3.11)
Here we see that the initial pressure should depend on the pulse energy to the
exponent 2/5.

Figure 3.6 shows the initial pressure determined from the measurements pre-
sented in figure 3.5 in terms of the pulse energy. Errors on the initial pres-
sure are estimated from the pressure measurement dispersion. Here, the en-
ergy does not correspond to the real pulse energy but to the energy given by
Taylor’s model on the data presented in figure 3.3 (b). Indeed, the dynam-
ics were measured in the direction perpendicular to the target surface and the
energy in this direction over-estimates the pulse energy. Errors on the energy
corresponds to the fit error. In Taylor’s model, for a given time, the pressure
goes like the energy of the pulse to the power 2/5. In the figure, the solid line
corresponds to a fit P[MPa] = (37.4 + 10) x (E [mJ])?® and the dashed lines
correspond to the uncertainties on the fitting parameter. The measured initial
pressure seems indeed to follow the expected power law. The fitted coefficient
C = 37.4+ 10 MPa.mJ~2/5 can be related to the time ¢* as t* = (0.141p3/° /C)5/6.
This gives t* = 10.3 (8.4 — 13.7) ns which is typically the value one can expect (see
figure 3.5 (c)).

Related to this work, I also studied the dynamics of shock-waves generated in
water. This work can be found in the annex D. In that case, the dynamics of
the shock-wave is much different and cannot be described by Taylor’s model. The
speed decreases very fast to reach the sound velocity within 70 ns. By estimating
the initial velocity of the shock-wave, one can use Vogel’'s work*® to determine the
pressure of the initial point. Because of the confined environment, this pressure
appears much higher than in the air and can reach up to 4 GPa for laser pulse
fluency of about 70 GW/cm?. In particular, such large pressures at the abla-
tion point could explain the formation of metastable phases as the production of
nanodiamonds from carbon target %175,
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Figure 3.6: Pressure determined from the initial shock-wave velocities for the dif-
ferent pulse energy. Solid line corresponds to a fit P[MPa] = (37.4+10)(E[mJ])%/®.
Dashed lines correspond to uncertainties on the fitting parameter.

In liquids, shock-waves generated in the target can also generate secondary
shock-waves in the water. We developed a method to deduce mechanical properties
of the target from this observation. This work can be found in the annex E and
has been patented.

In short: The pressure given by Taylor’s model is in good agreement with the one
calculated from Rankine-Hugoniot relation’s on the measured velocity of the shock-
wave for times larger than 20 ns. Before that, one cannot consider the energy
deposition to be instantaneous and point-like and the pressure seems to saturate.
The measured initial pressures are between 10 and 300 MPa depending on the laser
pulse energy which is far below the value given by ICF model extrapolated to low
fluency. This initial pressure corresponds to the pressure given for Taylor’s model
fort =10 ns and evolves as a power 2/5 of the pulse energy.
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3.4 Calculation of densities and temperature con-
sidering LTE

Previously, I have shown that it is possible to describe laser ablation using Tay-
lor’s model. Interestingly, Taylor states that the pressure is almost homogeneous
after the shock-front. We might consider this pressure in order to describe the
plasma thermodynamics conditions. Here, I discuss its use for the study of the
laser-generated plasma and determination of densities. As seen in the first chap-
ter, determining the densities in a plasma has a great importance for nucleation.
It is also interesting for quantitative LIBS measurements in order to determine
the properties of the plasma and the relative quantities of species from emission
measurements 76177178,

In order to link the pressure to densities and temperature, one needs to consider
the Local Thermodynamic Equilibrium (LTE) in the plasma and the associated
relations. In this section, I first define and discuss LTE in laser induced plasma.
Then, I present some models that use LTE equations in order to link densities,
pressure and temperature in the plasma. Most of the time these model are based on
the measurement of the excitation temperature of atoms and ions in the plasma
while the pressure is unknown. Here, I propose similar calculations but using
Taylor’s pressure and deducing the average kinetic temperature of the plasma.

3.4.1 Local Thermodynamic equilibrium (LTE)

Equilibrium in Plasmas

In a plasma at the thermodynamic equilibrium, there are no net macroscopic flows
of matter or of energy. This means that all the chemical reactions, ionization reac-
tions, and light emission reactions are at equilibrium and described by one unique
temperature 7. In that case, one can write different laws from these equilibria:

Maxwell’s law gives the probability distribution §(¥) of the particles’ velocity v:

. m \? mu 2
§(v) = (QWkBT) exp {_2kBT] (3.12)

with kp the Boltzmann constant, m the particles mass and 7" the temperature.

Plank’s law gives the spectral radiance of the plasma:

orhi [ e N
W) = chy (ek’éT —1) (3.13)
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with A the Planck constant, v the photon frequency, ¢ the speed of light, kg the
Boltzmann constant and T the temperature.

Saha-Eggert’s law links the population of ions and free electrons:

Nit1Me 2 git1 [_ €it1 — 61} (3.14)

n; n A3 g ]{ZBT

with n. the electron density, n; the density of atoms in the i** degree of ioniza-
tion, g; the degeneracy of the associated state, ¢; the energy of the corresponding
ionization, A the thermal de Broglie wavelength:

A s
=\ 3.15
QﬂmekBT ( )

m. the mass of the electron. In the case of laser-generated plasma, mostly the first
ionization state of the atoms is observed and one can neglect the other populations
of ions.

Boltzmann’s distribution gives the distribution of the species in the excited
state n in terms of the temperature:

(3.16)

with g, the degeneracy of the state n, E, its energy and Z(T) the partition func-

tion of the system. This distribution can describe many systems. For instance, it
can refer to the velocity distribution of the particles but also to their ionic state
of excitation level.

Dalton’s law states that the total pressure of the system is the sum of the partial
pressures of the different species. This pressure can be related to the temperature
given an equation of state valid for the conditions of the system.

Local Thermodynamic Equilibrium

If the Local Thermodynamic Equilibrium is reached in plasma, all these laws,
except the Planck emission law, are verified locally in time and in space. This
happens when emission and absorption of light is no longer at the equilibrium but
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that the depletion of excited states due to emission is negligible compared to the
other mixing processes. In other words, the characteristic time of collision between
electrons, ions and neutrals is short compared to light emission time such that the
equilibrium is maintained !7%-180,181,182

Determining if the local thermodynamic equilibrium is reached in Laser induced
plasma is an important question in order to justify the use of these laws and the
notion of temperature itself.

In order to test the existence of local thermodynamic equilibrium in the plasma,
one can use the so-called Mc Whirter criterion. It is a necessary condition for the
LTE to be achieved in plasma. It can be expressed as:

nefem™] > 2.55 x 10" (g) ' TY2AE . [eV]? (3.17)

with (g) the Gaunt factor and AFE,,, the energy of the main transition between
two adjacent levels (usually the transition between the ground state and the first
excited state)!81:183,

The density of electrons can be measured thanks to the Stark broadening effect
of emission lines as developed in the section immediately following this one.

This criterion corresponds to the balance between the frequency of collision of
the electrons with the atoms and the rate of emission of atomic transitions. If the
density of electrons is large enough, then the collisions are fast enough to ensure
the thermalization of the atoms despite radiative de-excitation. This is calculated
in the case of a thin plasma that is to say a plasma with no self-absorbtion which
is stationary and homogeneous.

This criterion is usually verified in laser-generated plasma with temperatures
larger than 3000 K and an electronic density around 1071 cm™3. However, one
should not take the LTE for granted and it has been extensively studied. In
particular, in a spatio-temporal study, Cristoforetti et al.'®! explains: “The only
conclusion that can be drawn is that LTE conditions may exist. |...]| LTE criteria
may be successful for some elements but may fail for others |...] the right question
should be not whether equilibrium conditions exist, but rather how far we are
from equilibrium.” Mirroring many other works!7:184.185,186.182 = Cristoforetti et
al. concludes local equilibrium and temperature convergence is reached only in
some part of the plasma after several us. In a review from 2013, he concludes
that “results of such analysis, making use of experimental results present in the
literature, converge to the picture that a LIBS plasma enters into LTE near the
end of the laser pulse and maintains this status for a certain time, depending on
the background pressure and on the plasma composition.”'®” In 2018, Hermann
et al. worked on the spectroscopy of laser-generated plasma during the first few
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us'®. The authors show that the strongest emission line actually saturates at

the black-body radiance and that the temperature of the black-body equals the
excitation temperatures of the electrons and ions. The authors claim it proves
“directly and unambiguously a plasma in local thermodynamic equilibrium”. After
all, one can conclude that LTE is true in laser-generated plasma, at least in the
center, ensuring the equilibrium between the electronic state of the atoms and
ions, and the gas of electrons.
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Figure 3.7: Figures extracted from a previous study of Lam and Amans on similar
plasma?’. (a) Temporal evolution of the electron density in log/log scale. The inset
graph is the time evolution of the H-alpha line measured with 0.19 nm resolution.
The red curve is the measured curve at 1.5 us with a typical Voigt fit. (b) Typical
Boltzmann plots using Ti II lines for delays equal to 5.0 us and 10.0 ps. (c)
Temporal evolution of the excitation temperatures of the atoms (Fe I) and the
ions (Ti II) and the rotational temperature (AlO). The dotted lines stand for the
mean values calculated from 10 us. (d) Typical Boltzmann plots using Fe I lines
for delays equal to 30 ps and 50 us.
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Measurement of the electronic density

The density of electrons can be measured thanks to the Stark broadening effect of
emission lines. By neglecting the broadening due to the Doppler effect and Van
der Waals forces, one can link the full width at half maximum (FWHM) to the
density of electrons with '®%:

Nelem ™3]

A)\1/2 = 2w 1016

(3.18)
with w a parameter depending on the atom emitting. However, one needs to take
care to consider emission lines with little auto-absorption. The error of such a
measurement is about 20 to 30% in such laser ablation plasma. In the case of the
plasma I am studying, these quantities have been measured by Julien Lam a few
years ago?” and are reported on figure 3.7 (a). These measurements are done on
an alumina target with the exact same laser that I used and a pulse energy of
40 mJ. The electron density was measured through the broadening of the H-alpha
line. Within 1 us, the electron density varies from 10*® cm™ to 107 cm™3.

Measurement of the temperature

In laser-generated plasma, the temperature is usually measured assuming LTE
and emission of the plasma. It can be deduced from the emission ratio of different
excited states of atoms and ions (excitation temperature) or from the emission
ratio between atoms and ions (ionic temperature).

Excitation temperature The excitation temperature is related to the excita-
tion level of the atoms. Atoms are excited through the collisions with the electron
gas. If LTE is reached, the population n,,(T") of each m state of energy E,, and
degeneracy g¢,, is determined by the Boltzmann distribution and such defines the
excitation temperature 7T :

m Em
nm(T) = noij—oexp {—kB—T} (3.19)

with ng the ground state density and gy the associated degeneracy. Here we con-
sidered the energy of the ground state Ey = 0.
The emission power by unit of volume for the transition m to n at the wave-

length \,,, is:
A he
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with A,,, the Einstein coefficient. This relation is valid for a thin plasma in a
stationary state. For a given measurement setup, the intensity observed for this
transition is I,,, = C1W,,, with C a proportionality coefficient depending on the
partition function of the atom. Combining these equations, one can write for any
transition m to n the following relation'%°:

>\mn ]mn C’1 hcn(] Em
[ =1 — : 3.21
By plotting In (%) in terms of the energy of the emission level F,,, one

can verify the linearity of the relation as an indication of LTE and determine the
coefficient and thus the excitation temperature 7.

In the case of the plasma I studied, this temperature was already measured
by Julien Lam?” for atoms and ions (see figure 3.7). In order to do so, he doped
an alumina target with Ti and Fe atoms and measured the relative emission of
five different Ti II lines (347.718 nm, 350.489 nm, 351.084 nm, 352.025 nm, and
353.540 nm) and eight Fe I lines (370.557 nm, 370.925 nm, 371.993 nm, 372.762 nm,

373.332 nm, 375.823 nm, 376.379 nm, and 376.719 nm). Examples of in (;;:Tf:)

are plotted in figure 3.7 (b) for the Ti ions and in figure 3.7 (d) for the Fe atoms
with their associated linear regression. This is done as a function of time giving
the evolution of the excitation temperature in the plasma which is represented in
figure 3.7 (c) in black for the Ti ions and in red for the Fe atoms. As you can
see, there is no significant difference between the excitation temperature of the Fe
atoms and the one of the Ti ions. Such an equality in the excitation temperature
of two different species in the plasma is an indication that LTE is achieved for ions
and atoms in the plasma. It seems that this excitation temperature cools very
quickly during the 5 first us from 14000 K to 7500 K. After 5 us the decrease is
constant and much slower, from 7500 K to 5000 K after 60 us.

The ionisation temperature The ionisation temperature is related to the pop-
ulation of ionic species in the plasma. As previously, one can write the ratio of
emission line intensities between two different levels of an atom .., and its ion

Lion as:
Iion A A n
_ (A A fon 3.9
Iatom < A > ion (A) atom nztom ( )

with A the Einstein coefficients of the emissions of wavelength A and n* the popula-
tion of the excited state regarding either the atom or the ion. If one considers LTE,

the populations nf  and n’, . of the excited states of both species are described
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by Boltzmann distributions which define the temperature 7"

nk (T) = n) @exp[ b ] (3.23)

ion ion 0 - ]{/’BT

ion
with ng the population of the ground, ¢g* the degeneracy of the excited state, ¢°

the degeneracy of the ground state. The ratio of these populations is also given
by the Saha-Eggert law:

0 0
nionne o l gion
0 A3 40
natom A gatom

exp {——GZB:;“} . (3.24)

Combining all the equation we finally get:

]ion 2 27TmekB 3/2 Ag* A T3/2 Eion - Eatom + €ionisation
= — —_— ex —
Iatom Te h2 )‘ ion Ag* atom P kBT

(3.25)

3.4.2 [Equation of state and density calculation

Principle

In order to find the link between pressure, temperature and density, one needs an
equation of state. The first to come to mind is the equation of state for perfect
gases. This might appear quite a strong hypothesis to describe the plasma yet, it
is the equation of state used in Taylor’s model, ICF models and in LIBS plasma.
Considering Dalton’s law, the total pressure is the sum of the partial pressures
and:

P=> nikpT; (3.26)

In short: The local thermodynamic equilibrium s achieved in plasma when the
depletion of the excited states due to emission is negligible compared to other mixing
processes. In that case, one can consider that the kinetics of the species is described
by Mazwell distributions, the excitation of the atoms and ions are described by
Boltzmann distributions and the ionization ratios are given by Saha’s relation. All
these relations depend on one parameter T being the temperature of the plasma.
Yet, this temperature changes in time and space. This temperature can be measured
through spectroscopy of the plasma just as the electron density. These quantities
can then be used to explore the thermodynamics of laser induced plasma.
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with P the total pressure, n; the density of the " species and T; its kinetic
temperature. In a plasma, there are different species, the atoms, the ions, the
electrons and even some molecules. The temperature here should be the kinetic
temperature of the i*" species. In particular, for a non-isothermic plasma, one can
expect the temperature of the electrons to be much larger than the temperature of
the neutrals and ions usually close. However, here, we consider that LTE is reached
and that the temperatures are all equal. Furthermore, one could also correct this
equation of state taking into account charges interactions considering the Debye

pressure Pp:

kT
= 3.27
240 A\p ( )

with Ap the Debye length in the plasma :

A\p = \/( ckp/q? (3.28)

Pp

e+ 22 m:)/T

with ¢ the elementary charge, and e the permittivity of the gas.

This state equation creates a link between the different densities in the plasma,
the temperature and the pressure. In parallel, considering Saha-Eggert’s law,
one can describe the ionization ratios of each atomic species. In the case of a
plasma with molecules, one can also add some reaction laws similarly to the model
developed in chapter 2. From this set of equations, different calculation approaches
are possible.

Model for densities evolution considering atmospheric pressure

One can assume the pressure and derive all the densities from temperatures. In
the case of aluminum oxygen plasma, this as been studied by Hermann et al. in
2015177,

This article is particularly interesting to us as the studied system is very similar
to ours. They ablated a Ti-sapphire target, that is to say a titanium doped Al;O3
target. Titanium is in a negligible proportion and will not be discussed here®. The
authors considered the plasma mostly composed of aluminum and oxygen, both
atomic and in the first few ionized states, and diatomic molecules such as O,
Aly and AlO. The equation of state is the one considered above with the pressure
taken as the atmospheric pressure corrected by the Debye pressure. This enables
the authors to consider a pressure depending only on the temperature and thus
to solve the system of equation and derive the densities of the different species in

$Traces of Ti atoms are added in the target in order to determine the excitation temperature
of these atoms.
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Figure 3.8: Figures extracted from Hermann et al.!”". Number densities of species
vs temperature computed for a plasma in local thermodynamic equilibrium at
atmospheric pressure with the elemental composition of the Ti-sapphire crystal
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terms of the temperature. Their results are presented in figure 3.8. One can see
that diatomic molecules appear only when the plasma is cold enough. Another
interesting feature is that, up to 11000 K, the density of electrons is actually
equal to the density of Al(II). Indeed, the oxygen ionization energy is much larger
than the one of aluminum (E®=13.62 eV compared to E'=5.98 eV) and higher
temperatures are required for the ionization. Furthermore, the second ionization
energy of aluminum is even larger (18.83 ¢V) such that AI(III) is also negligible.

One of the drawbacks of such a model, is the consideration of an almost constant
pressure. The Debye correction is only about 0.1 % at 4000 K. Here, we have seen
that the pressure during ablation can vary a lot. In particular, during the first few
us following ablation, this pressure can reach 100 to 1000 times the atmospheric
pressure. Furthermore, temperature in the plasma decreases. Considering the
pressure constant, it would require the density of the plasma to increase and the
plasma to contract. However, the plasma is clearly expending during the first few
ps (see figure 3.1).

Estimation of the pressure from LTE

Three years later, Jorg Hermann published another paper to deal with this pres-
sure issue'™. Another approach of this system of equations is to measure the
temperature and the electron density from spectroscopy. Having both of these
measurements, one can solve the system of equations depending on time and de-
termine the evolution of the pressure. This time, the target was an iron alloy and
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Figure 3.9: Kinetic pressure calculated by Hermann et al.'™ (black dots) compared
to Taylor’s model (red line). The dashed line corresponds to a power law with an
exponent o« = —6/5.

the composition of the plasma cannot be directly related to our study. However,
Taylor’s model depends only on the laser pulse energy and not on the target ma-
terial. One can thus compare the pressure determined by Hermann et al. with
the expected pressure given by Taylor’s model. In the article, the plasma was
generated by a UV (266 nm) pulse of 4 ns with a power of 6 mJ. The pressure
evolution according to Taylor’s model should be:

3/51;2/5

. Po
P(t) = 0'141W

(3.29)

Figure 3.9 shows the pressure calculated in the paper (black dots) compared
to the expected pressure from Taylor’s model (solid red line). As you can see, the
pressure calculated by Hermann et al. is 25 times lower that the one expected by
Taylor’s model. This would correspond to a tremendous difference in the pulse
energy which cannot explain the discrepancy. Yet, quite interestingly, the power
law (dashed line) seems to be respected up to 5 us. At this time, the pressure
predicted by Taylor’s model reaches the atmospheric pressure and one can expect
the pressure in the plasma to stop decreasing. And indeed, after 5 us, the pressure
calculated from Hermann et al. seems to stay constant. Furthermore, the size of
the plasma measured by the authors increases with time up to 5 us then stabilizes.
This is consistent with Taylor’s model and an expansion due to an over-pressure.
When the pressure reaches the atmospheric pressure, the plasma stops its expan-
sion and slowly cools down. How can we explain such a coherence in the time
evolution of the pressure despite the discrepancy in the amplitude?
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First, it appears unlikely that the pressure calculated by Hermann et al. cor-
responds to real pressure as they are mostly under the atmospheric pressure. It
would be difficult to explain the expansion of the plasma.

Second, the temperature has a huge impact on the calculation of the pressure
in Hermann’s model. In order to simplify the reasoning, let us consider a plasma
composed of only one kind of atom. The total density of the plasma ny, is the
density of electron n., plus the density of the ions, which is equal to the density
of electron, and the density of the neutral ng:

Niot = 2N + Ny (3.30)

The density of neutrals can be computed from Saha-Eggert’s law:

= —exp
o A

| {_k?T]ZS(T)' (3.31)

Such that the total density is:

y—— (2 + %) . (3.32)

For instance, at high temperature, the ionization ratio, defined as n./(ng + n;),
is almost 1 as all the atoms are ionized. The total density is close to 2 times the
electron density. On the contrary, if the ionization ratio is low (usually the case
for LIBS), the total density of the plasma will be directly proportional to :

Nior = 12 /8(T) x exp [ b (3.33)

ot
If kT is close to the ionization energy of the species, a slight change in the tem-
perature leads to a great change in the total plasma density and thus the pressure.
Of course, in a complex plasma, the calculation would be more complicated. Yet,
in the plasma studied in this paper, the main components are Fe and Fe™ and the
electron density is almost equal to Fe™ density. This simplified model is thus a
good approximation.

The ionization energy of Fe is 7.90 eV. For a delay time of 6 us the tem-
perature measured by the authors is T=7000 K while the electronic density is
2 x 10 em~3. According to our simplified model, the total density of the plasma
is 1.7 x 10'" ecm™3. Changing the temperature to T—5650 K, the total density is
multiplied by 25 in thus is the pressure which corresponds to Taylor’s model.
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From the previous calculation, one can question the use of a measured tem-
perature as a relevant parameter of the model. Indeed, the slight variation of
the temperature could impact greatly the ionization of the plasma and thus the
calculation of the densities.

Without a space and time resolved measurements, it is likely that the temper-
ature of excited species, localized in hot areas, is larger than the average kinetic
temperature. In 2010 Ma et al. deduced the local pressure in a plasma from LTE,
perfect gas law and space resolved measurements of the temperature and electronic
density '”!. Ablation conditions are quite similar¥ but ablation takes place under
Argon. Argon gas is denser and pressure from Taylor’s model is expected to be
16% higher. From local measurements, Ma et al. measured strong spatial gradient
for the temperature and the electrons’ density. They deduced that the pressure in
the plasma is indeed above the atmospheric pressure and goes from 10 atm for a
delay of 0.6 us to 1 atm after 30 us. Here, the order of magnitude is much more
consistent with the pressure expected from Taylor’s model even if argon modifies
models parameters. It is also interesting to note that the local pressure calcu-
lated by Ma et al. is not constant in space which questions one of the model’s
characteristic. The pressure in Taylor’s model is considered almost constant.

Discrepancies might also appear if LTE is true for the excitation of the atoms
and ions but not for their velocity. In that case, the excitation temperature of the
ions and atoms is equal to the kinetic temperature of the electron gas. Yet, this
temperature might be larger than the kinetic temperature of the heavy particles
relevant for the pressurel. In that case, the deduced pressure from excitation
temperature makes no sens. In the following, I suggest using the other approach
of this problem: considering Taylor’s pressure as the average kinetic pressure in
the plasma and measuring the electron density in order to determine the evolution
of the average kinetic temperature of the plasma.

3.4.3 Model considering Taylor’s pressure

I used the electronic density measured by Julien Lam a few years ago?” (see 3.7) in
order to determine the evolution of the densities and temperature in the plasma.
For that, the pressure will be assumed to be given by Taylor’s model:

2/5
Po/ [2/5

(3.34)

YThe target is mostly composed of aluminum, the pulse energy is 50 mJ and 5 ns long but
the wavelength is 1064 nm.

IThe pressure also depends on the kinetic temperature of the electrons according to the
Dalton’s low but is dominated by the partial pressure of heavy particles in plasma with low
ionization.
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When the pressure reaches the atmospheric pressure, it will be considered constant.
Here I do not consider the Debye correction as it is negligible at a short time with
respect to Taylor’s pressure and at a long time because of the low temperature.

In his experiment, Julien Lam created an aluminum oxygen plasma by ablat-
ing an alumina target with the same laser I used and a pulse energy of 40 mJ.
Only the first ionization of aluminum is considered to describe the plasma. Up
to 10 000 K, the ionization of oxygen can be neglected because of large ioniza-
tion energy (13.62 e€V). The second ionization energy of aluminum is even larger
(18.83 V) and is also neglected. The density of electron is thus equal to the den-
sity of aluminum ions n, = n{! and the only Saha-Eggert’s law considered here is
the one for aluminum with E3 = 5.98 eV:

n? 1 Et
pll = AP hB—T

] = 84(T) (3.35)

For low temperatures, the formation of diatomic molecules should not be ne-
glected. Just like Hermann et al., we consider the formation of O, molecules and
AlO molecules. Al; molecules are very unstable. Just like in chapter 2, the forma-
tion of a diatomic molecule AB occurs through the reaction of an atom A and B.
Their number densities are obtained from the Guldberg-Waage law of mass action
for chemical equilibrium:

3/2
nang  (2mpkpT) QAQBQ,%)T (3.36)

NAB h3 Quap

In short: Considering a given equation of state for the plasma, one can link
the pressure to the temperature and the total density of the plasma. In parallel,
considering LTE and Saha’s relations, one can determine the densities of the dif-
ferent species from the temperature. If one consider perfect gas law and a constant
pressure in the plasma, it is possible to determine the composition of the plasma
depending on the temperature. However, for a decreasing temperature, this would
mmply an increasing density which is counter-intuitive at least in the first expansion
phase of the plasma. Furthermore, shock-wave dynamics indicates high pressure
decreasing rapidly. Another approach is to consider temperature and electron den-
sity in order to determine the pressure evolution of the plasma. Unfortunately,
Saha’s relations depends strongly on the temperature. If the measured tempera-
ture is not representative of the average temperature of the plasma, results on the
pressure can change a lot. One should rather consider the pressure from Taylor’s
model as input rather than temperature.
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where Q 4, Qg and Qg are the partition functions of the atoms and the molecule,
Dy the dissociation energy of the molecule, and g the reduced mass of the atoms.
For AlO, Dy = 5.2 eV and for O,, which is slightly more stable, Dy = 5.17 V. The
values for the partition functions are taken from Hermann et al.!™: Q4 = 5.92,
Qo =8.95, Qa0 = 12.7 and Qp, = 3.34.

The total density of the plasma is the sum of all these densities:

Ngor = N 4 202 + 0§ + nMO 4 nl? (3.37)

and the ratio between oxygen atoms and aluminum atoms is taken equal to the
target one (40% of aluminum and 60% of oxygen):

2(ng" 4+ it 4 0y = 3(n§ + nS> + ngo) (3.38)

Of course this is neglecting the atoms of the surrounding air. Yet, because of
the difference of density between the air and the target, one can consider this
approximation justified.

Finally, the equation of state is the perfect gas law:

P = ntothT (339)

In the end one can solve this system of 6 equations (3.34, 3.35, 3.36, 3.37, 3.38,
3.39) in order to find the densities of the 5 considered elements and the tempera-
ture.

Figure 3.10 (a) represents the calculated densities using the electronic density
measured by Julien Lam (red dots). The evolution of this density was fitted by
a double exponential (solid red line). The solid black line represents the total
density of the plasma which decreases very quickly from about 10%° cm™! to 2.5 x
10'® em™! after three us. The explosion’s blast essentially pushes the matter
outward, leading to the formation and expansion of a shock-wave. This leads to a
lower gas density behind the shock-front. During that time, the pressure remains
quite high. According to Taylor’s model, it would reach the atmospheric pressure
only after 5 us. Oxygen atoms and Aluminum atoms are represented respectively
in blue and green and make most of the total density. The aluminum ions’ density
is equal to the electron density and is about 50 times lower than the plasma density.
The ionization ratio of the plasma defined as the density of electrons over the total
density of heavy particles is represented in figure 3.10 (b). Quite surprisingly, it
seems to increase first before a slow decrease with time.

The temperature is represented on figure 3.10 (c). It decreases from about
6500 K to about 5500 K after 3 us with a constant cooling rate of about (300 K/us).
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Figure 3.10: (a) Densities of the main species in the aluminum oxygen plasma
generated from a 40 mJ pulse. Red dots corresponds to the measured electronic
density by Julien Lam’s*” while the red line is a double exponential fit used in
the calculations. (b) Ionization ratio of the plasma defined as n./Nparyons- (€)
Temperature calculated from the measured electron density (dots) and fit (line)
according to the model.

When compared to the temperatures measured by Julien Lam (see panel (c) of
figure 3.7), one can notice that the excitation temperature is about twice as big.
As explained previously, even if LTE is verified in the plasma, the temperature
might vary a lot spatially. Emitting atoms providing the excitation temperatures
are likely localized in hot areas of the plasma. This leads to an overestimation of
the average kinetic temperature of the plasma. If LTE is not fully verified, one
can also expect different temperatures between electrons and heavy particles. In
such plasma, the temperatures of the electrons is larger than the temperature of
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Figure 3.11: (a) Densities of the main species in the aluminum oxygen plasma gen-
erated from a 40 mJ pulse considering and extrapolation of the measured electron
density’s fit (solid red line). (b) Corresponding calculated temperature and pres-
sure (c¢). The pressure is given by Taylor’s model until it reaches the atmospheric
pressure.

the heavy particles. In the model here, the kinetic temperature is dominated by
heavy particles as the ionization of the plasma is low. Yet, the excitation process
of ions and atoms is mostly due to collisions with electrons. This might also ex-
plain why kinetic temperature is lower than the excitation temperature but much
closer to the rotational temperature measured on AlO molecules. The rotational
temperature of AlO molecules might be a better probe of the kinetic temperature
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of the plasma as it is directly influenced by collision with heavy particles. However,
AlO is also more likely to form in colder areas of the plasma (see chapter 4). In
particular, for these average pressures and temperatures, one should not be able
to observe the formation of AlO and O as their densities remain below 10'* em™3.
AlO molecules do form in such a plasma before 3 us yet only on the periphery of

the plasma.

In order to discuss further the evolution of the plasma, the evolution of the
electron density is extrapolated using the double exponential fit as shown in fig-
ure 3.11. After 5 us, the pressure given by Taylor’s model reaches the atmospheric
pressure and is then considered constant as shown in the panel (c¢). The gray area
corresponds to the 3 first us where the density of electrons was measured. The
evolution of the densities is given in the panel (a) and the temperature in the panel
(b). During the 5 first us, the pressure is higher than the atmospheric pressure
and the plasma is in expansion. The total density of the plasma decreases. The
densities of the molecules are very low, and their formation rates do not com-
pensate the expansion of the plasma such that their densities decrease. For such
temperature, the density of oxygen ions would be even lower and can indeed be
neglected. After 5 us, the plasma stops expending and the pressure is considered
constant. Because the temperature keeps decreasing, the density slowly increases
as the plasma contracts. The density of molecules increases rapidly and becomes
predominant after about 13 us. Such timescale is perfectly consistent with the evo-
lution of AlO molecules emission in the plasma presented in chapter 4, section 4.3,
figure 4.15 (c).

When the pressure is equal to the atmospheric pressure, the calculations of
Hermann et al.'”" are fully justified. Furthermore, determining the composition of
the plasma in terms of the temperature without any measurement of the electron
density is very interesting because it is impossible to measure the electron density
when it is too low, that is to say for low temperatures, when the pressure is
constant. The time ¢* such that P(t*) = P,;, depends on the energy of the pulse
and can be calculated as:

0.141\ /¢
t*:( ) B3y (3.40)

atm

Yet, for such a long time, the temperature is quite low, and it should be necessary
to consider also the formation of larger molecules. This could be done similarly
to the paper of Julien Lam et al. published in 2015%. In this paper, the authors
calculated the Gibbs free energy of reactions of various aluminum oxygen cluster
using the same ab initio calculation I used in chapter 2 and deduced the com-
position of the plasma at different temperatures at a given pressure. The main
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drawback of this technique would be not to consider the dynamics of formation.
Another solution would be to consider reaction rates given in the model I developed
in chapter 2.

3.5 Conclusion

The study of the dynamics of laser-generated shock-wave in air enables to deter-
mine the evolution of the pressure behind the shock-front. Its propagation is well
described by Taylor’s blast auto-similar theory on a broad range of pulse energy
from 0.1 to 50 mJ and various materials. However, the blast is not perfectly hemi-
spherical. Propagation in the direction perpendicular to the target surface is faster
and overestimates the laser pulse energy using Taylor’s model. Averaging the en-
ergy in all the directions of propagation leads to a surprisingly good measurement
of the pulse energy on the whole range of tested energy and target material. This
proves that Taylor’s model is perfectly valid for laser ablation in air and can be
used as a user-friendly universal model with a strong application potential.

In particular, one can use it to determine the evolution of the average pressure
in the plasma depending on the laser pulse energy only. When compared to direct
pressure measurements of the shock-wave from its velocity, Taylor’s model gives a
good estimation of the pressure after 20 ns. Before 20 ns, the pressure is not as
high as the one predicted. The initial ablation pressure could be estimated using
Taylor’s model for #* ~ 10 ns such that P[MPa] = (37.4 £ 20) x (E [mJ])?/®. This
saturation is consistent with the fact that the source of energy is neither point-like
nor instantaneous as considered in Taylor’s model. After 20 ns, the pressure de-

In short: Considering the pressure in the plasma to be given by Taylor’s model
and the electron density to be measured, one can deduce the evolution of the differ-
ent species density in the plasma and the average temperature. The total density
decreases as the plasma expands. The temperature appears to be lower than the ex-
citation temperature measured by spectroscopy. This can be explained considering
that the temperature is not homogeneous in the plasma. In particular, emission of
excited atoms and ions might be dominated by the hot central region. Extrapolat-
ing the evolution of the electron density, one can determine the composition of the
plasma for longer times. After 5 us, the pressure reached the atmospheric pressure
and is considered constant. At that time, the plasma stop expanding, but slowly
contracts as the temperature keeps decreasing. The density of diatomic molecules
increases quickly and are predominant after 13 ps which is consistent with the
emission of AlO molecules. However, for such long time and low temperature, one
should also consider the formation of larger clusters such as Al O.
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creases with time proportionally to ¢~%/%,

Using the equation of state for perfect gas, one can determine the relation
between this pressure, the average temperature of the plasma and its total density.
Considering that Local Thermodynamics Equilibrium (LTE) is achieved in the
plasma, one can use Saha-Eggert’s law and Guldberg-Waage’s law in order to
determine relations between the different densities. With the state equation, this
leads to an under-determined system of equations. In order to solve it, one needs
to know the time evolution of two of the following quantities: the electron density,
the pressure and the temperature. Using spectroscopy measurements, one can
determine the electron density from Stark broadening effect and the temperature
from Saha-Boltzmann plots. Yet, the system of equations is very sensitive to
the temperature. An overestimation of the average temperature leads to large
underestimation of the pressure. On the contrary, Taylor’s model is a simple way
to determine the average pressure in the plasma. Thus, it is better to consider
it rather than temperature measurements. Doing so, one can determine the time
evolution of the average pressure, temperature and densities in a laser-generated
plasma. When applied to an aluminum oxygen plasma generated by a 40 mJ laser
pulse, the pressure drops to the atmospheric pressure within 5 ps. During this
time, the plasma is in expansion and the total density and temperature of the
plasma decrease. The plasma is mostly composed of neutral aluminum and oxygen
atoms with about 2% of Al* ions. After 5 us, the pressure is assumed constant
and the plasma contracts. The density increases as the plasma keeps cooling and
diatomic molecules appear. AlO molecules are predominant on Al atoms after
about 13 pus which is consistent with emission. When the temperature is low, one
should also consider the formation of larger molecules and clusters.

The temperature given by this model appears to be almost twice lower than the
temperature measured by Julien Lam from excited atoms’ emission. Because of
strong temperature gradients in the plasma, optical measurement of the excitation
temperature can be dominated by hot areas, leading to an overestimation of the
plasma temperature. Furthermore, even if LTE is true for the excited states of the
atoms, the temperature deduced from their emission is the one of the electrons
gas which might be higher than the kinetic temperature of heavy particles. The
kinetic temperature of heavy particles is more likely to be related to the rotational
temperature of diatomic molecules influenced by collisions. One can expect the
measurement of rotational temperature to be a better probe of the kinetic temper-
ature in the plasma than atomic emission. And indeed, the rotational temperature
of AlO molecules measured by Julien Lam is much closer to the temperature given
by the model. However, this could also be linked to some temperature gradients
as AlO molecules are more likely to form in cold regions.
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In order to investigate this question, I built a spectroscopy set-up which makes
it possible to measure AlO emission with a resolution in time and space. As
developed in the next chapter, this enables me to discuss the evolution of the
rotational and vibrational temperature of excited AlO molecules and challenge
the notion of equilibrium in the molecules.



Chapter 4

Temperatures & Thermalization of
the Plasma

The point of life is to find equilibrium
in what is inherently unstable.
Pierre Reverdy

Abstract: In this chapter, I present time and space resolved spectroscopy of
AlO and TiO molecules in the plasma. By fitting the recorded spectra, I was able
to determine the rotational and vibrational temperatures of AlO molecules and the
rotational temperature of TiO molecules depending on their position in the plasma
and time. The formation of the molecules occurs mainly in the outer part of the
plasma where the temperature is low enough. The vibrational temperature of AlO
appears much larger than its rotational temperature, proving that the thermody-
namics equilibrium is not reached in the excited state of the molecules. Because
of a short lifetime of the excited state, molecules formed have not enough time
to be thermalized. The rotational temperature of the molecules is likely to cool
down quicker due to large coupling with the gas. The rotational temperature of
TiO molecules is similar to the one of AlO but slightly lower, probably due to
larger collision cross-section and better thermalization. Rotational temperature of
the molecules appears to be a good probe of the kinetic temperature of the gas,
especially when the excited state lifetime is long and coupling with the gas is large.

115
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N the previous chapter, I considered the plasma at the local thermodynamic
I equilibrium with a given average pressure. This enabled me to compute an
average kinetic temperature in the plasma. This temperature appears to be lower
than the temperatures measured from atoms spectroscopy. Yet, it is close to the
rotational temperature of the molecules. In the conclusion, I raised two possible
explanations, (i) this could be due to temperature gradients in the plasma or (ii)
this could be the consequence of LTE partial failure.

In the first case, atoms emission arising from hot areas in the plasma lead
to an overestimation of the average temperature while A1O molecules are formed
in colder areas. On the outer-part of the plasma, the electron density and the
temperatures are lower as it is cooled down by the atmosphere. In order to take into
account this spatial variation in the spectroscopic measurements, some researchers
use a model considering two areas, a central one, dense and hot and an external
one colder and less dense!"192,

In the second case, the kinetic temperature of the electrons’ gas is larger than
the kinetic temperature of the heavy particles. The electronic states of the atoms
and ions are excited by the collision with the electrons such that the excitation
temperature is equal to the kinetic temperature of the electrons. On the contrary,
rotations of diatomic molecules are greatly influenced by collision with heavy par-
ticles and thus could be a better probe of the average kinetic temperature of the
plasma.

In order to push further this investigation, we need space resolved spectroscopy
in order to take into account the spatial variations of emission and temperature in
the plasma. To do so, I built a space and time resolved spectroscopy set-up able
to image diatomic molecules such as AlO and determine its local temperatures.

In the introduction, I first define the different temperatures for diatomic molecu-
les. Then, I describe how it is possible to measure these temperatures from emission
spectroscopy of the plasma in the case of AlIO and TiO molecules. In the second
part, I describe the experimental set-up I developed in order to measure diatomic
emission spectroscopy resolved in time and space. Finally, I discuss the measure-
ment of the rotational and vibrational temperatures of AlO and the rotational
temperature of TiO molecules regarding thermalization processes in the plasma.
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4.1 Spectroscopy theory for TiO and AlO molecules

4.1.1 Temperatures in diatomic molecules

Molecules are composed of several atoms bound together and having other degrees
of freedom than translation. They can both vibrate and rotate. Considering
a molecule in the electronic state n with a vibration mode v and an angular
momentum J, the energy of the molecule can be written as:

E=T,+Gn(v)+ E(J) (4.1)

with T}, the energy of the electronic level of excitation, G, the vibration energy, and
F, the rotation energy. This means that a molecule is not described by electronic
transition only. Instead of having intense emission lines like single atoms, one can
observe complex structures corresponding to transitions between the rotational
levels of the different vibrational levels of each electronic level (see figure 4.1).

v=4
v =3
v =2 —J =3
v =1
n v v=0 o
AFE = hv
v’i=4
v’ =3
v’i=2 — =2
vi=1
0 27y =0
Electronic Levels Vibrational Levels Rotational Levels

Figure 4.1: Scheme of the different energy levels of molecules. n refers to electronic
levels, v to vibrational levels, and J to rotational levels.

For each of these energy modes, one can define an associated temperature by
considering its population to be a Boltzmann distribution®. The excitation tem-

*Here, the use of Boltzmann distributions is an approximation of the population distributions
that is true only at full equilibrium. The related temperatures are parameters that characterise
the distribution. In the case of populations strongly out-of-equilibrium, one should use other
descriptions of the population that are out of the scope of the work presented here.
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perature of the molecule can be defined the same way as atoms. An equivalent
Boltzmann diagram could be studied for molecules in order to determine its exci-
tation temperature. Yet, in this case, it is more complicated because one needs to
take care of integrating all the light coming from the different transitions from the
same electronic state. This can be extremely complicated when emission bands
overlap. The vibrational temperature T, is associated with the population of the
vibrational states. The rotational temperature T, is associated with the popu-
lation of the angular momentum states (rotational states). If the molecules reach
thermodynamic equilibrium, these three temperatures should be equal. If not,
Boltzmann distributions might still be a good approximation of the population
of each mode, but the temperatures are not the same. If the molecules are in a
state far from equilibrium one cannot use this description. For instance, in the
case of stimulated fluorescence, part of the population cannot be described by a
Boltzmann distribution as I show in chapter 5.

One can determine the vibrational and rotational temperatures by fitting the
emission spectra and the intensities of the different transitions. In the case of
molecules, the emission results from 3 different kinds of transition: (i) The purely
rotational transitions between rotational levels of the same vibrational and elec-
tronic state. These transitions have very low energy and correspond to far IR
radiations and radio frequencies. (ii) The rovibrational transitions between two
different vibrational states of the same electronic state. These transitions corre-
spond to IR radiations. (iii) The rovibrational transitions between two vibrational
states of different electronic states. These transitions correspond to visible and
UV radiations. In this manuscript, we are focusing on this kind of transitions.
Note that here the temperatures measured through emission are actually probing
the population of the excited state. It is not obvious that it is the same as the
ground state. Yet, measurement in the IR region is much more complicated in the
geometry of our experiment. Indeed, the surrounding environment (air and water)
absorbs a lot in the IR region and complicates a lot the measurements. In order to
probe the ground state, one can excite the ground state molecules before looking
at their emission. I develop such measurements in the chapter 5.

In short: In the case of molecules, one can determine the rotational and the vi-
brational temperatures. They respectively give information on the rotational and
vibrational excitation of the molecules. These temperatures are interesting to study,
especially in the framework of nucleation, as it gives information on the thermaliza-
tion of the molecule itself. However, determining the rotational temperature from
molecular spectroscopy is not simple, it requires large spectral definition. Dur-
g my PhD, I built an experimental set-up enabled to achieve such ro-vibrational
spectroscopy on AlO and TiO molecules with spatio-temporal resolution.
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Similar rovibrational spectroscopy on laser generated plasma has been achieved
in particular in the Institut Lumiére Matiére by Xueshi Bai and Vincent Motto-
Ros'® or in my team with Julien Lam and David Amans*’. For instance, we
have seen on figure 3.7 (c), the evolution of the rotational temperature of AlO
molecule in the plasma. Recently, Pengxu Ran et al. reported spatially resolved
measurement of the rotational temperature of AIO molecules on the vertical axis
of a laser generated plasma!®t. Here my goal is to go further by measuring both
the vibrational and rotational temperatures and their evolution depending on time
and on the position in the plasma in order to investigate the thermalization of the
molecules.

4.1.2 Diatomic molecules

In order to better understand diatomic molecules’ spectroscopy, one needs to adopt
a quantum mechanic description of the system. Yet, one can describe diatomic
molecules with easy-to-grab molecular models in order to better understand the
qualitative behavior of the molecules. In this section, I will present the general
formalism and description of diatomic molecules based on the book Rotational
structure in the spectra of diatomic molecules written in 1969 by Istvan Kovacs!.
I also base myself on the Thesis of Maxime Ribiére, Spectroscopies d’émission
et d’absorption appliquées a ['analyse de plasmas produits par impulsion laser
(2008) 1% and a presentation of Professor Xavier Mercier at the Journées du réseau
Plasmas Froids du CNRS (2012)'%7. For this section, I would also acknowledge the
great work of the intern Louhane Jacod, with whom I had the pleasure to work
in the summer of 2020. Despite difficulties due to the pandemic and lockdown,
she did a great bibliographic work on AlO and TiO spectroscopy and worked on
the code, initially developed by David Amans, that I used to calculate molecular
spectral data.

Born-Oppenheimer approximation

Just after the description of atoms with quantum mechanics, Slater, Born and Op-
penheimer, Kronig and later Van Vleck naturally started to investigate diatomic
molecules during the late 20s’ and beginning of the 30s’.

Of course describing a molecule, even composed of only two atoms, is much
more difficult than a single one. The goal is to determine wave-functions of the
system and its associated energy E. However, in contrary to simple atoms, there is
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a relative motion of the nuclei. The nuclei cannot be simply considered as param-
eter for the Hamiltonian of the electrons through the electron-nucleus interaction
potential.

The complete Hamiltonian one needs to consider is :
H=Ta+Ts+T.+Vap + Vean + Ve (4.2)

with TA and TB the kinetic part of the relative motion of nuclei A and B, T
the kinetic part of the electrons, Vap the interaction potential between the nuclei,
Ve ap the interaction potential between the nuclei and the electrons and Vee the
interaction potential between the electrons.

The first simplification that can be done, is the so called Born-Oppenheimer
approximation. It states that the movements of the electrons are much faster
than the movement of the nuclei which are several thousand times heavier. The
relaxation of the electronic states is much faster than the nuclei dynamics such
that, at each position of the nuclei, the electronic configuration of the molecule can
be considered at rest in its fundamental state. Thus, the wave-function describing
the system can be written as the product of a wave-function describing the nuclei
®(R) and another wave-function describing the electrons ¢ 7#(7) depending on the
position of the nuclei only in a parametric way:

V(7 R) = ®(R)¢5(7) (4.3)

The problem is simplified to the dynamic description of electrons in a rigid poten-
tial created by the atoms. This approximation neglects all the contribution of the
nuclei kinetic operator on the electronic wave function. As intuited at the begin-
ning of the reasoning, these contributions are often negligible as their magnitude
is proportional to the mass ratio between the electrons and the nuclei. More on
this formalism can be found in the Annex C.

In the case of a diatomic molecule, one can consider both nuclei to be punctual
and separated by a distance R. One can then describe the electrons considering
these nuclei immobile and solving the associated Schrodinger equation. The re-
sulting eigen solutions for the electronic system are determined for a given distance
R between the nuclei considered as a parameter.

This solution for the electronic state of the molecule is then used as a potential
acting on the nuclei in the complete Hamiltonian. It enables the study of the nu-
clei’s position depending on this potential which determines R without considering



4.1. SPECTROSCOPY THEORY FOR TIO AND ALO MOLECULES 121

the electrons. Yet, the study of the vibration and rotation of these two nuclei is
done for a given electronic state (as the electronic state modifies the interaction
between both nuclei).

Because the potential depends only on R, it is a central potential (just like for
the hydrogen atom). One can decompose the solution as the product of a radial
function, the vibrations, and an angular function, the rotations.

In the end, the energy of the electronic system can be decomposed in three
different contributions as stated earlier:

E =T, +Gu(v) + F,(J) (4.4)

Each of these contributions have very different magnitudes (7, = 1 — 10eV, G,, =
0.1 —1eV and F, = 107* — 1073eV) with the different spectral signatures we have
discussed in the introduction!.

Vibrations

Vibrations of the diatomic molecule, that is to say the radial variation of R, cor-
responds very intuitively to an oscillator composed of the two nuclei linked by
an electronic bound. The potential of this bound is minimal at the equilibrium
distance of the nuclei R.. Around this equilibrium position, the potential can be
approximated by the one of a harmonic oscillator, hence the second order Taylor
expansion of the real curve (see the green curve on figure 4.2 (a)). Yet, such an
approximation is good only close to the equilibrium point. One obvious limitation
of this model is that it fails to describe the dissociation of the molecule. When
R increases, the potential of a harmonic oscillator diverges and no dissociation is
allowed. On the contrary, when R = 0, the potential is not diverging as it should.

One better way to describe this potential is the Morse curve V(r) = D.(1 —
e~ R=R))2 1 V(R,), with a = \/ke/2D,, and D, the well depth related to the
dissociation energy of the molecule (see blue curve on figure 4.2 (a)). This potential
diverges when R = 0 and saturates to the dissociation energy when R goes to
infinity. Of course, this potential can be translated by a constant.

Solving the Hamiltonian using this potential, one can demonstrate that the

By convention, in spectroscopy, the energies are divided by hc in order to obtain wavenum-
bers usually expressed in [cm™!]. h is the the Plank constant and ¢ the speed of light in vacuum.
In plasma physics and in this manuscript, the energy are more likely to be given in eV.
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Figure 4.2: (a) Ilustration from Wikipedia the shift for the energy level for a
diatomic molecule considering harmonic potential of Morse potential. (b) MRCI
potential energy functions of the doublet states of AlO calculated by Zenouda et
al. 1% In red are the X?Y* and B?Xt states studied in this manuscript.

eigenvalues of this potential can be written as:

[hvo(v +1/2))

E(v) = hvg(v+1/2) — 1D,

(4.5)

with vy = 3-4/2D./m a frequency and v = 0,1,2... the vibration quantum
number. For large values of v, one can find out that the difference in energy
E(v+ 1) — E(v) < 0, this corresponds to the dissociation limit of the molecule.
For v smaller than this limit, Morse’s curve provides a good approximation for the
vibration levels of a diatomic molecule.

However, when it comes to describing precisely the position of vibration levels,
one cannot simply rely on the Morse curve. Many other effects can modify the
potential, starting by coupling between the rotations and the oscillations and the
limit of the Born-Oppenheimer approximation. In figure 4.2 (b) is plotted the
potential of the different electronic levels of the AlO molecules extracted from
the article of Zenouda et al.'%®. Depending on the electronic state, the potential
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can look much different that the Morse curve. In red are the X2X* and B2X*
states studied in this manuscript. In practice, the energy levels for vibrations are
described by a Taylor’s expansion (usually to the third order) whose parameters
are adjusted on experimental data:

Gn(v) = w, (v + %) — Wele (v + %) + WeYe (v + %) +.. (em™). (4.6

with w, the wavenumber of the oscillator, w.x. and w.y. the anharmonicity pa-
rameters. The first two terms can be related to the previous description with the
Morse’s curve.

Rotations

When considering the rotations of the molecules, the first idea is to consider a
rigid rotator. That is to say, the rotation of a rigid body. In that case, the inertia
momentum of the molecule can be written as I = pR? with u the reduced mass.
One can solve the Hamiltonian and find the eigenvalues of the system as:

h2
E(J)=BJ(J+1) with B= 27 (4.7)
with J = 0,1, 2,.. the rotation quantum number. Note that each of these levels
are 2J + 1 times degenerated.

In reality, the molecule cannot be approximated as a rigid body. One can take
the classical image of two bodies linked by a spring and rotating. Because of their
inertia, both masses are ejected one from the other and the spring length increases,
changing the inertia momentum of the system. In order to take into account this
dependence of I with the rotation, one usually considers the non-rigid rotator:

F,(J)=B,-J(J+1)—D,- (J(J + 1))2 (em™h). (4.8)

with B, and D, fitted parameters. The non-rigid rotator contracts the transitions
by reducing the energy differences. However, this model does not actually take
into account the length modification due to the vibration mode but only the mod-
ification length due to the rotation.

Even if the progression of the rotational transitions are fairly described by the
non-rigid rotator, precise positions of the transitions have to take into account
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the interaction with the electronic orbitals, the electrons and nuclei spins. These
couplings can shift the energy and lift the degeneracy of levels. Usually, it is done
by introducing an energetic term H(J, K, S, A, 3...) in the rotational energy:

F\(J) = By J(T+1) =Dy (I +1)) 4.+ LK S A D) (em™). (49)

J is now the total angular momentum. It takes into account the splitting due
to couplings between the different contribution (K, S,A,X...). The correction H
depends on the rotational state J and other parameters (K, S, A, ¥) corresponding
to the other momenta of the molecule.

Couplings and Hund rules

In order to discuss the different couplings between the momenta of the diatomic
molecule, we introduce their notation and projections on inter-nuclei axis (see
figure 4.3):

e N or R is the kinetic momentum of the nuclei rotation

L is the total orbital kinetic momentum of the electrons

A is the projection of L on the molecule axis

S is the total spin momentum of the electrons

3} is the projection of S on the molecule axis

N=A+3%

In short: In order to describe the energy levels of diatomic molecules, we first
describe the vibration by an oscillator. Because the true potential is not quadratic
but closer to a Morse potential, the harmonic oscillator model is added with a
quadratic and cubic correction whose parameters are tabulated from experimental
data. The rotation of the molecules are described by a non-rigid rotator. For
a better description of rotational levels, it is possible to introduce an energetic
term taking into account the different momenta interactions. In the end, one
can calculate the exact position of the rovibrational transitions considering only
an ensemble of tabulated constants. Yet, not all the transitions between these
levels are allowed. It depends on their respective quantum state. Depending on
the quantum properties of the molecules, Hund proposed several cases with precise
criterion enabling the transition.
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e K=A+N
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Figure 4.3: Ilustration of the different momenta for a diatomic molecule and their
projections on the molecular axis.

All the different momenta interact together such that it is the resulting angular
momentum J that has to be considered in the calculations of the energy levels. Of
course, the coupling depends on each molecule and electronic states involved. Yet,
for calculations, Hund derived 5 limit cases!®®. Depending on the molecule and
the electronic state, one has to determine which case is relevant. In this study,
only the case (a) and (b) of Hund are used.

Hund’s case (a) is when the total orbital kinetic momentum of the electrons
L and the total spin momentum of the electrons S are highly coupled with the
inter-nuclear axis as shown on the right-side of figure 4.4. In that case, J is the
sum of their projection on the axis with the kinetic momentum of the nuclei rota-
tion : J = Q + N. The quantification gives Q = |A + X| with ¥ € [—95; 5] while
A and S are determined by the electronic state of the molecule. For a given €2,
J=Q,04+1,Q+4 2... In general, this case is valid for the first rotational levels.

Hund’s case (b) is when the total orbital kinetic momentum of the electrons L
is highly coupled with the axis of the molecule but the total spin momentum of the
electrons S is not. In that case, ¥ is not defined. J = K+8S = (A+N)+S. Quan-
tification gives K = |A[, |[A|+1,|A|+2... such that J = K+S, K+S—1,...,|K—S]|.
This case usually corresponds to high rotational levels. It is also valid for molecules
when A = 0, that is to say when the total orbital kinetic momentum of the elec-
trons is perpendicular to the molecule axis. In that case the electron spin does not
couple with the axis of the molecule. This remains true for light molecules where
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the coupling of the electron spin remains low even if A # 0. This case describes the
transitions studied for AlO. TiO molecules are more complicated. For large values
of J, the molecule is mostly described by case (a). Yet, for each transition, the
calculation of the energy considers a mix of both states and associated interactions.

Case (a)

Figure 4.4: Tllustration of the molecule momenta in the cases (a) and (b) of Hund.

When A # 0, the coupling splits in two the rotational component of the energy.
This is called the A-doubling. Although, this splitting is rather small and has to
be taken into account only when looking at high definition spectra.

Notation

To ease the reading, the most relevant notations and conventions used in this
manuscript are summed up in the annex A. Notation in molecular spectroscopy
can first appear quite obscure with vibrational transitions named X*I ;, A>3 or
even B?II,. This notation actually corresponds to the different information needed
for the calculation previously exposed. It generally follows the following form:

L¥ Al (4.10)

The letter L corresponds to the electronic state. By convention, the ground state is
called after the letter X, then comes A, B etc., as shown in the top part of table 4.1.
If the multiplicity of the excited state is different from the fundamental state, then
lowercase letters are used. The exponent corresponds to the value 25 4+ 1. The
second letter, in Greek, corresponds to the value of the projection A of L on the
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interatomic axis. The convention for the correspondence of the letter and A are
reported in the bottom part of table 4.1. Finally, the index corresponds to the
value of Q = |A + X|.

The parity of the electronic wave-function with respect to a plan containing the
molecular axis is referred by a + if symmetric or — if anti-symmetric in exponent of
the Greek letter. Similarly, the parity of the electronic wave-function with respect
to its center is refereed by the index g for the German gerade if symmetric and u
for ungerade is anti-symmetric.

Selection rules

The transition happens when the molecules go from one state to another by ab-
sorbing a photon or emitting one. The energy of the photon corresponds to the
difference in energy between the two states. This energy v can be defined as:

v=FE0 W, J)-EMn" v, J"

(4.11)
= [T(n") = T(n")] + [Gw (V") = G (V)] + [Fir (J') = For (J")].
with (n/, v/, J’) the initial state and (n”, 0", J”) the final state. T' corresponds
to electronic contribution of the energy, G' the vibrational contribution and F' the
rotational contribution. Usually, T, G, F and v are expressed in [cm™!|. By con-
vention, in the (b) case, K is used instead of J.

In short: Notation for diatomic molecules can appear quite elaborated and im-
penetrable even for someone working in the field. FEspecially when looking at old
documents when no conventions were set. Hopefully, there is no need to read this
language in order to understand the work here. If one is not interested in the detail
of the calculation presented here, only a few key notations are needed. In the spec-
troscopy of AlO and TiO presented here, we always look at transitions from a given
excited electronic state n’ to the ground electronic state n”, there is no need to un-
derstand the A3®q — X3Aqn notation. Then, within these electronic states, we
consider the rovibrational transition characterized by a vibrational number v and a
rotational number J or K (depending on Hund’s case and convention). These lev-
els can then be further split and precise calculations are needed for the calculation
of theoretical spectra but not required for the understanding of their shape. All the
relevant notations and conventions used in this manuscript are summed up in the
annez A.
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Electronic staten 0 1 2 3 4
Notation L X A/a B/b C/c D/d

A o 1 2 3 4
Notation [A] > I A d r

Table 4.1: Conventional notation for molecular spectroscopy

In reality, not all the transitions are allowed. Omne needs only to consider
transitions allowed by selection rules. These rules can vary from one molecule to
another. In our cases, these rules are'® : AA =0,+1; AS = 0; AJ = 0, %1 but
J' = J" =0 is forbidden. The transitions for different values of AJ = J' — J” and
AK = K' — K" are indicated by a specific letter as reported in table 4.2. These
selection rules lead to transition progressions called branches defined by the value
of AJ and AK. The convention for the branches name is:

AN (4.12)

with AK and AJ encoded by letters according to table 4.2, and ¢ and j indicates
the spin projection (1 if +1/2 and 2 if -1/2). If AK = AJ, only AJ is written
and if 7+ = j only one is written.

In short: Fortrat diagrams represent the rotational number J or K of an enabled
transition in terms of its emission wavelength. Because transitions are possible
for AK = K' — K" = 0,41, —1, one can observe 8 branches named respectively
P, R and Q) for each vibrational level. In the case of the transition of AlO observed
here, the probability for AK = 0 is so low that the Q branch is not observed. If
one consider the (0,0) band, that is to say the transition from the first electronic
state with v =0 to the ground electronic state with v = 0, there are 2 branches of
possible transition (P and R) for various K between 484 nm and 500 nm.
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AJ=J =T -1 0 1
AK=K -K" -2 -1 0 1 2
Letter O P Q R S

Table 4.2: Notation of the transition branches

4.1.3 Spectrum calculation

Transitions intensities

The intensity ]Z,,Z,, w of the transition (n/,0', J') — (n”, 0", J") is'%:

n' v, J’ —n' v n' v'J’ -3
]n”,v”,J” — hC V // // J// A // J! : Nyﬁﬂﬂﬂ]’ (W -m ) (413)

— J’ o . _ . .
y” ”,, g 18 the transition wave- number (em™h), Ny g0 1s the density of the molecules

in the initial state (m =) and A”,,U i y» 18 the probability of spontaneous transition
(s7).

In the case of my experiment, the iCCD camera is sensitive to a number of
photons. Thus, for a transition (n’,v’,J") — (n”,v”,J"), the signal recorded is
proportional to the number of emitted photons integrated over the measurement
time (gate width t¢):

// // J//

dN ! 1 1" 11 1" 1" 1 1
/ Wt d”_ gy _ | A N @t < AL N 410
ta dt ta

with AZ:/;jii’,‘,]N the probability of spontaneous emission and N, sy the population
of the excited state. It is proportional to the density of the molecules in the excited
state times the probability of emission. This probability coefficient can be written

as:
n' v J’ n' v’
An// UII J// An// 1/ AJ// . (4- 15)

with AZ,’”;,, the Einstein coefficient referring to vibrations and A7, the coefficient
referring to rotations.

On one hand, Aj:, is proportional to the Holn-London’s coefficient S j,l,:

SJ/I

A//:
DY N

(4.16)

Ho6ln-London’s coefficient, defining the probability of transition, is normalized such
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that:
> ST =(2-004) (28 +1)(2J +1) (4.17)

sub—rot states

It takes into account, the A-doubling when A’ # 0, the spin degeneracy and the
rotation degeneracy.

On the other hand, the Einstein’s coefficient AZ:,’TZ,, is defined as:

1 G4 I R ) .

deg 3h(2 — doa) (25" + 1) H (100 72 o)™+ Sy - (a0€)” (7).

(4.18)
where g¢ is the vacuum permittivity, ag is the Bohr radius, e is the elementary
charge and SZ,I/Z//, is called the band force. It is divided by (2 — do.a/)(25" + 1) as
these degeneracies are already considered in the Héln-London coefficient. The band
force is tabulated and depends on the geometry of the orbits. It is proportional to
the Frank-Condon coefficient ¢%,” :

AV =
n//7vll -

m = g | Re(r) | (4.19)

TL”,’U" v
. ’ . .
with ), the average inter nuclear distance.

Franck-Condon’s coefficient arises from a law of quantum chemistry describing
the intensities of vibronic transitions. In the case of molecules, the absorption and
emission occurs between two vibrational states of two different electronic states.
When the electronic state of a diatomic molecule is changed, one can expect the
nuclear configuration to experience significant changes and indeed, the potential
energy of the molecule (Morse curve) is modified such that the equilibrium position
is changed as presented on figure 4.5. Yet one needs to keep in mind that the atoms
are never completely still and that the molecule is “vibrating” for the classical point
of view. In a quantum formalism this is described by the vibrational wave-function
represented in orange on figure 4.5 for different vibrational states. The classical
Condon approximation stipulates that the electronic transition occurs on a short
timescale compared to nuclear motion, so that one can consider a fixed position
of the nuclei. This means that one shall consider only vertical transitions in the
scheme presented on figure 4.5. The extension of this approximation to quantum
mechanics defines the so-called Franck-Condon principle. The probability of a vi-
bronic transition is proportional to the square of the overlap integral between the
vibrational wavefunctions.
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—
ox

Nuclear Coordinates

Figure 4.5: Scheme from Wikipedia of the vibrational wave-functions for two dif-
ferent electronic states of a diatomic molecule. The nuclear coordinates correspond
to the inter-atomic distance and the black curves correspond to the typical Morse
curve potential of the dimer. The blue and green arrow respectively show a fluo-
rescence excitation and emission likely to happen between vibrational levels with
high recovery of the wave-function.

Finally, the density of molecules in the initial state can be written assuming a
Boltzmann distribution as previously introduced:

ox __ heF () ox _ heG ()

p kB-Trot p kB Ty

(2J 4+ 1) - . . 4.20
( ) Qrotn/,vl (Trot) Qvibn/ (Tvib) ( )

N’n’;u’,]’ = Nn/ .

N | —

N, is the density of molecules in the electronic state n’ and Qrot, . (T,.) and
Quib, (Tyip) are the partition functions for the vibration and the rotation.
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In order to calculate the intensity of each transition, One needs to calculate
for each molecule, the position of the levels, the partition functions, the allowed
transitions, and the associated probabilities.

AlO molecule

The first molecule I got interested in is the AIO molecule. Indeed, when consid-
ering the formation of alumina clusters, it is the first molecule to appear”46:177,
Furthermore, despite its short lifetime on earth, this molecule is fairly well known.
Indeed, it is an important molecule for astrophysics as it composes a large part of
observed interstellar plasma®®5380 It was extensively studied in the 60s both ex-
perimentally with high resolution spectroscopy and theoretically with theoretical
transition structure.

In our case, the molecules are generated by laser ablation and a large part of
them ends up in the first electronic excited state such that many de-excitation in
the visible light can be observed. We focused our study on the B2YT — X2%F
system, that is to say the transitions from the electronic excited state with A’ = 0
to the ground electronic state with A” = 0. It corresponds to singlet states with
S = 1/2. This vibration band appears to be the brightest in our plasma, well
isolated from the others, and the rotational levels are fairly separated.

Both states are ¥ states and described by the Hund case (b). Because A’ =

A" = 0, there is no A-doubling. K’ and K” = 0,1,2... and J' and J” are respec-
tively K' + % and K" + %

In short: For each of the enabled transitions, we need to calculate the intensity of
the transition, that is to say how many molecules in the plasma go from the upper
state to the down state per unit of time. This intensity is proportional to the density
of molecules in the upper state times the probability of transition. As discussed
previously, we consider the population of the molecules in the different state to
be described by a Boltzmann law such that for each energy level, it can be fully
calculated using T,or and Ty as parameters. Then, the probability of transition
depends on the Héln-London coefficient referring to the rotational state and the
Frank-Condon coefficient for the vibrational state. These coefficients depend on the
levels involved in the transition and some tabulated values. One can determine the
expected intensity of each enabled transition depending on these tabulated coefficient
and the rotational and vibrational temperature of the molecule’s population.
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According to Kovacs'®, one can write the energy for the level J' = K’ + 3:

F,(K)=B, - K(K+1)—D, - (K(K+ 1))2 + %% K, (4.21)

while for the level J = K’ — %:
2 1
Fou(K) = By - K(K + 1) — D, - (K(K n 1)) — 5 (K +1), (4.22)

The index 1 or 2 stands for the spin projection value +1/2 and —1/2 respectively.
One can notice the same expression we developed earlier except for using K instead
of J and =, a constant corresponding to the energy correction H. The electronic
configuration of these orbitals is 4+ for K even, no matter the value of J, and —

otherwise 9.
| I
K’22 | K’'=1 | K’=0
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Figure 4.6: Illustration from L. Jacob’s report of the AlO’s B?X* — X?2XF tran-
sitions in terms of K”. Notations of the electronic states are given by equation 4.10
and table 4.1. Notations of the branches are given by equation 4.12 and table 4.2.

Considering the selection rules previously described for the transitions B?Y+ —
X2¥F, AA always equal 0, AJ = 0,£1 but J” = J' = 0 is forbidden, only the
transitions changing the symmetry are possible meaning that AK = 0 is forbidden.
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Figure 4.7: Fortrat diagram for the B?Y+t — X2¥T system of AlO molecules
with experimental transition measured by Launila et al.?®® (crosses) calculated
transition by our program from the tabulated constant of Kovacs et al.!% (dots).
Av = v —v"”. The branches () are not observed because of low transition proba-
bility.

It remains 6 possible branches: Py, P>, PQ12, Ry, Ry et Q91 as shown on figure 4.6.
For each branch, Kovacs!? provides the calculation of the Holn-London coefficients
depending on K” which are reported in the table 4.3.

One way to represent the possible transition is to plot the K or J number
of the initial state versus the transition wavelength (or energy) as represented
on figure 4.7. This is called a Fortrat’s diagram. In such a representation, the
progression of the transition for each branch is clearly visible and the denomination
of branches takes on its full meaning. On the diagram, the branches correspond
to the transition AK = +1. In the case of AlO, the branch AJ = 0 is allowed,
but the probability of transition is close to 0 and the branches ©Q5 and #Q4; are
not observed (S;; is one or two order of magnitude lower than the other branches).
In the following, when speaking about R and P branches, we will refer to AK =
AJ = #£1.
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P branches (AK = —1) R branches (AK = +1)
P Py "Quy Ry R "Qu
SK7(K7F1)  2K7(K"—1) K" AKTN(K"F2) 2K (K7+1) pIUEDY
3K+ SK7—1 2K7+1)2K"—1) 3K7+3 SK7 1 2K7+1)(2K"+3)

Table 4.3: Holn-London for the B*YT — X2¥T system of AIO molecule®®.
Notations of the branches are given by equation 4.12 and table 4.2. The lines of
the QQ branches lie very close to the corresponding lines (with same K and AK)
of the P and R branches and are therefore called R-form Q-branches or P-form
Q-branches.

TiO molecule

Another molecule I got interested in is TiO. In the following, I present the structure
of the molecule as described by Kovacs!®. For the calculations, we adopted the
formalism described by Hermann et al.?°! which is presented in the annex B.2. The
transitions of TiO observed here correspond to the A3®q — X3Aqs system.
Both correspond to triplet states, increasing the number of transitions and the
complexity of the emission. A’ =3; ' =1and ¥ =0,£1, and A" =2; §" =1
and ¥” = 0,+1. Because they are not ¥ type and A # 0, there is A doubling.
Yet, this splitting will be neglected as it is far below the spectral definition of the
measurements. As they are triplet states, for a given J, the rotational level will
be indexed 1 for ¥ = —1, 2 for ¥ = 0, and 3 for ¥ = 1. For each of them, the

rotational energy can be written as?%?:

L 2y —2J(J+1
Fi,(J) = B, - [J(J + 1) — [y +4J(J +1)]? — 53; — Ugji 1;] (4.23)
—D,(J — %)4 — % + BuSa g1+ 7 (I + %) (4.24)

Ly —2J(J +1
Foo(J) = B, - [J(J +1)+ §Zj . 4JEJ i 1;} (4.25)
D7+ By B,S3,+ 2 (4.26)

2 3 3
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1 2y2—2J(J+1)
Fyo(J) = B, - |J(J +1 4J(J+1))2 =2 4.27
()= Bo [J0 4 1) [y + (T + 1)) - SR ] ()
3.4 By 2
—DU(J+§) —§+6vsi,J+1—yv(J+§) (4.28)
with: 4 4
y1:A2Y(Y—4)+§ et yngzY(Y—l)—g. (4.29)

Here, the expression of the energies are much more complicated than for AlO
molecules as the coupling are more important. Y is a parameter which determines
if the level is described more by the (a) case of the (b) case depending on J. Y is
the ratio between the spin-orbit coupling constant A and the rigid rotator constant
B,.

The spin coupling is given for the upper state (A = 3) by:

Sor1= [ ) (4.30)
Sy = =2) (4.31)
Cy(J')2
o - (L= 07 o
with:
CL(J) = Y (Y — 4)(J' = 2)(J' +3) + 22 + 1)(.J = 3)J(J +3), (4.33)
Co(J) = OV (Y — 4) + 4T (J' + 1), (4.34)

2
=
!
o]
=
h<
|

DT =3)(J +4)+22 + 1)(J = 2)(J +1)(J +4). (4.35)
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and for the lower state (A = 2) by:

(' = 2)(J" +2)

So g1 = : , (4.36)
Ol(J/ )5
So g = - 22 ; (4.37)
CQ(J//)§
RUECET)
Surn =g (438)
with:

Ci(J)=2Y(Y =49)(J"=1)(J"+2)+ 2J"+ 1)(J"=2)J"(J"+2), (4.39)
Co(JY =YY —4)+J"(J"+1), (4.40)

Cs(J")y=2Y(Y = 4)(J"=2)(J"+3)+ 2J"+ 1)(J" = 1)(J" + 1)(J" + 3).
(4.41)

B,,D,.Y, 3, and ~, are constants.

In the case of TiO, the selection rules are: AY = 0, AQ2 = 0, +1 which is always
valid for AY = 0, and AJ = 0,+1. Selection rules on AA and AS are always
valid. Because of the triplet state, the transitions are organized in three categories
Y = Y1, 72,73 corresponding to the transitions A3®g — X3Aqn. Each of them
have three different branches P, Q and R.

Table 4.5 shows a recapitulation of these selection rules which are illustrated
on figure 4.8.

The expression of the Holn-London factors are given by Kovacs!® in table 4.4.

Transition P, O, R
Fuctor U0 Uy e
Transition P, Q, Ry
Foctor U0 UIpsmry rg
Transition Py Qs Rs
Fuctor 0T ISy e

Table 4.4: Holn-London factors for TiO A3®qg — X3Aqn system.
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Figure 4.8: Tllustration from L. Jacob’s report of enabled transitions in TiO

molecule for the first vibrational levels of the A3®q — X3Aqs system. Energy
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Y1

Y2

Y3

scales are not respected. Dashed levels are for J' and J” not defined

Bande T 2 73

State A3D X3A A3D X3A A3D X3A
by -1 -1 0 0 1 1
Q 2 1 3 2 4 3
J 2,3,4... 1,2,3...]3,4,5... 2,3,4...14,5,6... 3,4,5...

Table 4.5: Sumup of the different quantum numbers in TiO molecule transitions
allowed by the selection rules.

In short: Using this theory, one can calculate the position of the different enabled
transitions observed in AlO and TiO molecules and calculate their intensities from
tabulated values and two parameter T,,; and T,;. Fach of these transitions are
convoluted by a Gaussian function representing the broadening mostly due to the
spectroscopy instruments and summed. The shape of these spectra depend on the
rotational and vibrational temperatures such that one can fit them on experimental
data in order to determine these temperatures.
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Numerical calculation

In order to calculate each spectrum, David Amans developed a program in C+-+
able to calculate for AlIO and TiO molecules, given their molecular parameters (see
annex B), all the parameters for the possible transitions (states energy, partition
function, allowed transitions and probability of transition).

This work was completed in 2020 by the intern Louhane Jacob who worked
with us in order to clarify all the theoretical background about AlO and TiO tran-
sitions. She also stabilized the code and used it on preliminary results I measured
with my experimental set-up, showing that we were able to reproduce the previous
measurements and go further with this project. Despite the Covid crisis and the
lockdown striking during her internship, Louhane did a wonderful job. I want to
thank her for her work as it was a great help for this part of my PhD. The obtained
spectra have been cross-checked in collaboration with Patrick Crozet and Amanda
Ross using PGOPHER, a program for rotational, vibrational and electronic spec-
tra, developed by Dr Colin Western from the University of Bristol.

From the value extracted from this code, I was able to develop a fitting algo-
rithm for experimental spectra. Considering the previous expression, the intensity
of a transition is:

he-F, i (J') he-G . (v')
S]’ exp o kB-Trot exp - kp-Tyip
A N = (2 1) - : (4.42)

1
W9l 9 thn,yv,(Trot) Quiv,, (T'ib)

n' v

with AZZ’U”/N the Einstein coefficient, S4, the Héln-London coefficient, N, the total
population of the electronic state and @) the partitions functions. Here (2J + 1)
simplifies. Furthermore, considering only transition from one electronic state N,
and @,; are constant. @,,; changes only if one is looking at transitions from
several vibrational levels which is not the case for TiO molecules between 705 and
712 nm. For AlQO, various vibration transitions are observed and (),,; has to be
considered. A good approximation for it is2°3:

kBTrot

~
Qrot — BU/

(4.43)

In the end, the intensity of each transition is proportional to the following simplified
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expression:

"o / ’ hC-F!(J/) hCG /(UI)
AU LS v, el L S 4.44
v SJ kBTrat exp( kB : Trot ) eIp( kB : Tvib ( )

From the C++ code, I obtain the coefficients AZ:/’;ﬁ”, ST, Ey(J"), Gu(v')
and B, for each of the transitions corresponding to the wavelength range of the
measured spectra. This enables me to calculate the amplitude of each transition.

Each of these transitions are convoluted by a Gaussian function of amplitude 1
and width o and summed. Here one could question the use of a Gaussian and not
a Lorentz or Voigt function. The closest shape to reality would surely be a Voigt
function. However, it really does not change much of the shape of the spectrum
as it is dominated by the positions of the transitions. More on the fitting process
of the spectra is given in the section 4.4.1.
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4.2 Experimental Set-up

The main aim of my PhD was to develop the LIBS-LIF* experimental set-up pre-
sented in the figure 4.9. The experiment was designed by Vincent Motto-Ros,
Sylvain Hermelin, Christophe Dujardin, Gilles Ledoux and David Amans in the
framework of the CPER optolyse managed by C. Dujardin. It had to be as versatile
as possible and able to perform routine LIBS measurements with spatially-resolved
atomic and molecular spectroscopy. In addition, a tunable laser can be used either
to re-excite the plasma and perform LIF or to excite directly a sample for lumines-
cence scanning microscopy. Two different light collectors are implemented. One
developed for LIBS and able to maximize the collection of the light. One able to
image the plasma with spatial resolution. These light collections can be coupled
with three different spectrometers. The first one is for luminescence and has low
temporal resolution. The second one has very high spectral resolution but cannot
be used for space resolved spectroscopy. The last one can be used for time and
space resolved spectroscopy. It is the one I optimized for molecular spectroscopy
and used the most. In this section, only the elements used for time and space re-
solved spectroscopy are explained. LIF spectroscopy is described in the chapter 5.

When I arrived in the Laboratory, I discovered a room full of boxes and material
ready to be assembled. I have to say I first felt a bit lost in the middle of numerous
pieces to assemble. I remember Sylvain casually telling me: “here you go, you have
lasers, spectrometers, the instructions for the user and all the components you
need. You can start by copying the LIBS set-up I built on the other optical table
and then modify it. Just be careful with the material, this for instance worth two
units”. Two units? “It’s about 2 thousand euros” he answered with a malicious
smile. “Oh and always remember to put a washer before the screw when fixing
clamping forks”. Alone in the room, I had no idea where to begin, and so I started
sorting up all the different pieces, opening boxes and analyzing each piece. It
was a sort of never ending Christmas morning, with lots of expensive Lego boxes.
Fortunately, I love Lego, and some expertise in this field was very welcome. I
enjoyed very much building this experimental set-up. During one year, in parallel
to my work on the micro-canonical model, I tried to find the optimal mechanical
and optical solution with the advice of Sylvain Hermelin and Vincent Motto-Ros.
In the end, Sylvain was right: always put a washer before the screw!

fLaser-Induced Breakdown Spectroscopy coupled with Laser-Induced Fluorescence
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Figure 4.9: Experimental LIBS setup schematic and illustration picture. [1] Q-

Smart 450, 2] powermeter, [3] CCD camera, [4] ablation spot, [5] translation
stage, [6] iCCD camera for plasma imaging, [7] oblique light collection, [8] spa-
tially resolved collection light, [9] alignment CCD, [10] Andor spectrometer for
luminescence, [11] DEMON spectrometer, [12] Andor SR 500i spectrometer, [13]
OPO for LIF.
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4.2.1 Creation of the plasma: the ablation

The ablation pulse is generated by a Q-Smart 450 laser from Quantel ([1] in fig-
ure 4.9). It is a 20 Hz pulsed YAG:Nd laser (1064 nm). Laser pulse is about
5 ns long for a power of 400 mJ in the infrared. The infrared beam was passed
through two frequency-doubling stages to generate the 4th harmonic at 266 nm
with a maximum power of 50 mJ. UV pulses are less energetic because non-linear
mixing processes have a low efficiency and are very sensitive to alignment of the
crystals used. The Q-Smart laser has integrated software that is able to optimize
the frequency mixing process by changing the temperature of the different stages.
Interestingly, the thermal deformation of the crystal is enough to tune properly
the angle and optimize the second harmonic generation. The main advantage of
UV ablation is its versatility. Each photon has more energy and is more effective
to create a plasma, especially with large gap materials such as oxides like alumina.
Simply put, some materials are transparent to the IR frequency and would require
large multi-photon absorption in IR range when just a few photons are enough
with UV light. UV pulses are less energetic but more effective to create a plasma.
Here, this choice can be questioned depending on the target. The harmonic gen-
eration stages on the laser could be removed, but it would require the adaptation
of the optics on the beam line.

The laser timing (pumping and trigger time) is controlled using a digital de-
lay /pulse generator DG645 from Stanford Research Systems. A precise control
of the laser firing time is necessary to synchronize the plasma formation with the
spectrum acquisition as I will describe later.

This laser line is first expanded by a telescope to avoid damages to the optics
(purple beam on the scheme 4.9) and a shutter is used to block the laser when not
used.

In short: During my PhD, I developed an experimental setup in order to perform
time and space resolved spectroscopy of laser-generated plasma. The plasma is
generated by focusing on a target a laser pulse of 5 ns at 266 nm with a power up to
30 mJ. In order to measure the temperature in the plasma, I had to measure spectra
of AlO and TiO molecules in the plasma with both temporal and spatial resolution.
The spatial resolution is insured by a series of 19 optical fibers collecting the light
at different height in the plasma with a spatial resolution of about 150 pum. The
light is injected inside a spectrometer in order to obtain the spectrum for each of
the fiber. The temporal resolution is insured by and amplified camera (iCCD). This
camera records the signal for a very short time only. By tuning the delay between
the ablation pulse the signal recording, I am able to probe the plasma at different
time with a temporal resolution of 2 us.
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A PowerXP Motorized attenuator from Altechna is placed on the beam line.
It uses the polarization of the beam in order to reject a controlled part of the
beam light and control the ablation power from few percent to full power. A set
of two dichroic mirrors (not represented on the scheme) are used to adjust the
beam path in the two spatial dimension and two angular dimension. They also
filter the 266 nm component from the other harmonics. A beam sampler deviates
about 10% of the beam onto a Nova II power meter mounted with a high energy
pyroelectric sensor in order to check and measure the ablation laser power (|[2]
in figure 4.9). The beam is then reflected by three dichroic mirrors and focused
vertically on the target by a simple UV lens (f = 50 mm)3. Because the dichroic
mirrors are transparent for other wavelengths, a camera can be placed on the top
in order to image the target surface in a confocal position ([3] in figure 4.9). This
is particularly useful for mapping measurements.

The sample is placed at the focal point of the laser beam ([4] in figure 4.9).
The height of the target can be adjusted using the motorized translation stage (|5]
in figure 4.9) with a precision of about 1 pum or adjusted by changing the position
of the lens along the z-axis. The consequence of adjusting the lens is to change the
focal point position without modifying the position of the target with respect to
the collection light. This is particularly useful for the study of focal point position
on the plasma. Quite surprisingly, the best way to adjust the target at the focal
point is using ablation sound. When the laser power is set to the minimum, the
ablation of the target would occur only when the surface is right at the focal point.
For each measurement, the position of the target is adjusted using this procedure.
Sound variation is also a good indication of horizontal position issues and other
modifications of the ablation.

During measurement, the target is moved in the horizontal plane by the trans-
lation stage ([5] in figure 4.9) with a precision of about 10 pm. This translation
is used for surface mapping. Yet it is also needed for my measurement. If the
ablation always occurs at the same spot, it forms a hole in the target and the
ablation dynamics changes drastically. Thus, all my measurements were achieved
with the target moving at about 1 mm/s. The horizontal position of the target
can be adjusted with a tilt controlled deck. The adjustment is very important
as the target is moving. If it is not perfectly horizontal, the vertical position of
the surface would change during the acquisition and change the plasma formation
dramatically. Note that precise translation is also used to map a surface. This is
particularly useful for micro-LIBS measurement in order to map the composition
of a sample.

$For micro-LIBS, a microscope objective can be used instead for better spatial resolution.
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4.2.2 Imaging of the plasma

The shape evolution of the plasma can be imaged using the same iCCD camera
and objective as presented in chapter 3 ([6] in figure 4.9). It has a spatial resolution
of about 44 pm and a temporal resolution up to 5 ns. The time evolution of the
plasma is too short to film. The dynamics is reconstructed from different pulses
imaging just like for the shock-front (see chapter 3). The delay time, and gate
width are set on the camera itself using a reference trigger signal from the digital
delay/pulse generator DG645. In contrary to shock-front imaging, the image of
the plasma is averaged on 10 to 20 laser shots. First, it increases the signal-to-
noise ratio. Second, the plasma plume is not exactly the same for each pulse. It
enables to have average information to compare with spectral measurements (also
averaged). An example of the obtained images can be seen on figure 4.13 (a).
Interferometric filters centered on emission lines are placed in front of the camera.
It enables to select the emission of given species. For each measurement, the size
of the image is systematically measured by imaging a ruler in the plane of the
ablation.

4.2.3 Collection of the light

Two different light collection systems are implemented on the setup. The first
one consists of an oblique arm composed of a 1/2 inch achromatic lens with a
focal length of 25 mm imaging the plasma on bundle of optical fibers in a 2f/2f
configuration (7] in figure 4.9). This injection is very easy to adjust. The optical
fibers bundle is composed of 16 multi-mode fibers in order to couple more light
inside the fiber. The core diameter of each fiber is 100 pm. The downside of this
light injection is that one cannot control precisely where the light collected comes
from. This collection system is used for conventional LIBS measurement, lumines-
cence mapping or measurement on the DEMON spectrometer ([11] in figure 4.9,
figure 4.11) which is a high resolution spectrometer that requires strong signal and
cannot be used for spatially resolved spectroscopy as we will discuss later.

The second light injection I developed is space resolved. It is composed of
two one inch UV-Vis aspheric lens with a focal length of 50 mm and a N.A.=0.25
mounted on an adjustable length tube with a bundle of 19 aligned fibers ([8] in
figure 4.9) as represented in figure 4.10 (a-b). The fibers are spaced by 125 pym
and their core diameter is 100 gm. The numerical aperture of the lens is chosen
to match the N.A.=0.22 of the fibers in order to have a good injection. Each fiber
collects the light from a different height in the plasma. The adjustable length
tube added with a horizontal translation stage enable to adjust the focal and the
optical zoom of the collection. The collection is mounted on a vertical automated
translation stage able to precisely translate the collection vertically and laterally
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Figure 4.10: (a) Picture of the fibers image in the plane of the plasma using
the alignment camera [9] on figure 4.9. Here, the plasma is 0.3 mm diameter as
the laser pulse energy is set to the minimum for precise adjustment of the light
collection. At full power, the plasma is several mm large. (b) Scheme of the
collection of light used for tomography of the plasma [8] on figure 4.9 (c) map of
the solid angle corresponding of the light entering a fiber of core radius R=100 ym
with a numerical aperture AN=0.22 depending on the position in the plasma.

with a precision of about 1 pm. The vertical translation is used to adjust the first
fiber at the surface of the target. The lateral translation is used to center the fibers
on the ablation spot (see figure 4.10 (a) and move it precisely to map the plasma.

In order to precisely tune the focal length of the collection and its position, a
CCD camera is installed on the axis of the light collection and plasma as repre-
sented in figure 4.10 (b) (|9] in figure 4.9). The objective of the camera is chosen
to have a short focal length and adjusted such that only the plasma appears sharp
as in the image on figure 4.10 (a). When this is done, it is easy to tune the zoom
and the position of the fibers. Indeed, when they appear sharp on the camera,
it means that their image is made in the plane of the plasma. Furthermore, by
imaging a ruler on the camera, one can very easily obtain the spatial resolution of
the system. In the case of these measurements, a good compromise between the
spatial resolution of a fiber and the amount of light collected was a configuration
close to a 2f/2f meaning that fibers image spots are separated by 125 um.

On the image, fibers appear blue because some light is injected on the other
end of the spectrometer. Changing the grating angle shifts the wavelength. This
can be used in order to finely tune the collection and in particular the injection



4.2. EXPERIMENTAL SET-UP 147

lenses. These lenses are aspherical. They have little geometrical aberration but
their focal lengths vary with the wavelength. For better resolution, one should
take care of optimizing the system for the wavelength range of interests. Here, the
blue corresponds to the AlO emission system (around 500 nm).

When considering the spatial resolution of the collection, one needs to be care-
ful. In order to really understand spatial resolution, it is important to understand
the origin of the light that enters the fiber. A beam of light enters a fiber if it
intersects its core section with an angle smaller that the numerical aperture of the
fiber. Figure 4.10 (c) represents for each point of space, the solid angle of light
entering the fiber. The depth origin corresponds to the image plane of the fiber,
that is to say the focal point of the ablation laser. As you can see, around 0 most
of the light entering the fiber arrives from a cylinder of diameter 100 ym (the size
one core). Outside this area, none of the light can enter the fiber. However, the
more we move apart from the focal point, the larger is the area where light can
enter the fiber. Fortunately, the solid angle in each point also decreases drastically.
In the end, one can calculate that the contribution of the light in each plane is the
same¥. In the end, the light entering the fiber comes from a volume of two sorts
of cones intersecting the plasma. For a plasma of a few mm, the base of each cone
is about 250 pm.

The spatial resolution is thus quite complicated to define. One can say that
most of the light comes from a volume of about 150 pm side and 300 pym depth,
added with a diffuse component coming from the whole depth of the plasma.

4.2.4 Spectrometers

This set-up was designed with three different spectrometers that can be used for
different purposes.

The first one is a Kymera spectrometer from Andor ([10] in figure 4.9) which
is very versatile, has three different gratings and a resolution up to about 0.2 nm.
However, the acquisition of the spectrum is done by a EMCCD camera which
does not have the electronic gating of the iCCD camera. It cannot be used for
time resolved spectroscopy. Furthermore, the resolution is not sufficient to record
rovibrational spectra from diatomic molecules. This spectrometer is used for lu-
minescence measurements.

YThis result can be calculated considering a fiber of radius wy and a plane normal to the
fiber’s axis at a distance x. For each point of this plane, the solid angle intersecting the fiber is
AQ ~ mwg/z?. The intersection between the plane and the N.A. of the fiber is S(z) = 7(N Ax)2.
In the end, the product of both is constant: AQS(x) = 72wl N A2
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Figure 4.11: (left) Andor Shamrock 500i spectrometer. (right) DEMON-LTB
spectrometer. Images are provided by the manufacturers.

The second spectrometer, is the DEMON spectrometer from LTB ([11] in fig-
ure 4.9 and right panel of figure 4.11). It is mounted with an iCMOS camera
having the same gating ability as the iCCD camera and can be used for time re-
solved measurements. Furthermore, this spectrometer has a significantly higher
resolution of 1 pm enabling rovibrational study of molecules or even isotopic mea-
surements on atoms. On figure 4.12 is an example of the AlO spectrum in red
and the corresponding Fortrat diagram in black. As you can see, many of the
rotational transitions are actually resolved with such a spectrometer. In order to
achieve such performance, it uses a prism to diffract the light in one direction and
a grating to further diffract it in the other direction. The main drawback of such a
spectrometer is that it has a 2.5 nm wavelength range. For larger spectra, we have
to scan the wavelength adding some uncertainties on the peaks position and noise
level. It also increases a lot the measurement’s time. Furthermore, space resolved
light collection cannot be used with this spectrometer because of the double stage
diffraction. The entrance of the spectrometer is not a vertical slit but a pinhole.
Finally, it requires a large intensity signal and can be used only on large plasma
using the first light collection. Here, this spectrometer was only used to check
that the calculated transitions and Fortrat diagram fit the transitions observed
(see figure 4.12).

The third spectrometer is the one I used the most and optimized a lot. It is a
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Figure 4.13: (a) image of the plasma acquired with the iCCD camera for a delay of
2 us and a gating of 2 us averaged on 10 pulse shots. Position of the fibers are rep-
resented in red (for this illustration, each fiber imaged 0.3 mm). (b) corresponding
image of AlO emission for each fiber after dispersion in the spectrometer.

Shamrock 500i from Andor ([12] in figure 4.9 and left panel of figure 4.11). Thisis a
conventional spectrometer based on Czerny-Turner optical design. It is composed
of two entrance slits that can be used with the two different light collections. The
light is collimated by a mirror on a grating and the diffracted light is focused back
on a DH340T-25F-03 iCCD camera from ANDOR. The iCCD is composed of a
2048 x 512 px CCD sensor for which each pixel is 13.5 pm side.

Contrary to the DEMON spectrometer, the diffraction is horizontal such that
the light of each fiber is diffracted on the iCCD at a different height as shown
in figure 4.13 (b). The signal is vertically integrated on the pixels corresponding
to each fiber leading to 19 tracks as shown in the panel (c¢). Using this spatially
resolved light collection, the spectroscopy of the plasma is achieved for each fiber
simultaneously.

The spectrometer has three different gratings whose specifications are reported
in table 4.2.4. The grating 3 with 2400 1/mm (blaze 240) is used for molecular
spectroscopy in order to obtain high spectral resolution. The efficiency of the grat-
ing 3 given by the manufacturer is represented in figure 4.14. It has a theoretical
resolution of 0.03 nm and a measurement range of about 20 nm. In theory this
should be enough for the rovibrational spectroscopy. However, the resolution ac-
tually depends a lot on light injection, the slit opening, and the camera used. In
my case, the resolution was mostly limited by the injection and I had to work a
lot on it to achieve a high enough resolution for the rovibrational spectroscopy.

The injection is composed of two lenses similar to the collection but with differ-
ent focal lengths. The first one is an aspheric lens matching the N.A. of the fibers
in order to collect most of the light coming from it and collimate it (f = 50 mm
and N.A.=0.25). The second lens (f = 125 mm) is placed just after and makes
the image on the entrance slit of the spectrometer with a N.A.=0.1. In theory, the
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spectrometer is designed for a N.A. close to 0.22. Yet, the definition was degraded
due to geometric aberration of the mirrors. This aberration mostly arises from
the side of the mirrors. A classical way to deal with it is to use masks in order to
block the light on the mirrors’ side. In order not to lose signal, I preferred to use
a smaller N.A. illuminating only the mirrors center.

Consequently, the image of the fibers in the entrance slit is 2.5 times larger.
This magnification ratio is calculated for the height of the 19 fibers to match the
height of the iCCD chipset. This maximizes the area of detection and decreases
the numerical noise by binning the pixels over the image of each fiber. The main
drawback is that when the slit is closed in order to have better resolution, more
light is cut. Yet this would be the same with the mask. Here, the slit opening is
an easy way to tune the signal intensity versus definition.

Finally, I had to set precisely the entrance slit and tilt the grating in order
to obtain a sharp image of the fibers on the iCDD and a perfectly horizontal
diffraction. Having perfectly horizontal diffraction enables to bin vertically the
signal of each fiber over 12 px as shown in figure 4.13. Binning reduces the signal-
to-noise ratio.

The maximal resolution used is FWHM=0.06 nm for a slit opening of 50 pym. It
could be increased further by closing the slit to about the resolution of the grating
for a slit of 10 pum (0.03 nm, see table 4.2.4). However, in the case of space molec-
ular spectroscopy, the signal was not strong enough. Because of some remaining
spatial aberrations, the image of the entrance slit is not perfectly vertical. This
leads to some shift between the different tracks. Such shift along the vertical axis
(about 0.05 nm) would decrease the spectral resolution for full vertical binning.
Here, it is less of an issue as the vertical binning is done for each of the fiber, but
this implies that each track is calibrated individually.

On figure 4.12 you can see in blue the typical spectrum obtained with this
spectrometer compared to the one obtained with the DEMON spectrometer. The
resolution is much lower, and we cannot differentiate all the transitions. In partic-
ular, the peaks of the different branches are no more differentiated. Differentiated
both branches is interesting for the measurement of 7). as they correspond to
different values of K and thus different energy levels. Yet, we will see that it is
not mandatory to determine the rotational temperature. The global shape of the
spectrum is enough.
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Lines/mm | Blaze | Nominal dispersion | Resolution | Bandpass
Units mm ! nm nm/mm nm nm
Grating 1 600 300 3.18 0.13 88
Grating 2 1200 300 1.54 0.06 42
Grating 3 2400 300 0.69 0.03 19

Table 4.6: Characteristics of the different gratings given by the manufacturer.
Resolution is given for a 10 pm slit and 13.5 pm pixel CCD.
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Figure 4.14: Efficiency plot of the grating 3 for a 45° polarization given by the
manufacturer. Blue curve corresponds to the grating 3 in table 4.2.4. Under
the plot, the color scale represents the recommended spectral range for gratings
: aberration-free region in green, possible impact on system resolution in orange
and likely impact on system resolution in red.

4.3 Imaging species in aluminum oxygen plasma

Previous work on the imaging of molecules in aluminum oxygen plasma have been
reported by Julien Lam and David Amans in 2014%” on an alumina target and
more recently by Ran et al. in 2017'% on pure aluminum in air. Using filters
centered on 488 nm, 780 nm and 390 nm in front of an iCCD camera, the au-
thors were able to image respectively AlO molecules, oxygen atoms and aluminum
atoms. This technique enabled them to easily and quickly determine the position
of the different species using narrowband filters. Furthermore, the intensity of the
emission provides good information on the density of the species even if this should
not be considered a quantitative measurement as it depends on other parameters
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and self-absorption.

In this section, similar measurements are used to explore the influence of the
laser power and ablation’s conditions on the formation of the species in the plasma.
In order to investigate the origin of the oxygen in the formation of AlO, ablation
from aluminum and aluminum oxide targets in air or under an argon flow are
compared. Evolution of the species is recorded by an iCCD camera. Each image is
averaged over 20 shots with a gate width of 2 us. Delay between the ablation pulse
and the acquisition is changed from 0 to 60 s by steps of 2 us. The observed species
is selected using a narrow-interferometric filter. Aluminum atom Al (I) emission
lines corresponding to the transition from 2S;,, to 2Pg/2 and 2P(1)/2 (394.40 and
396.15 nm) are selected by a filter at 390 &5 nm. The emission of AlO molecule is
selected by filters at 51445 nm (centered on X?*3T-B2X ", Av = —1) or equivalently
at 490 £+ 5 nm (centered on X?XT-B2X T+ Av = 0).

Unfortunately, the emission of Oy molecules is mostly in the IR region. Owing
to this, as well as its large concentration in the air, it cannot be measured with
this experimental set-up.

Oxygen atoms O (I) could be observed using a 780 £ 5 nm filter correspond-
ing to the transition from °Pj 53 to 5S°. However, oxygen is difficult to excite
(10.7 eV) and emission is only observed at short delay time (<5 ps) and in the
center of the plasma. In these conditions, Bremsstrahlung emission cannot be
neglected and one needs to correct the images using spectroscopic measurements.
Such corrected measurements have been achieved by Ran et al.'% and interested
readers are invited to take a look at their study and discussion. They used spectral
measurement in order to obtain the optical noise on the axis of the plasma and the
cylindrical symmetry of the plasma to calculate the correction on the whole image.

In the study presented here, no spectroscopic correction is applied in order to
remove Bremsstrahlung emission. For short delay, the intensity recorded with the
filter is partially due to the background emission. For instance, when looking at
the AlO spectrum with a delay of 2 us, half of the intensity is due to background
emission. After 5 us, Bremsstrahlung emission becomes negligible. In that case,
the intensity integrated on the image is a good indicator of the total emission of
the species in the plasmall.

Equivalent measurement on TiO plasma is not possible. As we will see, Ti

emission lines are present in the spectral range of TiO emission and differentiating
both with filters is impossible.

ITo be fully quantitative, a correction similar to the calculation of the light entering the optic
fiber should be applied to take into account the depth of the plasma.
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The origin of A1O(B?X") molecules

In order to properly interpret the emission of AlO molecules, one needs to un-
derstand where it comes from. The emission recorded here corresponds to the
B2Y* state of the AlIO molecules. This state has an excitation energy around
1.78 eV (about 20 000 K). It can be populated because of the formation of excited
AlO(B2XT) molecules or by the excitation of molecules from the ground state
AlO(X2%T).

Ground state of AIO(X?YLT) molecules can be formed from single collision
Al+0, — AIO(X221)+0. However, this reaction is almost isoenergetic?t. Thus,
the formation of the excited state AIO(B?XT) through single collision is impossi-
ble194205:206 " The excess energy required (1.78 €V) is too large™. Kasatani et al.
proposed in 1990 the following three body reaction: Al+0+0, — AIO(B?X7)+0,
motivated by a quadratic dependence of the AlO emission with the Os pressure.
This reaction path is the one introduced in the chapter 2 with the formation of
a reaction intermediate that has to be cooled down by a third body within an
oscillation time:

stickin coolin
Al+0 = AlO* — AlO(B2SH)

desorption

In the experiment of Kasatani et al., the third body has to be Oy molecules as it
is the only gas. In the case presented here, it can be any molecule of the air.

Exciting AlO molecules in the B?X* state is more difficult than exciting atoms.
In contrary to atoms, the gaps between the electronic levels of the molecule are
large: 1.78 eV (about 20 000 K) between X?%* and B*LT and 1.32 €V (about
15 000 K) between A?TI; and B®Y*. Thermal excitation due to collision with
the electron gas is unlikely as the temperature of the plasma, in particular in the
region of AlO formation, is too low. Only few excitation paths are possible. One
could consider excitation through resonant absorption from the background light
(see chapter 5). However, Bremsstrahlung emission stops after a few us. Atomic
emission remains strong during a longer time (10-15 us) but is unlikely to be
resonant with AlO absorption. An excitation path to consider is collision with
meta-stable excited atoms or molecules formed during ablation which can remain
excited for long time. Some example relevant for ablation in air and in argon flow
are given in the table 4.7. One can expect these species to be localized in the
periphery of the plasma.

In similar work, the AIO(B?XT) state is usually attributed to its formation
and excitation from the ground state is usually not mentioned 26194, In that case,

**This excess of energy corresponds to the difference in energy between both levels. It is too
large to be compensated by the kinetic energy of the reactants.
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Element | State | Energy (eV) | Radiative life-time
Ar 5P, 11.54 o6 s

Ar 3P 11.72 45 s

O, a'A, | 0.978 ~55 min
0, b's; | 1627 ~10's

O 'D 1.967 100 s

O 'S 4.189 Ls

N A3 | 6.17 10 ms
No a'll, | 8.55 100 ps
N Do 2.38 10 h

N 2po 3.57 10 s

Table 4.7: Energy and radiative life-time of metastable sates of atoms and
molecules compiled from Praveen et al.?"

emission of AIO(B*L") provides information on the formation of the molecules
and their interaction with the plasma within its radiative life-time.

4.3.1 Influence of the energy of the pulse

The first set of experiments studies the influence of the pulse energy on the ablation
of a pure aluminum oxide target in air. The target is single crystal grown by
Czochralski (Cz) technique with radio frequency induction heating in an iridium
crucible!™174,

Figure 4.15 (a) represents the time evolution of Al atoms (in red) and AlO
molecules (in green) in the plasma from 2 us to 30 us for 5 different power from
3.25 mJ to 31 mJ. As you can see, for the larger pulse energies, the first have
a mushroom shape. But after 10 us, one can observe an interesting torus shape
as if the plasma falls back on itself. This kind of dynamics is very similar to
the implosion of a cavitation bubble. An analogy would suggest that after a first
expansion, the plasma implodes. This would be consistent with Taylor’s model
developed in chapter 3. The typical time for the pressure to fall to atmospheric
pressure was 5 us which is consistent with this observation. A similar shape was
observed by Ran et al.'® after a longer delay of 40 us. This is again consistent
considering they used larger pulse energy (50 mJ).

For lower pulse energy, the plasma follows similar dynamics, with a smaller
spatial extension. But below 15 mJ, the plasma seems to have different dynamics
with a reversed “I” shape.
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Figure 4.15: (a) dynamics of the plasma observed in false color at different delays
after the ablation of an aluminum oxide target in air. Aluminum emission is in red
and AlO(B?X") emission is in green. (b) Intensity of the Al(I) emission integrated
on the whole image. (c) Intensity of the AlIO(B?X") emission integrated on the
whole image. (d) Intensities of the Al and AlO emission integrated on the whole

image and time.

For large energies and early time Al atoms form a homogeneous cloud while
the AlO molecules are concentrated at the surface of the target and along the
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center of the plasma. Later, one can see that the AIO molecules are located on
the periphery of the plasma. Again, these observations are consistent with Ran et
al. 194,

It is interesting to notice that Al atoms are constantly excited by collisions
with the electron gas. Al emission is thus directly correlated with the density
of aluminum atoms and free electrons. On the contrary, exciting AlO molecules
in the B?XT state is much more difficult (see section 4.3). Emission is due to
molecules just formed in the excited state or excited by collision with meta-stable
molecules and atoms. The life-time of the excited state of AlO is very short (less
than 3 ns, see chapter 5). The intensity of AIO(B?X") is thus directly related to
(i) the formation rate of the molecules or (ii) their excitation rate. In the first
case, the reaction producing AIO(B2XT) needs cold quenching gas, explaining the
localization of the emission on the periphery of the plasma. In the second case,
the meta-stable molecules (N} or O3) excite AIO(X?L") molecules. AlO(X2XT)
molecules can be formed by the reaction of Al atoms with Oy molecules of the air
and are thus likely to appear in the periphery of the plasma. Furthermore, the
meta-stable molecules are created by the excitation of the air during ablation and
are also likely to be located on the periphery of the plasma. In both case, the
location of the emission is consistent and cannot discriminate the formation path

of AIO(B2X™).

The intensity of Al emission decreases with time for all the powers (see fig-
ure 4.15 (b)). This intensity is directly correlated with the population of atoms in
the 2S; /2 excited state even if this measurement is not quantitative .

The decay of the Al emission seems to have two different trends particularly
visible for the larger pulse energy (red curve): a first before 15 us and a second
one after. The double decay of the emission could be due to (i) a decrease of the
excitation rate due to the cooling of the plasma and the decrease of the electron
density and (ii) reaction of Al atoms forming AlO molecules. Indeed, the second
decay is correlated with an increase of the AlO signal at 10 us for the 23 mJ pulse
and 15 ps for the 31 mJ pulse (see figure 4.15 (c¢)). This increase of AlO emission
also corresponds to the time when the average temperature in the plasma is low
enough for the AlO molecules to become predominant according to the model de-
veloped in chapter 3.

The total amount of Al and AlO emission observed in terms of the laser power
is represented on the figure 4.15 (d). Note that the integration of the signal is done
up to 60 ps and the remaining emission after the 60 us does not affect the mea-
surement. Both quantities increase with the laser power because the total amount

' The imaging is not corrected from self-absorption nor geometric effects of the acquisition.
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of ablated atoms increases with the laser power. In the case of AlO emission being
mostly related to its formation rate, the integer of the emission with time is likely
to be related to the total amount of molecules produced. In contrary, Al emission
is also impacted by the temperature of the plasma and the electron’s density as
the atoms are easily re-excited.

4.3.2 Influence of the target and gas composition

A second set of experiments addresses the influence of the target composition and
the environment. Changing the environment of nucleation can provide informa-
tion on the formation of the molecules. In particular, it would be interesting to
determine the formation path of AIO(B?X") molecules. An interesting experiment
to study the formation of the molecules would be to look at a plasma generated
in a controlled atmosphere. By tuning the quantity of Ny /O, and Ar, one could
investigate the excitation of AIO(X?%T) from meta-stable atoms and molecules.
It would also be interesting to have an atmosphere composed of 80. 27A1'0 and
2TA1'®0 emission are shifted such that one could discriminate the formation of A1O
molecules from target’s oxygen and from atmosphere’s oxygen.

Unfortunately, working in a fully controlled gas environment would require im-
portant modifications of the experimental set-up. Here, the gas environment was
simply changed by adding an argon flow (4.3 L/min) at the ablation point. Two
kinds of targets were used, the previous one composed of Al;O3 and a second one
composed of aluminum metal. The metal target was sanded before ablation in
order to remove the oxide layer. Yet, oxidation of aluminum is almost instanta-
neous. The formed layer just after sanding should not exceed few nm. Even if not
removing all the oxygen from the target, one can expect its amount to be reduced.
The four different combinations were measured with the previous experimental
set-up and a pulse energy of 23.3 £ 0.5 mJ.

Figure 4.16 (a) represents the time evolution of Al atoms (in red) and AlO
molecules (in green) in the plasma from 2 us to 30 us in the four different config-
urations without any renormalization. First, one can observe that the dynamics
of ablation is slightly different from the previous experiments and no mushroom
shape is observed. Both sets of experiments were performed several months apart.
The focusing on the target and the acquisition are not guarantied to be exactly
the same. One noticeable feature is that the plasma formed in Ar is flatter than
the plasma formed in the air. It is a well-known phenomenon for LIBS physicists
who use it to increase the emission signal of the plasma. For micro-plasma, the
intensity of the signal can be increased by several orders of magnitude. Usual ex-
planations are (i) a better confinement because of Ar weight, (ii) less energy loss in
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Figure 4.16: (a) dynamics of the plasma observed in false color at different de-
lay after the ablation shot. aluminum emission is in red and AlO emission is in
green. (b) and (c) represent the total emission of Al integrated on the whole image
respectively from ablation of an aluminum and alumina target. (d) and (e) rep-
resent the total emission of AlO integrated on the whole image respectively from
ablation of an aluminum and alumina target. Blue dots corresponds to data in air
environment while red squares corresponds to data recorded in an Ar flow.



160CHAPTER 4. TEMPERATURES & THERMALIZATION OF THE PLASMA

Oy and Ny molecules breaking and (iii) Ar atoms provide more free electrons than
air. 191208 Note that because of the larger density of argon, Taylor’s model indeed
predicts an average pressure 16% larger than for ablation in the air (see chapter 3).

When looking at figure 4.16 (b) and (c) one can indeed see that the intensity
of aluminum is always higher with the argon flow (red square). This observation is
consistent with the fact that Al emission is directly related to the electrons density
and the temperature of the plasma. The signal of aluminum is also stronger for
the metallic target (b) than the oxide target (c) which is logical as the density
of aluminum atoms in the target is larger. In the four cases the dynamics of Al
emission are very similar.

In contrary, the total intensity of AlO molecules (d,e) changes depending on
the target and environment. The initial decrease in the signal is partially due to
light background and is difficult to interpret. Here, we focus on delay larger than
D Us.

Let us first consider ablation in air (blue dots). The AlO signal appears twice
as large for the aluminum target than for the oxide target. Yet, both dynamics
are similar with a plateau from 5 to 20 us. This observation suggests that the
composition of the target has little influence on the formation of AlIO molecules.
The difference in intensity is probably due to a larger number of Al atoms from
the ablation of the aluminum target. It suggests that the oxygen is in excess and
that AlO can be formed with the oxygen of the air. Direct reaction of Al with O,
molecules can form AIO(X2YX"). However, a large amount of Oy molecules from
the air is expected to be atomized during ablation and reaction of Al with O can
form AIO(B2XT).

On the contrary, the AlO signal in the argon (red squares) is this time much
different. There is no plateau and the signal of the aluminum target is slightly
lower despite more Al atoms expected. These observations suggest that this time
aluminum is in excess.

The plateau is only observed in the air. The important production of AIO(B*X )
molecules after 10 us seems related to some molecules in the air. A first expla-
nation would be an increased amount of AIO(X?YL*) molecules formed by the
reaction of Al atoms and O, molecules. In that case, the ground state molecules
have to be excited by meta-stable molecules and atoms. A second explanation
would be a more effective quenching form air molecules increasing the formation
rate of AlIO(B2X ") molecules formed by the reaction of Al atoms and O atoms.

Unfortunately, it is difficult to settle the question from these observations.
Further more, experiments as the ones suggested in the introduction of this section
are required.
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4.4 Rovibrational spectroscopy

Molecular spectroscopy of laser-generated plasma is interesting from the determi-
nation of nucleation processes, measurement of the temperature and discussion on
LTE. In particular, Alessandro De Giacomo and Jérg Hermann wrote in 20172%
that the “diagnostics of these types of plasma are still challenging. Thus, the
question of LTE still remains open. The need for tools for accurate analysis of
molecular emission spectra that consider self-absorption and spatial variations is
obvious.” In this section, I present the spectroscopy measurement of AIO and TiO
molecules resolved in space and time and the fitting process developed in order to
obtain their rotational and vibrational temperature.

Just like plasma imaging, Pengxu Ran et al.'* have achieved similar measure-
ments on AlO in order to determine its rotational temperature along the vertical
axis of the plasma. Having a higher resolution spectrometer, they achieved a very
precise fit of the rotation system by taking into account self-absorption. In return,
they were not able to properly define the vibrational temperature in itself. They
used a spectrometer with higher spectral resolution and measured only a narrow
spectral range around the (0,0) and (0,1) bandheads.

With this work, my goal is to discuss both vibrational and rotational tempera-
ture of AIO molecules. I imaged larger spectral ranges of both regions in order to
determine both temperatures and have robust results. In contrary to Pengxu Ran
et al., I used alumina target instead of aluminum as I wanted to be consistent with
previous work of my team. I also investigated the influence of the pulse energy on
the temperature. Using fiber for the collection of the light, I was able to translate
the collection and obtain 2D mapping of the temperatures. I measured spectra
along the center for four different pulse energies: 7.5,15,23 and 31 4+ 0.5 mJ and
the energy for 2D mapping was set to 22.5 + 2.5 mJ.

Finally, T also measured the rotational temperature on TiO molecules in the

same condition in order to see the influence of the molecule. Similar fit of the
temperature on TiO has been achieved by De Giacomo et al. in 20142,

In short: An iCCD camera with filters centered on Al and AlO emission transi-
tions is able to image the position of the species in the plasma. Al emission appears
to be related to the temperature of the plasma and the electronic density as it is
excited by collision with electrons. AlO molecules is more difficult to excite and
emission is likely to track its formation rate. AlO molecules seems to form on the
hedge of the Al cloud by the collision of Al atoms with cold Oy molecules from the
air. This observation is confirmed by changing the surrounding gas: in argon flow,
the emission of AlO molecules decreases.
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Simple criterion to determine 7,

When I started to work on the simulated spectrum of TiO and AlO, I noticed
typical evolution of their shape depending on the rotational and vibrational tem-
perature. From there, I tried to determine some criterion able to provide a good
estimation of T,.. For instance David Amans was able to use the cross-over of
the rotational branches P and R in the CC molecules, easily identified from the
spectrum intensity, to determine the temperature®’. This could be useful as an
input parameter of the fit and, more generally, for others wanting to estimate the
temperature without using a complete fitting process.

On figure 4.17 (a) and (b), you can observe the shape of AlO spectra calcu-
lated for different T,,; and T,; between 500 K and 4000 K. The change of both
temperatures does not affect the shape of the spectrum the same way.

Considering the vibrational temperature, one can expect an increase of the
intensity of bandheads with large v" when the temperature increases (see figure 4.17
(b)). The population of the molecules in the higher vibrational states increases
with the temperature. Such a ratio could appear as a good criterion for the
vibrational temperature. Yet, this intensity would actually also depend on the
rotational temperature. When T,.,; increases, the intensity of the transition in the
bandhead, corresponding to low rotational numbers, decreases as one can see on
figure 4.17 (a). Furthermore, high rotational number transitions overlaps with the
other bandhead. And finally, the intensity of the (0,0) bandhead is subject to
self-absorption.

Considering the rotational temperature, one can observe that the signal af-
ter 494 nm mostly corresponds to transitions with high rotational number. For
a given rotational temperature, this part of the spectrum depends little on the
vibrational temperature. Thus, a simple criterion for the rotational temperature
is the integer of the intensity for A > 494 nm divided by the total intensity:
Chao = 42210 I/ 458(10 I. This simple criterion is actually quite robust and almost in-
dependent of the vibrational temperature as one can see in the inset of figure 4.17
(c). In case of large self-absorption, one should not integer the first bandhead in
the normalization term. Thus, one can plot the relation between C and T, (fig-
ure 4.17 (c)) and use this curve to determine the rotational temperature using this
simple integration. On figure (figure 4.17 (d) one can see the comparison between
the rotational temperatures in the plasma obtained using this criterion in blue
and the complete fit of the spectrum as developed later in black. The results are
mostly in good agreement except at the early time. Before 5 us, self-absorption
lead to the overestimation of the temperature.

In the case of TiO molecules, emission in the range 705-711.5 nm, does not de-
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Figure 4.17: (a) Example of AlO spectrum (Av = 0) calculated for T,; = 2000
K and various T},. (b) Example of AlO spectrum (Av = 0) calculated for T, =
2000 K and various T, FWHM=0.06 nm. (c) Evolution of the integer of the
normalized spectrum after 494 nm depending on 7T,,;, the inset represents this
integer depending on both temperatures. (d) Comparison of the calculated T,
from the criterion and from a complete fit on the emission recorded for a 31 mJ
pulse on an aluminum target in air. Fit procedure is presented in the section 4.4.1

pend on the vibrational temperature as it corresponds to the same vibrational
state. In this range, I can determine the rotational temperature of the TiO
molecules by fitting the spectrum exactly like A1O but considering the molecular
structure of TiO. In figure 4.18 (a) are plotted calculated spectra for different rota-
tional temperatures. One of the difficulties is that the spectrum changes very little
for temperatures above 1000 K. The intensity of the spectrum between 707 and
708.9 nm increases with the rotational temperature while the intensity of the spec-
trum before 707 nm decreases (see black arrows on the spectra). I can thus define

criterion for the rotational temperature of TiO molecules as Crio = 770078'9 I/ f770067 1
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Figure 4.18: (a) Example of TiO spectrum (Av = 0) calculated for various T
(b) ratio of the integrated spectrum Crio = 770078'9 I/ 770067] depending on the
temperature. (c¢) Comparison of the calculated T..,; from the ratio of the integrated

spectrum and from a complete fit.

depending only on the rotational temperature as plotted in figure 4.18 (b). I chose
not to integer the signal of the bandhead in order to avoid any auto-absorption.
This criterion is rather good for temperatures below 1000 K, but variations are
low for higher temperatures. In figure 4.18 (c) is a comparison of the temperature
measured on experimental spectrum using this criterion compared to complete fit.
It corresponds to the temperature in the center of a plasma generated by a 31 mJ
pulse. Before 20 us, the temperature is difficult to fit because of strong atomic
emission. More on the fit process will be discussed later. Here one can see that
the criterion gives a good order of magnitude for the temperature, but variations
are too small to obtain good precision like for AlO.
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4.4.1 Experimental protocol

Measurement of the spectra

In order to study AlO molecules and TiO molecules, two different targets are used.
One is a single crystal of Al,O3 (alumina) of diameter 25 mm and a thickness of
about 3 mm. The other one is a compacted target of TiO powder of diameter
20 mm and thickness about 4 mm. Unfortunately, strong emission peaks of Ti
atoms are in the spectral range of AlO molecules. It would have been difficult
to measure the temperature of AIO molecules at short time with a single mixed
target. Furthermore, spatial resolution implies less signal collected as developed
previously. Thus, doping an alumina target with few Ti atoms wouldn’t provide
enough signal for TiO spectroscopy. In order to offset this difference, plasma were
created in the exact same conditions.

First, the measurements have been done the same day simultaneously with the
imaging of the plasma presented earlier, enabling direct comparison. The height
of the target is set to optimize the ablation using low power. Then, this height is
recorded using the front camera 9] (see figure 4.9) in order to set the same height
for different targets. The lateral position of the fibers and the focalization of the
collection is set using the front camera [9]. A picture of the fiber is taken with a
ruler in order to have the scale. The grating in the spectrometer is moved to the
required spectral range and the pulse power is adjusted and measured. Finally,
the target is moved at 0.8 mm/s during the measurement in order not to create
craters changing the ablation dynamics.

The spectra are recorded on the Shamrock 500i spectrometer with a slit of
50 pm leading a spectral resolution of about 0.06 nm. Each fiber images 0.125 mm
of the plasma. For 2D spatial mapping, the position of the fibers is changed from
-2.5 mm to +2.5 mm by steps of 0.25 mm from either side of the ablation point.
For each position, spectra are accumulated on 83 shots with a gate width of 2 us.
The delay between the ablation pulse and the acquisition is changed from 2 to
60 us by steps of 2 us.

The choice of the measured spectral range is primordial in the determination of
the temperature. For instance, Julien Lam and David Amans chose the (0,0) A1O
bandhead in order to measure T, as it is almost only composed of transition of the
same vibrational levels and thus does not depend on T,;. This ensures an easier
and more robust determination of 7,, but is not suited for the determination of
Tyip- In this experiment, two different spectral ranges are studied. The first range is
482-497.6 nm and consist of the almost pure (0-0) band and part of the (1-1) band.
The intensity of the other vibrational bands is very small. This range is very good
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to determine the rotational transition but rather poor in vibrational transitions.
Thus, the 506-521 nm range is also considered, in order to fit the vibrational
temperature. In this range, AlO molecules have many (v/,v”) transitions with
Av = —1.

For TiO to 705-711.5 nm range is composed of only one vibrational transition.
The spectrum shape is independent of T);, which is interesting to determine 7T;.;.
In return, it is impossible to determine T, with these measurements.

For each of the measurement ranges, the spectrum of a calibrated black-body
is measured in order to correct the spectra.

Spectrum preparation

First, the measured spectra have to be prepared for fitting. The electric noise
of the iCCD is removed. Even if the iCDD is not shined with any photon, a
constant background noise is recorded. This noise is measured on the outer part
of the sensor that is never shined with light. The remaining signal is composed
of the AlO spectrum and some optical noise. This spectrum is corrected from the
instrument answer using the black body measurement. In order not to add noise,
the obtained spectrum is fitted by a 4" degree polynomial** and divided by the
tabulated spectrum of the lamp. Then this ratio is applied on all the corresponding
spectra to correct the measurement from the answer of the acquisition set-up. Of
course, on such short measurement range, the correction is not very important.
Yet, the fit of the rotational temperature in particular is very sensitive to intensity
variations and this correction is required.

Wavelength should also be calibrated, but finding a precise enough calibrations
lamp with enough transitions in the observed range is not easy. A first calibra-
tion with a 3" degree polynomial is done considering the bandheads positions of
the molecules’ emission. The coefficients are then adjusted during the fitting pro-
cess. Adding 3 parameters to the fitting increases the calculation time, but these
parameters are strongly constrained and converge rapidly regardless of T,;, and
Trot-

Spectrum fitting process

In the end, there are 6 parameters to adjust: three parameters for the wavelength,
one for the Gaussian width and the two temperatures®. The Gaussian width
depends slightly on the fiber. In average the FWHM appears larger than the

HPolynomial fit for the blackbody is possible as the spectral range is really short.

$$Emission lines would rather correspond to Voigt profiles. However, it would requires more
fitting parameters. It appears that Gaussian functions fit well enough emission lines and limits
the amount of fitting parameters.
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Figure 4.19: Example of AlO spectra (lateral position 0 mm, height 0 mm, delay
10 ps, pulse energy 24.5 mJ) for Av = 0 (a) and Av = —1 (b). Red curves
correspond to the calculated spectra determined according to the fitting process
described in the main text and correspond to T,,, = 3693 K and T, = 5644 K.
Dashed lines in (a) delimit the fitting region. Below are plotted the residual maps
depending on the temperatures. Other fitting parameters are kept constant. Red
dots represent the fit convergence.
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measured FWHM of Hg transitions from a calibration lamp (0.075 nm against
0.06 nm). This could be due to collisional broadening in the plasma. With the
wavelength parameters, Gaussian width converge very easily whatever the tem-
perature. After the first optimization, these parameters are fixed and only the
temperatures are fitted.

On figure 4.19 (a) and (b), represented in black, are the typical spectra recorded
for AIO Av = 0 and Av = —1 transition systems. In red the theoretical spectra
obtained for T,,; = 3693 K and T,;;, = 5644 K after fitting. On the bottom panel
are the residual maps of the fitting for each of the spectrum depending on T,
and T,;. On the residual map of (a), one can see a clear minimum for 7, which
is almost the same for all T,; but none for T,;. This illustrates the previous
affirmation that Av = 0 range is suited to fit 7}.,; but not T,;. On the contrary,
one can observe a single minimum on the residual map of (b) for both T, and T
Even if it is possible to fit both temperatures on this part of the spectrum, it is
preferred to use both spectral ranges to increase the precision of the measurement.

In order to do that, an iterative process is used. First, both of the spectra
are fitted independently. Then the Av = 0 range is fitted, fixing the vibrational
temperature to the value found on the Av = —1 range. Inversely, the Av = —1
range is fitted, fixing the rotational temperature to the value found on the Av =0
range. This process is iterated twice in order for the temperatures to converge.
The red dot on figure 4.19 residual (b) corresponds to the fitted temperatures.

In order to have a good fit of the spectra, the signal-to-noise ratio has to be
good enough. No temperature can be fitted in regions with low emission. In order
to define a criterion for the selection of good fit, a threshold value on the standard
deviation of the squared difference is set. This threshold is determined by hand
for each experiment by checking a large enough selection of fits.

In the case of TiO, an example of emission spectrum from 705 nm to 711.5 nm
(black) and fit (red) is given in figure 4.20 (b) for a delay of 30 us and the energy
pulse of 31 mJ. As explained earlier, the spectrum does not depend on 7T;. The
convergence for T, is thus much faster yet T,; cannot be determined. Further-
more, titanium oxide plasma is rich in atomic emission lines (see figure 4.20 (a))
and prevents me to determine the temperatures for short delay time when the
plasma is too hot.

Errors on the fit parameters are usually dominated by the variability of the
fitted spectra rather than the convergence of the fit itself. Properly estimating
the error on the temperature would require to repeat the measurement and make
some statistics on the fitted values of the temperatures. Considering the amount
of acquisitions and data treatment it represents, we chose to estimate the error by
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Figure 4.20: (a) TiO spectrum for a delay of 10 us dominated by atomic emission.
(b) Example of TiO spectra in black (lateral position 0 mm, height 0 mm, delay
30 us, pulse energy 31 mJ) and corresponding best fit in red.

the difference between either two adjacent positions or two consecutive times. The
variations of the measured temperatures in time and space are smooth enough to
consider that this different has the order of magnitude of the error.

In short:Thanks to the resolved spectroscopic set-up, I am able to measure the
emission of AlO and TiO molecules in different points of the plasma and for various
delay time. FEach of these spectra are used to fit calculated spectra depending on
rotational and wvibrational temperature. This enables to obtain 2D mapping of
both temperatures in the plasma depending on the position and time. The spatial
definition is about 0.25 mm and the temporal resolution is about 2 ps.
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4.4.2 AlO rotational and vibrational temperatures

Figure 4.21 (a) shows the emission of the plasma on the central vertical axis in
the AlO emission band for different laser pulse energy. During the first few us,
the bright emission is mostly due to background noise and does not correspond
to high AlO emission. Figure 4.21 (b) shows the corresponding temperature map-
ping of the AIO molecules for different pulse energy depending on the height in the
plasma and the delay time after ablation. For this measurement, the fibers were
positioned in the center of the plasma as represented in the inset by red circles.
Each of these fibers collect light of the plasma on its axis and lead to one spec-
trum. The fit of this spectrum provides one rotational temperature (T,,;) and one
vibrational temperature (T,;). The 19 fibers give simultaneously the temperature
every 0.125 mm along the vertical of the plasma. In this example, it corresponds
to the column indicated by the red arrow. Please note that the color scale is not
the same for both temperatures. White parts correspond to areas with low signal
where it was impossible to have good fit. One can notice that it was not possible
to fit temperatures in the center of the plasma for small delay time. The plasma is
hollow and the intensity of AlO emission is too low. Figure 4.22 (a) and (c) repre-
sents respectively the rotational temperature and vibrational temperature for the
23 mJ pulse depending on the height in the plasma. Each curve is the average
of the measurement on two consecutive times (over 4 us) and the error bar cor-
responds to the difference of both values in order to give an idea of the fit error.
Similarly, figure 4.22 (b) and (d) represents respectively the rotational tempera-
ture and vibrational temperature for the 23 mJ pulse depending on the time in the
plasma. Each curve is the average of the measurement on two consecutive heights
(over 0.5 mm) and the error bar corresponds to the difference of both values in
order to give an idea of the error.

Figure 4.23 (a) shows temperature mapping of the AIO molecules in 2 dimen-
sions for an ablation pulse energy of 24.5 mJ and different delay time. Figure 4.23
(b), are the corresponding images of the AlO molecules emission in the plasma
with the same scale. Again, for the shorter delay, it was not possible to determine
the temperature in the center of the plasma as it is hollow. Figure 4.24 (a) and (b)
represents the rotational and vibrational temperature averaged on the 3 closest
fibers to the target depending on the position and for different delay times. For
clarity, the error on the average is not reported. They are of the same order of
magnitude of the error on figure 4.22 (a) and (c).

The general shape of the temperatures map is due to the dynamics of the
plasma and can be directly compared to the localization of A1O molecules presented
in figure 4.15. The larger the pulse energy, the larger the plasma and the longer
the emission. Unfortunately, in the case of 31 mJ pulse, the acquisition stopped
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Figure 4.21: Measurements on an Al,O3 target in air depending on the laser pulse
energy. (a) Intensity of AlO emission on the central axis of the plasma (see sec-
tion 4.3). Strong initial emission (yellow arrows) is dominated by Bremsstrahlung
emission. (b) Rotational and vibrational temperature determined by fitting the
emission of AlO (see section 4.4.1) on the central axis. Please note, color scales are
different. The inset corresponds to the image of the AIO molecules in the plasma
for a delay of 8 us and a pulse energy of 15 mJ. the position of the fibers are
represented by red dot and the corresponding temperature are indicated by red
arrows.

at 40 ps. First, one can observe that the temperature generally decreases with
time as expected (see figure 4.22 (a) and (c) for a 23 mJ pulse). The cooling
rate seems rather the same in the whole plasma (about 25 K/us for T,, and
about 80 K/us for T,;). The temperature on the outside is lower than in the
inside of the plasma as expected because of the cooling due to the air. Yet, close
to the target, the temperature appears quite homogeneous within the measured
extension. Temperature gradients seem mostly vertical. One could notice that at
early time, the temperature is lower in the middle of the plasma (see maps and



172CHAPTER 4. TEMPERATURES & THERMALIZATION OF THE PLASMA

4600 4600

(@) T 23ml “ s (b) T,23m) [o—1z5mm
4400 8us |7 4400 —&—150mm | ]
12 ps —&—125mm
4200 16 s | 1 4200 —&—1.00mm |
—8—20 s 0.75 mm
4000 —8—24 ps | 4000 [ 0.50mm | q
I —8—28 s 0.25mm
3800 —&—32 s | 3800 [ 1
< —8—36 us <
% 3600 —®—a0us|1 T 3600 [
- L
3400 3400 -
3200 3200
3000 3000 -
2800 2800 -
2600 f f f f t t t t t 2600 t t t t t
() T .23mJ 4us (d) T 23m) |~ & 175mm
vio 8 us vib —&—1.50mm
9000 - 12 ps | | 9000 —&—125mm ||
16 s —&—1.00mm
—8®—20 s 0.75mm
8000 [ —8—24 ps| 8000 050mm |
—8&—28 s 0.25 mm
—8®—32pus
o 7000 & aeus|] o 7000
o —8—40us|| o
> >
= 6000 {7 6000 |
5000 5000 [ l
LT
b ]
4000 4000 - e
3000 1 1 1 1 1 1 1 1 1 3000 = =
0 02 04 06 08 1 12 14 16 18 2 0 10 20 30 40 50 60
height (mm) time (pus)

Figure 4.22: Plot of the temperatures corresponding to 23 mJ pulse measurements
presented in the figure 4.21. (a) and (c) are the rotational and vibrational temper-
atures respectively depending on the height in the plasma averaged on two consec-
utive times (over 4 pus). (b) and (d) are the rotational and vibrational temperatures
respectively depending on time in the plasma averaged on two consecutive heights
(over 0.5 mm). Error bars are the differences between both measurements.

figure 4.21 (b) and 4.22 (b) for a 23 mJ pulse). Yet, this observation is due to
the fact that there is no formation of AIO molecule in the center of the plasma
and most of the light collected here comes from the front and back of the plasma
which are cooler than the center.

Finally, the rotational temperature is much lower than the vibrational tem-
perature. Figure 4.25 represents the average of the rotational and vibrational
temperatures average on the two closest fibers to the target for the different ener-
gies. For each energy of the pulse, the temperatures follow a similar trend. The
higher the pulse energy, the higher the temperature. Yet, for a delay of 2 us, Ty
is almost two times larger than T,,; with 8000 K against 4300 K in average. Then
the difference decreases with time as T,;, decreases faster than T,.;.
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Figure 4.23: Measurements of the temperatures for the ablation of an Al,O3 target
in air with a pulse energy is 24.5 mJ. (a) 2D map of AlO molecules T,,; and T,
depending on time a lateral position. Lateral position corresponds to the position
of the fibers with respect to the central axis. Temperatures are determined by
fitting the emission of AlO (see section 4.4.1) (b) Corresponding images of AlO
emission depending on time (see section 4.3).

In the next chapter, I was able to measure the emission time of B2X* state in
the plasma and found 2.7 4+ 0.15 ns. This is short compared to tabulated Einstein
coefficients (7 = 116 ns) but consistent with similar LIBS achieved by Nagli et
al.?'! who attributed this short decay time to collisional quenching and thermal
quenching. Considering the density of the plasma from the chapter 3, one can
estimate collision frequency with A1IO molecules between x10% and x10'° s=! de-
pending on the delay (see section 5.3.1). Apparently, this collision rate is enough
to quench the life-time of molecules and partially mix the state of a large part
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Figure 4.24: (a) and (b) represent rotational and vibrational temperature profiles
depending on time for the measurement presented in figure 4.23. For each position
and time, it corresponds to the average of the temperatures from the 3 closest fibers
to the surface. For clarity, the error bars are not reported. They are of the same
order of magnitude of the errors on figure 4.22 (a) and (c).

of the molecules. However, the fact that both the vibrational and the rotational
temperature are different proves that the excited state of the molecules have no
time to fully relax and reach complete thermal equilibrium. Such temperature
differences are regularly observed in diatomic molecules created by plasma dis-
charge?12:213:214,215,216 - A dijrect comparison with these studies is hazardous as the
experimental conditions are different, in particular the pressure, but are interest-
ing to discuss. Most of the time, the vibrational temperature is higher than the
rotational temperature because the molecules are formed out of equilibrium and
partially thermalized by collision with the gas. The rotational temperature is usu-
ally close to the kinetic temperature of the gas as rotation modes are more sensitive
to collisions. In particular, Hofmann et al.?'2 reports that the rotational tempera-
ture of OH molecules measured in their experiment follow the kinetic temperature
of the gas but overestimates it. Raud et al.?!® studied the rotational temperature
of OH and Ny molecules and find out that their temperatures are different. OH
molecules are more thermalized by the collision with the gas than N, molecules.
Verreycken et al.?'% even reported rotational emission that are described by two
temperatures corresponding to two excited populations, one out of equilibrium
related to the formation of the molecules and one for low J that is thermalized.

Within the de-excitation time, one can expect the rotational state to be more
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Figure 4.25: Comparison of the rotational and vibrational temperatures’ evolution
depending on the laser pulse energy for the ablation of an Al,Os3 target in air.
Temperatures correspond to the measurements on the central axis of the plasma
presented in figure 4.21 averaged on the two closest fibers to the target (see inset).
Error bars corresponds to the difference between both values.

sensitive to collisions with the plasma as shown in the next chapter'¥. Thus,
one can expect the rotational temperature to be closer to the kinetic temperature
than the vibrational temperature but might still overestimate it. This is consistent
with the kinetic temperature expected from the model developed in the chapter 3.
The decrease of temperatures with time and spatial gradients show a strong link
between the molecular temperatures and the kinetic temperature of the plasma.
Because of low collision couplings, in particular on the vibration modes, one could
expect an influence of the plasma temperature on the formation of the molecules
themselves. The higher the gas temperature, the higher the excitation state of the
formed molecules. This measurement is a partial fingerprint of the molecule for-
mation and confirm the insight given by the microcanonical model in the chapter 2
that the energy is not equipartitioned during the molecule formation.

9TWhen AlO molecules are excited in a low vibrational and rotational state, emission of relaxed
state can be described by a low vibrational temperature and a higher rotational temperature.
The vibration state remains little excited because of low coupling.
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4.4.3 TiO rotational temperature
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Figure 4.26: (a) Plasma emission for TiO emission range in the center vertical
axis. (b) T, measured on the vertical center of the plasma. (c¢) and (d) rotational
temperatures for the 23 mJ pulse depending on the height and delay time.

Figure 4.26 (a) shows the intensity for the TiO emission band of the center
of the plasma depending on the delay time for different pulse energy. Be careful,
intensity is dominated by atomic emission for early time. Figure 4.26 (b) shows
rotational temperature mapping of the TiO molecules for different pulse energy
depending on the height in the plasma and the delay time after ablation. For this
measurement, the fibers were positioned in the center of the plasma as represented
in the inset by red circles. Each of these fibers collects light of the plasma on its
axis and leads to one spectrum as represented in black on figure 4.20 (b). The fit
of this spectrum (red) provides the rotational temperature (T,,). The 19 fibers
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Figure 4.27: (a) 2D map of TiO molecules T,, and image of TiO emission de-
pending on time for a pulse energy is 21 mJ. (b) Corresponding emission of TiO
molecules (see section 4.3). (c) average rotational temperatures on the 3 closest
fibers to the surface (see red area in the inset).

give simultaneously the temperature every 0.125 mm along the vertical axis of the
plasma. White parts correspond to areas with poor fitting where no temperature
can be measured. It is either because of low signal or too much atomic emission
as represented on figure 4.20 (a). For short delay, atomic emission dominates the
spectrum.

Figure 4.26 (c) represents the rotational temperature for the 23 mJ pulse de-
pending on the height in the plasma. Each curve is the average of the measurement
on two consecutive times (over 4 us) and the error bar corresponds to the difference
of both values in order to give an idea of the error. Similarly, figure 4.26 (d) repre-
sents the rotational temperature for the 23 mJ pulse depending on the time in the
plasma. Each curve is the average of the measurement on two consecutive heights
(over 0.5 mm) and the error bars correspond to the difference of both values in
order to give an idea of the fit error.
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Figure 4.28: Comparison of the rotational temperatures of A1O and TiO molecules
depending on delay time for different pulse energy. The temperatures are aver-
aged on the two closest fibers to the target on the central axis of the plasma as
represented in the inset.

Figure 4.27 (a) shows temperature mapping of the TiO molecules in 2 dimen-
sions for an ablation pulse energy of 21 mJ and different delay time. On the right
(b), are the corresponding images of the TiO molecules emission in the plasma with
the same scale. Figure 4.27 (c) represents the rotational temperature averaged on
the 3 closest fibers to the target depending on the position and for different delay
times. For clarity, the error on the average is not reported. They are of the same
order of magnitude as the errors on figure 4.26 (¢) and (d).

TiO emission appears to be much more homogeneous and concentrated than
AlO emission. This is probably due to the fact that fit of TiO emission are only
possible after 10 or 20 us, when the plasma is cold enough for atomic emission
to be weak enough. At this time, the whole plasma is smaller and cold enough
for TiO to form. Just like AlO, temperature decreases with time and with the
height. The spatial gradient for TiO appears almost two times stronger than for
AlO (800 K on 1 mm). This could be due to depth average due to the measure-
ment. AlO formation being hollowed, center measurement could be more sensitive
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to outer-part emission than in the case of TiO and appears colder than it really is.

Figure 4.28 represents the average of the AlO and TiO rotational temperatures
on the two closest fibers to the target for the different energies. Just like AlO,
the rotational temperature of TiO increases with the pulse energy and its decrease
with time follows the same trend. TiO rotational temperature seems systemati-
cally about 500 K lower than AlO temperature. One could imagine that (i) TiO
molecules are created less excited than AlO molecules or (ii) TiO molecules are
more thermalized than AlO molecules.

Hypothesis (i) is unlikely. For temperatures of several thousand Kelvin, the
standard formation enthalpy of TiO is about 10 % bellow the one of AlIO?'7. This
means that in the case of formation from single atoms, the remaining energy of
TiO reaction is larger.

Hypothesis (ii) could be justified either by a greater lifetime of the excited
state or a larger cross-section, increasing the number of collision. The radiative
lifetime in vacuum for the A3® state of TiO is around 100 ns?'® which is the same
order of magnitude or slightly shorter than AlO?. For equivalent quenching, one
can expect the radiative life-time of TiO to be the same as AlO or even shorter.
However, Ti d orbitals are wide which increases its cross-section. TiO could thus
be subjected to more collision than AlO molecules and further thermalization.
Furthermore, the rotational state density of TiO is larger than the one of AlO as
the rotator constant is lower, and it is a triplet state. The difference in energy
between each state is lower and transitions are facilitated. This could explain why
TiO are more thermalized than A1O molecules.

In short: For AlO molecules, the presented results indicates that T,.; and Ty,
are not equal in the plasma. Both decrease with time and on the outer-part of
the plasma. T, appears to be larger than T, but the difference is reduced with
time. These temperatures represent the vibrational and rotational population of
the first electronic excited state. This state is mostly populated by molecules just
formed and the decay time being short, the excited state is only partially relazed
because of collisions. In particular, vibrational states are less affected by collision
than rotational states such that T, is more likely to represent the excited state
of the molecules just after their formation while T, could be closer to the kinetic
temperature of the gas. T,y is high because vibration modes are excited when the
molecules are formed. This excitation seems to depend on the temperature of the
plasma itself. The higher the temperature of the plasma, the higher is Ty Tror in
contrary 1s closer to the kinetic temperature predicted by the model in the previous
chapter. For TiO, only the rotational temperature was measured. It follows the
same trend as the rotational temperature of AlO but slightly lower.




180CHAPTER 4. TEMPERATURES & THERMALIZATION OF THE PLASMA

4.5 Conclusion

This chapter presented space resolved spectroscopy of molecules in laser-generated
plasma. During my PhD, I built an experimental setup able to achieve the time
resolved spectroscopy on laser induced plasma with a spatial resolution up to
about 150 pum and applied it on the rovibrational spectroscopy of AlO and TiO
molecules. By fitting these measurements, one can obtain information on the rota-
tional and vibrational populations of the molecules in the plasma. One can suppose
these populations to be described by Boltzmann distributions and determine the
emission spectrum of the molecules in the plasma depending on a temperature.
However, if the molecules do not reach internal equilibrium, the vibrational and
rotational populations are not described by the same temperature. In particular,
the rotational temperature of the molecules is usually considered as a good probe
of the kinetic temperature of the plasma.

Here, we measured the rotational and vibrational temperature of A1O molecules
and the rotational temperature of TiO molecules depending on the position in the
plasma and their evolution in time. These temperatures decrease with time as the
plasma cools down. They also are lower on the periphery of the plasma where
it is in contact with cold air. The vibrational temperature of AlO molecules is
much higher than its rotational temperature meaning the internal equilibrium in
the molecules is not reached as expected from chapter 2. The vibrations of the
molecules are less affected by collisions with other particles than the rotations.
The vibrational temperature is driven by the excitation of the molecules while the
rotational temperature is closer to the kinetic temperature of the plasma. The
rotational temperature of TiO is very similar to the rotational temperature of
AlO but systematically about 500 K lower. This observation might be due to
a better thermalization of TiO molecules. In that case it is possible that the
rotational temperature of AlO molecules overestimates the kinetic temperature of
the plasma.

In order to better understand the temperature of A1O molecules and the ther-
malization processes, one need to understand the origin of the molecules. Here the
emission of AlO molecules is from the excited state B2X*. This state has a short
emission life-time, explaining why the molecules are only partially thermalized.
By imaging directly the plasma with an iCCD camera and filters, it is possible
to determine the spatial distribution of AIO(B?*:") molecules. The origin of the
excited state remains uncertain. AIO(B?XT) molecules appear in the periphery of
the plasma and mainly when ablation occurs in the air. This state can be pop-
ulated directly by the formation of the molecules from the reaction of Al and O
atoms cooled down by collision with molecules of the air, or be due to the exci-
tation of AIO(X2XT) colliding with meta-stable molecules such as N molecules.
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Further investigations in controlled atmosphere are required to precisely determine
it. For instance, one could study the emission spectra in atmosphere with different
concentration of Ny molecules and ¥, molecules.

The temperatures deduced from molecular spectroscopy is a great tool to study
laser-generated plasma. The comparison of the rotational and vibrational temper-
atures provides information on the internal equilibrium of the molecules. The
rotational temperature is usually considered as a good probe of the kinetic tem-
perature of heavy particles in the plasma. Studying its evolution in space and time
and comparing it to the excitation temperature of the atoms would bring a new
insight on the thermodynamics of the plasma and enable to further discuss LTE.
However, emission life-time of the molecules is short. One needs to ensure that the
rotational temperature of the excited state is indeed a good probe of the kinetic
temperature of the plasma. In the next chapter, Laser-Induced Fluorescence (LIF)
spectroscopy is achieved on the plasma in order to probe the ground state of AlO
molecules. In particular, LIF is used to determine the rotational temperature of
the ground state molecules and compare it to the one of the excited state.
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Chapter 5

Laser-induced fluorescence

Tout mouvement de quelque nature qu’il soit est créateur.

Edgard Allan Poe

Abstract: Laser-Induced Fluorescence (LIF) is achieved in AlO molecules
produced in a laser-generated Plasma. The life-times of the excited AIO(B2XT)
molecules in the plasma after 10 ps s measured equal to 2.7 = 0.2 ns. This life-
time is much shorter than the one measured in vacuum because of collisions and
thermal quenching, even though only a few dozen collisions are estimated to occur
within this time. Molecules are only partially thermalized. Such a difference with
tabulated emission life-time of molecules have to be considered when calculating
molecules’ ratio in LIBS. Fluorescence spectra can be decomposed in two contribu-
tions: a first one which is direct fluorescence, conserving an initial population in
excited state, a second one which is thermalized, populating many other quantum
levels in excited state. The emission of the relaxed contribution can be approached
by calculations considering population distributions following these vibrational and
rotational “relaxation” processes. These populations can be modeled with Boltz-
mann distributions taking very different vibrational and rotational temperatures
which strongly depend on the excited transitions. The direct fluorescence can be
described considering a population distribution following resonant absorption of the
laser. This population s directly related to the ground state population that can
be modeled with a Boltzmann distribution. By fitting fluorescence spectra, one can
measure the rotational temperature of the ground state molecules. After 30 us, this
temperature is 3153 + 64 K. Simultaneously, a fit of the emission of A1O(B?XT)
with no previous excitation gives T, = 3130 &= 75 K and T,; = 5620 + 240 K.
The rotational temperature measured from emission of AIO(B*ST) appears to be
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close to the ground state temperature after a delay of 30 us. After 5 us, the ro-
tational temperature measured from emission of AIO(B2YXT) slightly overestimates
the ground state temperature of about 150 K. The thermalization of the rotational
states is not complete.

In order to better understand nucleation in plasma, Laser-Induced Fluorescence
(LIF) is a great tool. A second laser is used to re-excite atoms and molecules in
the plasma. Combined with LIBS, it improves detection and enables to probe the
ground state of molecules and clusters that are formed late in the plasma.

My first goal was to use LIF in order to better understand the dynamics of
excited AlO molecules in the plasma and in particular their de-excitation time.
The study of AIO molecules fluorescence bring new insights in order to better
understand the thermalization of the molecules. By fitting the intensity profiles of
fluorescence spectra, it is possible to determine the temperature of the molecules
AlO(X?X") and compare it to the temperature of the AIO(B?%™) molecules. My
second goal was to look for the evolution of species concentration in the plasma by
probing the ground state of the molecules. I got interested in the Al,O molecule
which should be sufficiently stable to be observed” and has indeed been observed
elsewhere??%:221 " Yet, this appeared more complicated than it sounds, and I was
not able to observe any Al,O molecules.

After a quick introduction of theoretical background on LIF, I present the
experimental set-up I built. Then, the measurement of the AlO excited state life-
time is presented and the thermalization of the molecules is discussed. Finally, the
fluorescence spectrum is fitted in order to deduce the ground state temperature of
AlO molecules. Convention for spectroscopic notations are given in the annex A.

5.1 Fluorescence

In 1852, George Gabriel Stokes published in “On the change of refrangibility of
light” his observations on some materials as fluorine (CaF5)*2. “In those bodies,
[...] the colour thence arising may be seen by exposing the body to ordinary
daylight, looking at it in such a direction that the regularly reflected light does
not enter the eye, and excluding transmitted light by placing a piece of black cloth
or velvet behind, or by some similar contrivance”. The emitted light is no regular
reflection because the wavelength of the emission is below the wavelength of the
excitation such that one “shall accordingly speak of the phenomenon as dispersive
reflexion”. Yet he comments on this term: “I confess I do not like this term. I am
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Figure 5.1: (a) Electronic structure of AlO molecule with an example of excita-
tion transition (blue) and direct fluorescence emission (green). (b) LIBS emission
spectrum of AlO molecule formed by ablation of aluminum target in air (black).
The delay between the ablation and the beginning of the acquisition is 10 us and
the acquisition duration is 30 ps. LIBS-LIF signal of AlO molecule in the exact
same condition after an excitation at 484.3 nm and an acquisition duration: 10 ns
(blue). The intensities of both spectra are not normalized for direct comparison.

almost inclined to coin a word, and call the appearance fluorescence, from fluor-
spar, as the analogous term opalescence is derived from the name of a mineral”.

This is the first occurrence of this term and the difference in wavelength is soon
called Stokes shift.

Fluorescence is a phenomenon observed in various systems such has atoms,
molecules or crystals. Fluorescence occurs when the molecule absorbs a radiation
and goes from the ground state to a different electronic excited state. Then, spon-
taneously emits light when de-exciting. In molecules, the difference in wavelength
between the excitation and the fluorescence emission, that is to say the Stokes
shift, can be explained by the Franck-Condon principle and Kasha’s law applied
to the rovibrational structure of the molecules.

When the plasma is irradiated with a given wavelength A, the molecules can
absorb a photon if there is a transition between a populated level and an empty
one with a difference in energy £ = hc/\. For instance, figure 5.1 (a) represents
the scheme of the rovibrational structure of AlO molecules for the two electronic
states of interests X2X* and B2X*. The A2I]; state, in-between, is not investigated
here. Molecules in the X?XT electronic state with v” = 0 (vibrational state) can
absorb photon with a wavelength of 484.6 nm and are excited in the B2X* state
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with v = 0. Such a transition will be referred to as (v/,v”), in that case (0,0),
corresponding to the vibrational level.

The excited molecule can then relax through different radiative channels to
the ground state X2t state with v = 0, 1,2 etc. Just like simple emission, the
transition probability of each of this channel is proportional to the Frank-Condon
factor (see section 4.1.3). If the molecule was originally excited from the v” = 0
level as in the example, then the desexitation transitions have necessarily lower
energies leading to Stokes shift. On the contrary, if the initial state is not the
ground state (in a hot gas for instance), the de-excitation can have greater energy
leading to an anti-Stokes shift.

In figure 5.1 (b) one can see the resulting emission spectrum of AlO following
484.3 nm excitation in blue compared to the emission spectrum of thermalized
AlO molecule in black. The LIF spectrum shows a strong emission at 508 nm
corresponding to the (0,1) de-excitation following a (0,0) excitation. This is direct
LIF emission from the laser-populated excited states (v' and J’). In order to
describe direct LIF emission, one also needs to consider the selection rules on the
allowed rotational transition (see chapter 4, section 4.1.2). Emission to longer
wavelengths corresponds to emission from higher rotational levels and from higher
vibrational levels, with changes in both v and J' quantum numbers. In that case,
the excited state is not conserved between the excitation and the emission. Before
de-excitation, the state of some excited molecules is changed by collision with the
plasma. Collisional processes occurring in the plasma can change the quantum
state of a molecule with no strict selection rule on Av and AJ, (or even An). This
is collisionally-induced LIF (CLIF).

In this example, LIF signal is integrated over 10 ns. In order to obtain equiv-
alent intensity from LIBS, the signal has to integrate over 30 us. LIF intensity is
about 3000 times stronger than LIBS.

In short: Laser-Induced Fluorescence (LIF) is a spectroscopic technique in which
light is used to excite the molecules. Molecules in the ground state can absorb light if
the energy of the photon corresponds to a difference in energy with an excited state
of the molecules. This is resonant absorption. For instance, X227 AlO molecules
with v" =0 and J" ~ 0 can absorb photons with A = 484.6 nm to reach the B®*X+
state with v’ = 0 and J' ~ 0. Part of the molecules de-excite from this excited state,
leading to “direct fluorescence”. Another part first relaxes because of collisions and
de-excite from various excited states, leading to “collisionally-induced LIF” (relazed
fluorescence). These emissions can be used to study the thermalization dynamics,
the life-time of the excited state or the temperatures of the molecules.
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5.2 Experimental set-up

The set-up is composed of three main parts, the ablation, the excitation and the
detection interacting together as represented in figure 5.2. The ablation part is
the same as the one described in the chapter 4 (see section 4.2) and will not be
described here.

Excitation of the atoms and molecules in the plasma is achieved by an NT230-
100 Optical Parametric Oscillator (OPO) with SH/SF extension from EKSPLA
(NT230 series) using non-linear mixing of a YAG:Nd laser in order to produce
broad wavelength coverage. This laser can be tuned from 220 to 1500 nm by
changing the angles between the different non-linear crystals. The output power
varies a lot depending on the wavelength, as plotted on figure 5.3. There are three
zones, one in IR with little power (< 0.1 W at 50 Hz), one in the visible with high
power (5 —10 W at 50 Hz), and one in the UV range (0.1 — 0.2 W at 50 Hz). The
pulse duration is about 5 ns with a FHWM = 3.2 ns. The repetition rate can be
tuned from 10 Hz to 100 Hz. In the case of LIBS-LIF, we operate at 20 Hz in order
to match the repetition rate of the ablation laser. The spectral resolution of the
OPO varies from 1 to 5 cm™! depending on the wavelength. Around 500 nm* the
pulse FHWM=66 pm (2.6 cm™'). It was measured using a DEMON spectrometer
from LTB with a resolution of about 1 pm. Such a resolution is far from the
resolution of pulsed dye lasers (about 0.001 cm™!) and this experiment is not able
to resolve completely the rotational structure in the spectra of diatomic molecules.
However, OPO is much more user-friendly. The wavelength can easily be tuned
automatically in order to obtain excitation/emission mapping.

This laser line is first expanded by a telescope to avoid damaging the optics
(blue beam on figure 5.2). A set of two broadband mirrors (not represented on the
diagram) are used to adjust the beam path in the two spatial dimensions and two
angular dimensions. A bandpass can be used in order to filter harmonics and is
chosen according to requirements. One percent of the laser beam is deviated in a
lambda-meter WaveMaster™ from Coherent in order to have precise measurement
of the excitation wavelength. This measurement is recorded simultaneously with
the LIF spectra. In the LIBS-LIF configuration, the OPO beam is then focused
on the plasma region in order to increase signal.

Light collection optics and the spectrometer are the same as those described
in the chapter 4 (see section 4.2.3). The arrangement was optimized in order to
achieve the best resolution on the Shamrock spectrometer. Yet, in order to have
enough signal, full vertical binning of the iCCD chip-set is used. The signal is

*region of interest for A1O molecules excitation
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Figure 5.2: Scheme of the LIBS LIF experimental set-up.
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integrated over all the fibers, sacrificing spatial resolution.

In such an experiment, the synchronization of the two lasers and the iCCD
camera is crucial. It is achieved using a digital delay generator DG645 from Stan-
ford Research System. Such a delay generator is able to create different pulses
output signals with a repetition rate up to 10 MHz and a jitter bellow 25 ps.

In order to limit the jitter on the lasers, both of them are double triggered.
The time between the flashlamp trigger and the Q-switch trigger is optimized for
each laser’. The delay time between both laser pulses is adjusted by changing the
Q-switch trigger time of the OPO. This delay is 0 when both laser pulses arrive at
the target simultaneously. Before each measurement, the Q-switch trigger time of
the OPO corresponding to a 0 delay time is measured by maximizing both laser
signals on the iCCD camera with a gate width of 5 ns. The delay time is taken as
the change of this Q-switch trigger time.

Acquisition delay is set by the digital delay generator while gate width is set
directly in the Solis software from ANDOR. Delay usually corresponds to the OPO
pulse in order to increase the LIF signal and gate width is usually 10 ns as the
emission time is short. Increasing it does not increase LIF signal but adds noise.
In the case of the measurement of the excitation state life-time, delay on the iCCD
camera is changed in order to measure the evolution of the signal depending on

It corresponds to balancing the flash exposition time which brings energy to the crystal and
the de-excitation time of the crystal. Changing that time considerably reduces the power of the
pulse. Usually, these triggers are generated internally.
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Figure 5.3: Measurement of the OPO power output at different wavelengths and
data supplied by the manufacturer. Insets correspond to beam profiles measured
by the manufacturer at two different distances.

time.

A second computer drives the rest of the experiment, shutters, translation, and
in particular the OPO. I coded a small LabVIEW interface that enables to change
the excitation wavelength of the OPO during an acquisition sequence and record
the wavelength measured by the WaveMaster, so that excitation emission maps
could be measured.

In short: Here, LIF is coupled to LIBS in order to study molecules in the laser-
generated plasma. The spectroscopic set-up is the same as the one described in the
chapter J added with a tunable laser (OPO). The OPO wavelength can be tuned
i order to excite precise transitions in the AlO molecules.
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5.3 Measurement on AlO

5.3.1 De-excitation time and collisions

Pulsed LIF can be used to measure the de-excitation time of AlO molecules in
a laser-generated plasma. For practical purposes, it was important to know this
de-excitation time in order to optimize the gate width for the acquisition. In a
theoretical context, this de-excitation time also applies to LIBS emission spectrum
studied in the chapter 4.

For this measurement, the ablation laser creates a plasma from a moving alu-
mina target. The OPO wavelength is set to 487 nm in order to excite AlO (1,1)
bandhead transitions. The delay between the two pulses is set to 10 us. It corre-
sponds to a good compromise between maximizing the LIF signal and minimizing
the LIBS emission. After such a delay, the concentration of AlO remains impor-
tant, but the plasma already cooled down significantly. The acquisition gating is
set to its minimum (5 ns). The delay between the OPO and the acquisition is
changed 30 times by 1 ns steps and starts about 5 ns before the OPO pulse. Each
measurement represents an average signal from 100 pulses.

The spectra obtained are represented on figure 5.4 (a). One can observe 4
emission peaks corresponding to bandheads (0,1) at 507 nm, (1,2) at 510 nm,
(2,3) at 513 nm and (3,4) at 515 nm. As expected from the de-excitation path,
the (1,2) signal is more important as the vibrational level of the upper state is the
one populated by the excitation. Yet, before de-excitation, other vibrational levels
are populated. This is mainly due to collision with the surrounding gas*.

The intensity of the signal also depends on the delay time between the OPO
excitation pulse and the acquisition. Before the excitation pulse, for 0 ns almost no
signal is measured as the molecules are not excited. The remaining LIBS signal can
be neglected. When the delay increases, the signal first increases rapidly and then
decreases exponentially. By fitting this evolution, one can measure the effective
radiative life-time 7 of the molecules.

The intensity of the emission due to a population of molecules excited at a given
time decreases exponentially. Because the excitation pulse is not short compared
to the desexcitation time of the molecules, one needs to take it into account.
The excitation rate of the molecules is proportional to the intensity of the laser
pulse. This intensity evolves as a Gaussian function §(¢) with a FHWM = 3.2 ns.
Considering an infinite reservoir of molecules in the ground state and neglecting
stimulated emission, one can write the intensity of the emission as the convolution

In larger molecules, vibrational intramolecular relaxation are usually much quicker than
spontaneous fluorescence emission. Fluorescence emission corresponds to the relaxed state of the
molecule as proposed by the american spectroscopist Michael Kasha in 1950223, In the case of
small molecules such as AlO, intramolecular relaxation is not dominant.
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Figure 5.4: (a) LIBS-LIF spectra of AlO after 10 us for an excitation of 487 nm
corresponding to the (1,1) resonant absorption. The acquisition gate width is 5 ns
and is shifted to observe the emission decay. (b) Integrated area of each peak (over
0.5 nm) normalized in terms of the time plotted in a log scale. The signal is fitted
by an exponential decay with a constant 7 convoluted by a Gaussian excitation
pulse FHWM = 3.2 ns and a square gate of measurement of 5 ns.

product of the OPO pulse intensity and an exponential decay:

t

It)=G(t)®e+ (5.1)

Finally, the acquisition is not infinitely fast but integrated over a gate I1(¢) of 5 ns.
The signal recorded S(t) is the convolution product of the gate with the emission
I(t):

S(t) =1(t) ® I(). (5.2)

Figure 5.4 (b) represents the normalized signal of the three first peaks integrated
over 0.5 nm as a function of the delay time. After 10 ns, the decay is purely expo-
nential as the excitation pulse is over. The solid lines correspond to fits of the data
by the function described above considering a Gaussian function for the OPO pulse
shape and a square gate for the acquisition. As we can see, it fits the measure-
ments very well, indicating that the hypothesis of the calculation are justified. In
particular, the amount of molecules in the ground state is large enough to consider
it as an infinite reservoir. It also provides a measurement of the de-excitation time
of these transitions: 791 = 2.81 ns, 719 = 2.56 ns, 7o 3 = 2.77 ns. These values are
very short compared to tabulated radiative life-time from NIST corresponding to
7 ~ 100 ns for v’ = 0, 1,224, Yet, such observations are consistent with Nagli et al.
who reported a “ decay time as rapid as OPO pulse of 4 ns |...| shorter than these
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delay (us) | nx (em™) | T (K) | 77! (s71) | number of collisions
2 2 x 10% 6500 | 3.2 x 10% 870
10 2 x 10'8 3000 | 2.2 x 10° 6
30 4 x 1018 1800 | 3.4 x 10° 9

Table 5.1: Collision frequencies between atoms in the plasma and AlO molecules
and average number of collisions within the life-time of AIO(B2¥™) state for various
delays. The density of atoms and the temperatures are estimated from the model
presented in the chapter 3 in the figure 3.11.

molecules radiative times”. They attributed this difference to collisional quenching
and thermal quenching?'!. Indeed, the typical decay time for this AlO system has
been measured at low pressure (20 Pa) around 120 ns??**?' where our measure-
ments are made at atmospheric pressure. Such difference is important when using
this radiative life-time in order to determine the ratio of species in the plasma
from emission ratio?623. One should take care to measure the effective radiative
life-time in similar conditions.

One can estimate the typical collision frequency in the plasma between an atom
X and an AlO molecule considering the kinetic temperature 7" of perfect gas with
a density of the atoms ny as:

» 8kpT

T = Nxo
T

(5.3)

with p the reduced mass of the system and o the cross-section of collision. Just
like in chapter 2, we consider here a plasma composed of 2/5 of aluminum atoms
and 3/5 of oxygen atoms. The average mass of an atom is 3.39 x 10720 kg and
the mass of AlO is 7.14 x 1072 kg such that u = 2.30 x 10726 kg. The average
radius of an atom is rx = 1.65 A such that the cross-section of the collision can be
approximated by o = m(rx+1/7%; +r3)? = 5.12x 107 m?S. The model presented
in the chapter 3 gives an estimation of the atoms density and temperature in the
plasma. Considering these values for different delays, one can estimate the collision
frequency and the average number of collisions within the lifetime of AIO(B?XT).
These values are reported in table 5.3.1 for delays of 2 us, 10 us, and 30 us. The
uncertainties due to the model are important and one should consider these values
as estimations of the order of magnitude. For a short delay, the plasma is dense

$Van der Waals radius is chosen because it refers to the potential which is more relevant for
collision cross-sections.
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and the number of collision expected is high. However, AlIO molecules mostly
appear after 10 us. For such long delays, the density of the plasma drops a lot
due to the blast expansion. The number of expected collisions is thus very low,
less than 10, and rather stable. However, a single collision can change J by many
units, explaining the collisionally-induced LIF observed in laser generated plasma
despite short radiative life-time.

5.3.2 Looking for Al,O

Usually, LIF is used in order to study the emission spectra of a system for one or
several given excitation wavelengths. This was done on AlO molecules produced
by laser ablation by Nagli et al. in 20162!!. In the case of molecules such as Al,O,
with unknown structure, the task is more complicated as there is no precisely
known transition to excite. As far as [ am aware, only two papers claim to identify
Al;O from fluorescence spectroscopy.

The first one is a paper written by Cai et al. in 1991. They used a dye laser to
excite a molecular beam in the UV region. Thanks to high resolution absorption
spectroscopy, they identified Al,O molecules from its complex rotational structure
around 38249 cm™! (261.44 nm). Exciting the molecules on this transition, they
observed a few fluorescence signals red-shifted around 38150 ecm™!, 37740 cm™!,
37200 cm ™! and 36250 cm ™! (262.12, 264.97, 268.82 and 275.86 nm). The fluores-
cence life-time of the molecules was measured to be around 100 ns. In the case
of LIBS, with larger densities, one can expect this life-time to be greatly reduced.
Reproducing the absorption results with our experiment is impossible because the
OPO does not have enough spectral resolution. When exciting the plasma at
261.44 nm, no significant emission was observed at the fluorescence wavelength
observed by Cai et al. whatever the delay time between the ablation pulse and
the OPO pulse. Fluorescence measurements for such small shifts is complicated
because of the OPO width and some diffusion in the plasma adding a strong back-
ground signal. To limit it, one should shift the acquisition time away from the
OPO pulse, reducing the fluorescence signal in so doing.

One of the great interests of using tunable OPO is to measure excitation /emission
maps of the molecules. excitation/emission mapping of molecules, or 2D fluores-

In short: Using LIF, one can excite molecules in the plasma and determine the
life-time of the excited state. For AlO molecules, the life-time of the Av = —1
transitions is measured after 10 ps to be 2.7+ 0.2 ns. This time is much lower
than the tabulated life-time due to collisions in the plasma. Such a short life-time
18 important because it limits the number of collisions and the thermalization of
the excited state.
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Figure 5.5: Example of the excitation/emission map measured on a plasma gen-
erated from aluminum target in air in the region of expected signal for Al,O
molecules. Delay between the ablation and OPO pulse is 30 us and the gate width
is 10 ns. Single peaks between 279 and 280 nm (a) correspond to atomic fluores-
cence while fish-bone patterns (b) correspond to diatomic molecule, in that case
mostly corresponding to the D2X* — A2II; system of AlO.

cence spectroscopy is developed in order to probe complex chemical environments
and to elucidate rovibronic structure of polyatomic molecules??:226227 On AlO,
it was recently measured from a molecular beam in order to study the Stark Effect
and Zeeman Effect on the transitions??. In the quest of finding Al,O molecules, I
measured many excitation/emission maps changing the target, the delay, the gate
width, the excitation and emission region and adding argon flow. Argon is used to
decrease the amount of oxygen in the plasma in order to get closer to Cai et al.’s
experimental conditions. Figure 5.5 shows as an example a map measured from an
aluminum target under argon flow. The excitation region was chosen to be a large
UV region encompassing Cai et al. excitation range. The emission region is far
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enough from the OPO wavelength for the acquisition not to saturate. The delay
between the ablation pulse and the OPO is 30 us and the gate width is 10 ns. On
this map, one can observe many fish-bone patterns typical of diatomic molecules’
fluorescence (see white square (b)). Here, most of the patterns you see are from
AlO transitions in the D%+ — A2[I; system. Single peaks corresponds to atom’s
fluorescence (see white square (a)). The pattern on the bottom left, slightly dif-
ferent from AlO ones, appears even ablating air alone. It could correspond to NO
molecules which have transitions around 226 nm. I was never able to assign such
a pattern to a triatomic molecule.

A second paper claims to have found Al;O molecules in LIBS experiment using
fluorescence. It was published in 2016 by Lei Liu et al. in Optics express??!.
They used a very similar LIBS-LIF system in order to look for Al,O molecules.
They claim that series of excitations in the UV region (250.14, 255.38, 256.00 and
261.40 nm) lead to fluorescence signal of Al,O molecules with a Stokes and anti-
Stokes of about 100 meV. They base their argumentation on the fact that Cai et
al. reported a transition for AlLbO at 261.44 nm, but they did not measure the
same fluorescence peaks as Cai et al.. The dynamics of Al,O Liu et al. measured
from these transitions is surprisingly close to the one of AIO molecules they also
measured. As we have seen on the map 5.5, this region is full of transitions
corresponding to the D?X+ — A2I]; system of AlO. It is possible that what Liu et
al. measured corresponds to some AlO fluorescence of the DX+ — A2II; system. In
order to prove it, excitation/emission mapping of the region would be very helpful
but with the actual set-up, the signal is dominated by some diffuse light from the
OPO. The Stokes shifts are too small compared to the width of the OPO excitation
pulse.

5.3.3 2D AIlO spectrum

This section focuses on the AlO fluorescence spectroscopy of the B2XT — X2¥+
system and more precisely excitation corresponding to Av = 0 transitions: (0,0),
(1,1), (2,2) etc. and emission corresponding to Av = —1 transitions: (0,1), (1,2),
(2,3) etc.

In order to measure the excitation/emission spectrum of AlO molecules, a
plasma is created by ablation of a pure alumina target in air. The delay between
the ablation and the OPO pulse is set to 30 us. The acquisition starts just after
the OPO pulse and the gate width is 5 ns. The wavelength of the OPO is changed
from 483 nm to 492 nm in steps of 0.05 nm, that is to say about the FHWM of
the laser, in order to achieve the best resolution. A shortpass Filter FES0500 from
Thorlabs is positioned on the OPO beam pass in order to remove any signal below
500 nm. The acquisition of the spectrum is done with the Shamrock 500i in the
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range 507 nm to 516 nm. The entrance slit is 10 pm leading to a spectral resolution
of the measurement of about 0.05 nm. Each spectrum is accumulated 50 times.
In total this corresponds to 9000 shots or 1h 15min acquisition. A reference LIBS
spectrum acquired in the same conditions but without the OPO excitation pulse is
subtracted from each spectrum. Then, optical noise determined from the average
intensity for A < 507.5 nm is subtracted. The resulting 2D map is presented on
figure 5.6 (c).

As expected the main emission peaks corresponds to the (0,1) fluorescence at
507.8 nm following (0,0) excitation at 484.2 nm, the (1,2) fluorescence at 510.0 nm
following (1,1) excitation at 486.6 nm and the (2,3) fluorescence at 512.1 nm fol-
lowing the (2,2) excitation at 488.8 nm. These peaks have the largest intensities
because they correspond to band-heads with a large density of nearly overlapping
rovibrational transitions (See Fortrat diagram 5.6 (a)). Furthermore, the transi-
tions for low vibration states, namely (0,0) excitation and (0,1) de-excitation, have
a larger intensity. Indeed, low excited states are more populated.

On the 2D map, one can observe curved “branches”. These branches corre-
spond to direct emission from the rotational states J’' populated by the laser pulse
excitation. When the plasma is irradiated by the OPO at a given wavelength,
some molecules will absorb photons and get excited. Absorption occurs if the dif-
ference in energy matches the energy of the photon and if the transition is allowed
i.e. respects the electric dipole selection rules. For AIO X2X* — B2X+ system,
these include AK = AJ = £1 (See complete selection rules in the section 4.1.2).
As discussed in the chapter 4, this corresponds to the four branches R;, Ry and
Py, P, represented in blue on figure 5.6 (a)¥. For instance, a photon of about
485.3 nm, can excite the transitions from v" =0, K" ~16tov' =0, K' ~ 1641
corresponding to AKX = AJ = +1 (R branch), or from v" = 0, K" ~ 53 to
v' =0, K' ~ 53 — 1 corresponding to AK = AJ = —1 (P branch). Thus, two
different upper states with J; and J) are populated from this excitation wave-
length. Then, from each of these two excited states, one can consider two de-
excitation paths following the selection rules applied to the observed transitions
Av = —1. These selection rules correspond to the branches R and P represented
in red on the figure 5.6 (a). For this example, it corresponds to the transitions
fromv =0, K’ ~16+1tov” =1, K" ~16+141and from v =0, K’ ~53—1
tov” =1, K" ~ 53 —141. This lead to 4 groups of transitions centered around
507.95, 508.7, 509.1 and 512.1 nm (see emission spectrum in black in the fig-
ure 5.6 (a)). This mechanism applied on all excitation wavelengths leads to the 4

9In the case of AlO, the branch Q5 and £Q,; corresponding to AK = £1 and AJ = +0
are almost lost beneath the branches R and P. For J > 5, their intensities are at least 100 times
lower than the ones of the branches R and P. In order to clarify the discussion, they are not
plotted on the figures here but are taken into when fitting the spectra.
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Figure 5.6: (a) Fortrat diagram for the BXT — X2X+ system of the AlO molecule
calculated for the transition (0,0) in blue and (0,1) in red. For an absorption
around 485.3 nm (blue line), the conservation of upper state (v/,J’) leads to 4
groups of emissions peaks (red lines) observed on the experimental LIF spectrum
(black). (b) Same example represented on an energy level scheme (c) 2D excita-
tion/emission of an AlO molecule for a delay of 30 us. (d) Superposition of the
2D excitation/emission spectrum with theoretical transitions conserving v’ and .J’
and spin number. The very weak ) branches are not shown. The spectrum pre-
sented in (a) corresponds to the white dashed line. Intersection with the four red
branches correspond to the four emission peaks.
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red branches in the excitation/emission map on figure 5.6 (d). The example given
in the figure 5.6 (a) corresponds to the white dashed line. This reasoning also
stands for the other vibrational levels and the branches are represented in yellow
for v = 1, green for v = 2 and purple for v" = 3. The inset corresponds to a
zoom on the (0,0) — (0,1) bandhead transitions and shows the good agreement
between the measured spectrum and the transition conserving J’. The intensity
of the signal decreases for large values of J'. These states are populated by the
excitation of ground state molecules with large value of J”. For a given tempera-
ture in the plasma, these states are poorly populated.

On figure 5.6 (c), one can observe horizontal lines. These horizontal lines cor-
respond to collisionally-induced LIF. No matter the excitation wavelength, some
excited molecules undergo inelastic energy transfer, changing rotation and vibra-
tion quantum numbers. Emission is observed from a multitude of excited state
levels. This emission is similar to emission observed in LIBS and horizontal lines
corresponds to the different peaks in the AlO emission spectrum. In particular, one
can notice horizontal lines corresponding to the band-head emission at 507.8nm
for the (0,0) transitions, 510.0 nm for the (1,1) transitions, 512.1 nm for the (2,2)
transitions and so on.

The vertical lines observed for excitation at 484.2 nm, corresponding to (0,1)
bandhead, 486.6 nm, corresponding to (1,2) bandhead etc. are due to large ab-
sorption of the OPO pulse by the ground state population of molecules due to the
large density of states. This leads to an important population of excited molecules
and thus a larger fluorescence signal.

In short: The wavelength of the OPO laser pulse can be changed automatically and
enables excitation/emission mapping of the plasma. Such a mapping reveals inter-
esting features of molecules. Resonant absorption on the molecules excites states
from different branches (R and P for AlO) with different angular momentum J.
Part of the excited molecules keeps this angular momentum before desexcitation.
This is direct LIF emission. In the case of AlO, this leads to 4 emission peaks shift-
ing with the excitation wavelength, creating fish-bones like patterns. These patterns
can be used to identify the molecules in the plasma and determine their rovibra-
tional structure, which could be particularly interesting for unfamiliar molecules

such as Al;O.
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5.3.4 LIF spectrum calculation

In order to calculate the LIF spectrum, one has to consider both the excitation and
de-excitation process from the electronic state n” (X2X1) to the electronic state
n’ (B?XT). The LIF spectrum can be described as the superposition of direct fluo-
rescence conserving J' and S’ and relaxed fluorescence due to population transfer
in the excited state (collisionally-induced LIF). The population redistribution can
be approximated by Boltzmann distributions. By fitting the LIF spectra with
a sum of both components, direct LIF and relaxed LIF, I am able to determine
effective temperatures describing the redistributed states and the temperature of
the ground state molecules.

Calculation of direct LIF

In order to calculate the direct LIF spectrum, I consider the following excitation /de-
excitation path conserving ¢’, and J':

(n//,U”, J//) N (nl7,U/’ JI) N (nll/’v///’ J/I/) (54>

The population of the ground state n” (X?X7T) is described by a rotational and
vibrational temperatures 77, and 7 such that the density of molecules in the
state (n”, 0", J") is:

he-Fun(J") he-G i (v'")
N S Wl B W
Nn” ! Jr = LS, (2J// + 1) . : (55>

2 Qrotw s (Tl)  Quibr (1))

This expression is the same as the one used in chapter 4 with the difference that
here it describes the ground state. Considering transitions from the same electronic
state, Quib,(T",) is a constant and Q. ~ kgT.,/ B! such that:

vib

B " . F// " . " "
Nyt g o< (2" +1) - —=—exp < - M) -exp( — M) (5.6)

kBva;t kg - T#)t kg - Té/ib
The population of the upper state (n',v’,J’) is considered to be zero before any
excitation. This is not strictly true, but LIBS emission is much weaker than LIF
signal, meaning the population of the excited state before excitation is low com-
pared to the population after excitation. Furthermore, the LIBS contribution is
subtracted from LIF spectra. When the OPO pulse passes through the plasma,
some molecules absorb photons resonant with a molecular transition and are ex-
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cited. The population variation of the upper state N, j is:

ANy i gt N
) 3 k) 7J
dt = p(y) : BZ”;Z;)”7J” ’ Nn,,7v//7‘]l, <5‘7)

with BZ:,’Z,’,J;,, the Einstein coefficient for absorption and p(v) [J.s.m™3| the ra-
diance of the OPO pulse at the resonant wavelength. The Einstein coefficient
for absorption can be related to the spontaneous coefficient through the following
relation:

C3 n/’v/”]/

( )
(2J" 4+ 1) 8rhy3” """
Bn/ﬂ’l:J/ . (2J’ + 1) 03 n' v’ Sj/l/
I 4 1) 8mhy3 T 20 4 1
n W, J! Sj/l/ 03 n' o'

B "o g — 7
g (2J"+ 1) 8hy3 ™"

2J +1

B’VL,,’U/,J, _
n! "\ J" T

(5.8)

The population of the upper state is given by the integration of this transition rate
on the duration of the OPO pulse:

p(V) ] Anl’vl Sj/,/

Nn’,’u’,]’ X 3 "ot —(2J” I 1) . Nn”,v”,J”
p(V) n' J! BUN hc - Fv//(JH) hc - Gm/(?)”)
Nn’,v’,J’ X 3 An/; o SJ// T exp| — — -exp| — — m
4 ' kBTrot kB ’ Trot kB ’ Tvib
(5.9)
The emission signal is thus proportional to:
S
! oo J/ nl ’U/ J/ n/ 'U/ J,,,
]n//’/v o OCA PN N’ rJ = A "ot T " N’ L J!
n/! " J n/! " J n,v, n'" v 2(J’+]_) n,uh,
! !
]_n/ o' ! p(V) An/ o' An/ o' Sj/// . S:II//
//7/ ’/// m X——F— /;/ m* /; /AN
n!" v J V3 n'" v n'’ v 2<J/ 4 1)
% Bv// exp| — he - Fv//(J//) exp| — hc - Gn// ('U//)
l 1 1
kBTrot kB ’ Trot kB ’ Tvib

(5.10)
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Calculation of relaxed LIF

Within the effective excited state life-time, the excited state (n’,v’, J') population
is partially redistributed over other quantum levels. The processes redistributing
the population of the excited state are complex and impossible to fully deter-
mine with such a measurement. The spectral and temporal resolution are not
good enough. Here we chose to describe the redistributed population using two
Boltzmann distributions with effective temperatures: one for the Vibrational states
described by TV, and one for the rotational state described by 77,,. Here, Boltz-
mann distributions are approximations of the real population distribution. One
should consider these temperatures as parameters and not proper temperatures.
The higher these parameters, the larger the population in states with high quan-
tum levels and large energy. The intensity of each transition is proportional to:

n' W, J! n ' B/ hCF JI hCG !
I //(/]J/// X A / ! SJ/// kBT/ exp<_k3—7"(l)> ~e,rp(—k3—7‘v()> (511)

rot rot vib

Just like in the previous chapter 4.4.1, the spectrum is calculated by summing
all the transition convoluted by a Gaussian function of width o. Both spectra
are normalized by their integer. The final spectrum is the sum of both spectra
pondered by a given coefficient x:

[Zellgzed [gzlrﬁct
I =T X relaxe + (1 - ZL’) irec <512>
f ]LIlF d f ]gIF !

Here, x gives the ratio between the integrated direct LIF signal and the integrated
relaxed LIF signal. The closer the value of x to one, the more important is the
redistribution of the excited state.

5.3.5 Fit and Results

The fitting process is very similar to the one discussed in chapter 4, section 4.4.1.
The emission spectra first have the LIBS signal subtracted. LIBS signal is obtained

In short: The LIF spectrum can be decomposed in one direct LIF emission con-
serving the excited state of the molecules and a relaxed LIF emission in which the
excited state (J and v) changed because of couplings and collisions. The first one
can be used to probe the ground state of the molecules as emission is directly related
to the excitation of these molecules. This enables to determine the temperature of
the ground state molecules.
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in the exact same condition but without OPO excitation. They are then corrected
for the system optical response using the black body calibration as explained in the
section 4.4.1 and optical noise is removed. For each excitation wavelength A., this
corrected spectrum is fit to the calculated spectrum by the least squares method.
Here ). corresponds to the max of the OPO pulse wavelength measured by the
lambda-meter. For each transition, the intensity of the pulse is taken as a Lorentz
function centered on A\, and with FWHM=66 pm. The Lorentz function’s width
is measured on the Damon spectrometer. In contrary to the previous chapter, the
emission wavelength is not a fit parameter as it is precisely determined using the
OPO and the lambda-meter for calibration!.

Here, the fitting parameters are 77, and T, describing the (X?%7) state, T/,
and T, describing the (B*Y") relaxed state, the Gaussian function width o and
z. T}, and T/, are determined from the relaxed LIF component of the spectrum
while 77/, and T}, are determined from the direct LIF component.

As seen in the chapter 4, section 4.4.1, the vibrational temperature has little
effect on the shape of the emission corresponding to Av = 0 transitions. Thus, it
is very complicated to fit T, from such an excitation path. As you can see on
figure 5.7 (d), the residues of the fit considering two temperatures for the ground

state has no minimum for 7}, and the parameter diverges. Here, T, has almost

vib
no influence on the determination of 777, and could be ignored. For practical

reason, 17, = T, = Tix2x+) is imposed in the fitting process by considering that
the equilibrium in the ground state molecules is reached. It is very likely that
both temperatures are equal for the ground state as the life-time is expected to
be long enough. In order to fit both temperatures of the ground state, one should
consider exciting other transitions such as Av = £1. For excitation wavelengths
lower than 486.5 nm, v = 0 is the only excited state and the fit does not depend
on T7%.. This range is particularly useful to fit T/, even if T, # T, .

Figure 5.7 (¢) corresponds to the residues map of (b) depending on 7}, and 77,
describing the excited state redistribution for the other parameters kept constant.
The red point corresponds to the fitted parameters. The convergence here is very
similar to the one described in the chapter 4, section 4.4.1 and enables to determine
both the rotational and the vibrational temperatures describing the excited state
population after redistribution.

Figure 5.7 (a) and (b) represent the calculated LIF spectrum (in red) fitted
on the LIF spectrum measured (in black) for an excitation of 484.80 nm and
488.30 nm respectively. On the bottom of the panel are represented the direct LIF

contribution in magenta and the relaxed LIF contribution in blue. The calculated

130 OPO pulses are recorded for different wavelengths within the detection range and the
emission wavelength is measured simultaneously by the lambda-meter. The positions of the
peaks are determined using Lorentz fit and the calibration is done using a third order polynomial
function.
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LIF spectrum manage to accurately reproduce the shape and intensities of the
LIF spectrum. On this spectral range, direct LIF represents only 6 to 16% of the
integrated intensity signal. However, it is easy to identify as this signal is very
well localized. Most of the intensity (around 90%) corresponds to relaxed state
emission. This emphasizes the fact that, even if direct LIF is observed, collisions
are sufficient to redistribute the excited states of numerous molecules.

Results of the fitted temperatures for each excitation wavelength are presented
on figure 5.8. (a) corresponds to the Fortrat diagram of AlO molecules in the
excitation range Av = 0 for v = v = 1 to v/ = v" = 4. Vertical dashed
lines corresponds to the position of the bandhead. (b) corresponds to the fitted
T, and T, describing the excited relaxed state. One can first notice that the
rotational temperature is higher than the vibrational temperature. This might
seem surprising regarding the chapter 4, but remember that these temperatures
represent the population of the AlO molecules after resonant absorption. There is
no direct comparison with the results of the previous chapter.

For excitation below 484 nm, the LIF signal is weak and no direct LIF is
observed. The OPO is not resonant with any Av = 0 transitions. It corresponds to
relaxed LIF signal providing from other resonant absorption for instance Av = +1
with large values of J” and v” (see Fortrat diagram in figure 4.7). In that case,
Txe2y+ is not measured and 7}, ~ 6000 K and 7}, =~ 5000 K. These values are
large because they are the consequence of excitation for large values of J' and v'.

Between 484.5 nm and 486.5 nm, the transitions for v = 0 are excited. This
leads to an important LIF signal. Here, T}, ~ 2000 K is really low. One can
understand that as the fact that excitation corresponds to the lower vibrational
level. Even after redistribution of the excited states™, most of the molecules re-
main in a low vibrational state. Hence, the low vibrational temperature. Around
484.5 nm, the rotational temperature 77, drops to ~ 4000 K. This range corre-
sponds to the v = 0 bandhead with a large density of rovibrational transition with
low values of J. Even after redistribution, most of the molecules remain in a low
rotational state. Hence, the drop of the rotational temperature. In contrary to
the vibrational temperature, 77 , increases between 484.5 nm and 486.5 nm as the
transition excited have larger and larger values of J.

Between 487 nm and 488.8 nm, the transitions for v = 0 and v = 1 are excited.
One can observe a jump in the vibrational temperature. In this range, the excited
states correspond to the first two vibrational states. After mixing, the molecules
remain with higher vibrational states. At the position of the (1,1) bandhead,
the vibrational temperature peaks. In this region, the density of the transition
corresponding to v = 1 is larger and most of the excited molecules end in this

**Generally, changes of the excited state reducing the energy of the system are favored.
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Figure 5.7 Example of fitted LIF spectrum (red) on measured spectrum for a
delay of 30 us (black) for the excitation wavelength 484.80 nm (a) and 488.30 nm
(b) considering a single temperature Txzx+ for the ground state. Lower panels
represent the relaxed LIF contribution (blue) and the direct LIF contribution
(magenta). (c) corresponds to the residues map of (b) depending on 77, and 77,
describing the excited relaxed state for the other parameters kept constant. The
red point corresponds to the fitted parameters. (d) corresponds to the residues
map of (b) depending on 7,7, and 7T, describing the ground state for the other
parameters kept constant. In the following fit, 7)), = T, = Txex+ in order to
avoid the TV, diverging.
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Figure 5.8: (a) Fortrat diagram for the Av = 0 excited transitions. (b) Rotational
(red) and vibrational (blue) temperatures describing the relaxed LIF emission

depending on the excitation wavelength.

(c) Temperature of the ground state

(X2X1) depending on the excitation wavelength measured from the direct LIF
emission. (d) Histogram of the ground state (X*¥1) temperatures corresponding
to the selected excitation range in gray. The average value is 3153 K, the standard

deviation is 552 K and the standard error is 64 K.
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state, hence the increase of the vibrational temperature. For larger wavelength,
the difference in state density between v = 1 and v = 0 is less important and
T)., drops a little. On the contrary, the rotational temperature first drops before
increasing for the exact same reason as presented for v = 0. The amplitude of the
variation is less important as the superposition of both bands smooth the effect.

This pattern keeps going for each of the excited bands with the same observa-
tions.

On figure 5.8 (c) is represented the fitted temperature of the ground state Txzs+
depending on the excitation wavelength. This temperature is fitted from the direct
LIF contribution. Before, 484 nm it is not defined as there is no direct LIF signal.
For excitation in the band head v = 0, only one group of rotational transition with
similar K are excited, and the rotational ground temperature is poorly defined.
For excitation wavelength above 484.6 nm, both R and P branches are excited
with different K value and the fit on Txes5+ converges. After 490 nm, the intensity
of the direct LIF signal is too low and the fit on Txz25+ does not converge anymore.
Tx2x+ appears to be rather constant on the whole excitation range as expected.
It should only depend on the ground state of the molecules. One can notice a
slight peak after the v = 1 headband. In this region, large resonant intensity and
auto-absorption might impact the fit. In order to determine the Tx2x+ with the
best accuracy, I chose to average its values for excitation wavelength between 485
and 486.5 nm (gray range). In that range, Txzx+ = T7,. It does not depend on
T". as only one vibrational state is excited. The histogram Txzy+ in this range is
potted in (d). The average value is 3153 K, the standard deviation is 552 K and
the standard error is 64 K.

This temperature should be compared to the temperatures of the AlO ex-
cited state measured from emission spectroscopy. Usually, the rotational tem-
perature of the excited state is assumed equal to the temperature of the ground
state. Emission of AIO molecules has been measured before and after the 2D
scanning without OPO excitation and fitted by the same process as presented in
the chapter 4.4.1. From this fit, one can deduce the vibrational and rotational
temperature of the B2 without any OPO excitation. Values obtained for the
vibrational temperatures are: T%> = 5385 and 5858 K which lead to an aver-
age of about 5620 + 240 K. Values obtained for the rotational temperatures are:
TTB;E+ = 3205 and 3058 K which lead to an average of about 3130 £ 75 K. These
values and variations are consistent with the measured values in the previous chap-
ter for a delay of 30 us (see section 4.4.2). Here, one can see that the rotational
temperature of the excited state T2,  seems in good agreement with the rota-

tional temperature of the excited state for a delay of 30 us. For such a delay, it
appears that the rotational temperature of the excited state matches the rotational
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Figure 5.9: Histogram of the ground state (X?1) temperatures corresponding to
the excitation range 485-486.5 nm for a delay of 5 us. The average value is 3728 K,
the standard deviation is 547 K and the standard error is 63 K.

The same experiment was run with a delay between the pulse ablation and
the OPO excitation of 5 us. In this case, the fit on the direct emission provides
a vibrational temperature T > = 6857 4 250 K and a rotational temperature of
T = 3845 + 75 K. These values are consistent with the measured values in
the previous chapter for a delay of 5 us (see section 4.4.2). The distribution of the
ground state temperatures Tx2x+ for the excitation range 485-486.5 nm is reported
in the figure 5.9. The average value is 3702 K, the standard deviation is 531 K
and the standard error is 61 K. Here, one can see that the rotational temperature
of the excited state TT}3;2+ slightly overestimates the rotational temperature of

the excited state for a delay of 5 us. In that case, the equilibrium between both
rotational distribution is not completely reached.
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5.4 Conclusion

During my PhD, I built the 2D LIBS-LIF experiments in order to excite atoms and
molecules in a laser-generated plasma using a tunable pulsed laser. LIF increases
atomic emission by a few orders of magnitude and enables micro LIBS measure-
ments. 2D LIF or emission-excitation maps of the plasma enable to investigate
the complex composition of the plasma. It allows easy identification of molecules
from characteristic patterns and might be used to identify larger molecules in the
research on nucleation. In the framework of my PhD, I used LIF in order to study
the thermalization of AlO molecules in the plasma.

In the previous chapter, the spatio-temporal emission of AIO(B?X") molecules
in the laser-generated plasma was discussed. The difference in the rotational and
vibrational temperatures of the molecules proves that the AIO(B?X") molecules
are not at the equilibrium. Usually, the rotational temperature of the excited state
is assumed to be equal to the temperature of the ground state. This is true if the
collisions with the gas are numerous enough to thermalize this excited state. One
can wonder if this assumption is true considering that thermal equilibrium is not
reached within the excited molecules. In order to answer this question, Laser-
Induced Fluorescence (LIF) is used to probe the ground state of the molecules.

First, LIF was used to measure the de-excitation time 7 = 2.7 £ 0.2 ns of the
B2Y* state of AlIO molecules. This time is much shorter than tabulated values in
vacuum because of collisional quenching in the plasma. Such a difference between
tabulated values and effective life-time has to be considered for the calculation of
the molecules’ concentration in LIBS.

Within this life-time, and considering the expected density and temperature
of the plasma from the chapter 3, the estimated number of collisions is only a
few tens. This number of collision is enough to reduce drastically the life-time of
the excited molecules but not enough to fully thermalize it, hence the difference
between the vibrational and rotational temperatures.

LIF emission can be decomposed in two contribution, direct fluorescence con-
serving the excited rovibrational state (about 10% of the signal) and relaxed flu-

In short: The temperatures of the ground state molecules in the plasma is deter-
mined from the fit of the emission spectrum. After 30 s this temperature appears
to be similar to the rotational temperature of the first excited state determined from
LIBS spectroscopy. For such a delay, the rotational temperature of the first excited
state matches the one of the ground state and equilibrium between both rotational
population is achieved. In contrary, after 5 us, the rotational temperature of the
first excited state overestimates the ground state temperature of about 150 K. The
equilibrium between both population is not achieved.
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orescence in which the excited state is not conserved (about 90% of the signal).
Most of the molecules are thus partially thermalized through collisions. By fitting
the LIF spectra of AlO molecules 30 us after ablation, I was able to determine
rotational and vibrational temperatures describing the resultant populations over
many rotational and vibrational levels of the relaxed state and the temperature of
the ground electronic state of AIO(X?X"). Excited state population distribution
are quite well described using Boltzmann population for the excited state. The
emission of the molecules keeps the memory of the excitation path. Yet, the ro-
tational and vibrational temperatures are not the same, meaning the molecules
did not reach full internal equilibrium. Furthermore, both temperatures depend
strongly on the excited wavelength. Within the excited state life-time, collisions
are not sufficient to reach equilibrium from an initial state strongly out of equilib-
rium.

The ground state temperature of the molecules is measured to be 3153 4+ 64 K.
Simultaneously, the rotational temperature of the first excited state is measured
to be 3130+ 75 K. Both of these temperatures are very close. For a delay of 30 us,
the AIO(B?X™) rotational temperature appears to be good probe of the ground
state temperature. In contrary, for a delay of 5 us, the AIO(B?X™) rotational
temperature is measured at 3845 4+ 75 K while the ground state temperature is
3702 + 61 K. The rotational temperature of the excited state is not equal to the
ground state temperature, equilibrium between both rotational population is not
fully achieved. From previous consideration on the relaxed LIF state, one can ex-
pect the thermalization of the excited state to be only partial. This could explain
the fact that AlIO(B?YT) rotational temperature is above the ground state tem-
perature. These LIF measurements can be easily coupled with the space resolved
spectroscopy 1 used earlier. It would be very interesting to reproduce them for
different delay time and with spatial resolution.
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Chapter 6
General Conclusion

Laser generated plasma is a complex and interesting system. The deposition of the
pulse laser energy leads to a brutal phase transition and the formation of a plasma.
This plasma is composed of molecules, atoms, ions, and electrons reacting together
and with the environment. Understanding the kinetics and thermodynamics of the
plasma is essential in order to better understand the composition of the plasma,
its temperature and the nucleation process of clusters and nanoparticles. In this
thesis, we explored these different aspects of laser generated plasmas and several
experimental techniques used to investigate them.

Chapter 2 was dedicated to a new microcanonical model able to describe nu-
cleation in laser generated plasma. In complement to other theoretical approaches
based on a detailed description of the reaction kinetics, this model is able to pro-
vide the evolution of clusters size distribution from diatomic molecules to clusters
of several hundreds of atoms. This model is universal and relies on (i) global prop-
erties of the plasma such as densities and temperature and (ii) average properties
of the clusters such as the reaction energy of a monomer or the distribution of
the energy in the cluster. Because of its universality, the model developed here is
versatile and can be modified to describe many nucleation processes. It is based
on activated complex theory and Weisskopf model in order to determine a system
of kinetic equations describing nucleation. In contrary to previous models, this
one does not consider equipartition of the energy in the clusters. The description
of the clusters is done using the microcanonical ensemble and partial spreading
of the energy on the vibration modes of the clusters. This innovative approach
succeed to describe nucleation of anisotropic and out-of-equilibrium clusters where
previous models, based on canonical ensemble, failed.

In particular, we show that the model reproduces the size distribution of alu-
minum oxide clusters. The reaction energy of the clusters corresponds to the aver-
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age of desorption energies measured on 21 identified reactions. This average value
is one order of magnitude below theoretical reaction energy determined by DFT
calculation on clusters in the most stable configuration. It indicates that the clus-
ters formed in laser generated plasma do not reach thermodynamics equilibrium
and are not necessarily produced in the most stable configuration. Furthermore,
the energy distribution in aluminum oxide clusters is localized and equipartition
is not true. Energy is localized in some vibration modes and the geometry of the
clusters might not be the most stable one.

Chapter 3 presented measurements of the pressure in the plasma considering
the dynamics of the generated shock-wave. Pressure is an important thermody-
namic parameter influencing the formation of the clusters. In laser generated
plasma, one can expect the pressure to vary drastically as observed in explosions.
Taylor’s blast model is a very general model describing the evolution of an ex-
plosion considering only the pulse energy and the gas density. It would be very
convenient to use this model for laser ablation, but previous studies show some
discrepancies between the dynamics of the shock-front and the prediction of the
model. In this work we show that this model perfectly describes laser ablation
for various pulse energies and materials provided that the anisotropy of the blast
is taken into account. Indeed, the shock-front is not fully hemispherical. Most
of the blast energy is directed perpendicularly to the target surface where the
shock-front velocity is larger. We show that the pressure given by Taylor’s model
is consistent with the pressure measured behind the shock-front for delays larger
than 20 ns. Before that, the real pressure saturates to a few tens of MPa and is
given by P[MPa] = (37.4 4+ 20) x (E [mJ])%/°.

According to Taylor’s model, the pressure behind the shock-front should be
rather homogeneous. We propose to use this theoretical evolution of the pressure
as input for modelling the evolution of the plasma. One can model the evolution
of laser generated plasma considering Local Thermodynamics Equilibrium (LTE).
In the framework of LTE, one can assume Saha-Erggert’s law relating the densi-
ties of electrons, ions, and neutrals and the temperature of the plasma. Usually
the electron density and the temperature are measured by spectroscopy and the
pressure can be deduced from the densities of the species, the temperature, and
an equation of state. In that case, the temperature corresponds to the excitation
temperatures of the ions and the atoms. Applying this model on experimental
measurements might lead to pressure value in strong disagreement with this work.
Here, we show that Saha-Erggert’s law strongly depends on the measurement of
the temperature. A small variation of the temperature leads to strong variations
of the composition of the plasma and pressure. Errors in the measurement of the
temperature in plasma might be due to (i) strong temperature gradients or (ii) non
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uniqueness of the temperature. In the first case, the temperature in the plasma is
not uniform. Atomic emission is dominated by hot areas with a large electronic
density favoring re-excitation. The temperature measured through the emission
of these atoms overestimates the average temperature of the plasma. This can
be overcome by local measurement of the temperature. In the second case, the
kinetic temperature of heavy particles, driving the pressure in low ionized plasma,
is slightly below the kinetic temperature of the electrons, driving the excitation of
the atoms. Here, the overestimation of the average temperature arises from the
difference between both temperatures. Considering different temperatures in the
plasma might appear in contradiction with LTE. However, a lower kinetic temper-
ature for heavy particles does not necessarily repeal the validity of Saha-Erggert’s
law considering an equilibrium between the electronic state of the atoms and the
kinetic temperature of the electrons. One should endeavor to measure the kinetic
temperature of heavy particles in the plasma in order to better understand it.

Chapter 4 studied the spatial evolution of the emission and temperatures of A1O
and TiO molecules in laser generated plasma. The rotational temperature of the
molecules is often considered as a good probe of the kinetic temperature of heavy
particles as it is strongly influenced by collisions. From local spectroscopy mea-
surements of AIO(B?X™) and TiO(A3®,) emission, we determined the rotational
and vibrational temperatures of AlO excited state and the rotational temperature
of TiO excited state. This is done by fitting theoretical emission spectra consider-
ing the rotational and the vibrational populations to be described by Boltzmann
distributions. Here the temperatures measured are related to the excited state of
the molecules. AlO(B2X ") molecules are likely to be formed by the reaction of
an aluminum atom with an oxygen atom being cooled down by the quenching gas
just as presented in the chapter 2. It can also be formed by collision of a ground
state molecule with a metastable molecule (N}, Ar* etc.). Both formation paths
are consistent with AIO(B?Y*") emission observed in the periphery of the plasma.

In AIO(B2X") molecules, both temperatures are not equal. The vibrational
temperature is systematically larger than the rotational temperature. This mea-
surement proves that the equilibrium is not fully reached within the molecules. The
vibrational modes of the molecules are more excited than the rotational modes.
The energy is not evenly spread in the molecules as intuited with the microcanon-
ical model. A simple explanation is that the molecules are formed excited, but
the rotational population is thermalized faster because of collisions with heavy
particles. The rotational temperature is thus closer to the kinetic temperature
of the plasma than the vibrational temperature. This difference in temperatures
decreases with time, indicating that excited molecules are closer to equilibrium
for later time in the plasma. The temperatures of the molecules appears directly
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related to the temperature of the plasma. It decreases with the laser pulse energy
and with time, while molecules on the periphery are also colder. The evolution
of the rotational temperature of TiO molecules is very similar to the one of AlO
molecules but systematically lower. This can be explained by a larger cross-section
of TiO molecules leading to a larger number of collisions favoring their thermal-
ization. The rotational temperature of TiO molecules seems to better probe the
kinetic temperature of heavy particles in the plasma. The range and the evolution
of the rotational temperature measured in this chapter are consistent with the
average kinetic temperature of the plasma estimated in the chapter 3 for similar
ablation conditions.

Chapter 5 presented Laser-Induced Fluorescence measurements on the plasma.
An Optical Parametric Oscillator (OPO) is coupled to the LIBS set-up in order to
excite the plasma with a light pulse of a chosen wavelength. Resonant absorption
followed by fluorescence of the species in the plasma increases the signal by four
order of magnitude. By changing automatically the wavelength of the OPO pulse
and its delay with the ablation pulse, it is possible to measure excitation/emission
maps of the plasma for different delay times. The pattern due to direct fluores-
cence of molecules is interesting to identify molecules and determine the complex
composition of the plasma along its evolution. This can be an interesting tool in
the research of molecules forming in the plasma during nucleation.

The fluorescence emission of the molecules can also be studied in order to better
understand the excited state and the ground state of the molecule. By following the
evolution of the fluorescence signal of AIO molecules following a resonant excita-
tion, we measured the effective life-time of the excited state. This effective life-time
is much shorter compared to the tabulated value in vacuum because of collision
with the environment. When considering emission life-time of molecules in laser
generated plasma, for instance in order to determine ratio of densities from ratio of
emission signals, one should not rely on tabulated values. Finally, one can fit LIF
spectra in order to determine the temperature of the ground state. LIF emission
of the AIO(B?X") molecules can be described by the sum of a direct LIF emission
(about 10% of the intensity) which conserves the excited state after resonant ab-
sorption, and relaxed LIF emission (about 90% of the intensity) which corresponds
to a population redistributed over the quantum levels because of collisions. On the
one hand, the redistributed population can be approximated by Boltzmann dis-
tributions with given vibrational and rotational temperatures. These parameters
strongly dependent on the excitation wavelength as the population of the excited
state keeps the memory of the excitation paths despite redistribution. Within the
effective life-time of the excited state, molecules do not reach equilibrium. On the
other hand, the direct LIF emission is related to the population of the ground state
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that is excited. By fitting this emission, we determined the temperature of the
ground state of AlO molecules for a short delay of 5 us and a long delay of 30 us.
The temperature of the ground state molecules has better chance to correspond to
the kinetic temperature of heavy particles in the plasma as their life-time before
reacting is expected to be larger than the emission life-time of the excited state.
After 30 us, the ground state temperature is equal to the rotational temperature
of AIO(B?X") molecules. However, after only 5 us the ground state temperature
is slightly below the rotational temperature of AIO(B?X") molecules. In that case,
thermalization of the rotational state of AlIO(B?X") molecules is not complete and
its rotational temperature slightly over-estimate the temperature of the plasma.

Thermodynamics and nucleation in laser-generated plasma are complex and
rich topics at the interface between plasma physics, chemistry, optics, and spec-
troscopy. With this work, I endeavor to investigate several aspects of this issue,
from a general nucleation model able to describe the growth of particles in the
plasma, to the determination of average thermodynamic quantities such as the
pressure, and the local measurement of molecular emission used to investigate
their temperatures. In laser-generated plasma, the aluminum oxygen molecules
and clusters are not formed at the equilibrium. One should not describe them
using a single temperature or the canonical ensemble. However, the rotational
temperature of diatomic molecules remains a good probe of the kinetic tempera-
ture of heavy particles in the plasma. In particular the rotational temperature of
the ground state that can be measured using laser-induced fluorescence. Such local
measurement of the rotational temperatures of molecules can be used in order to
further discuss LTE in laser generated plasma. Compared to local measurements
of the excitation temperature of atoms one could discuss their equality and the
uniqueness of the temperature in the plasma depending on time and position. Fi-
nally, one could modify the microcanonical model in order to take into account
the electron density, the densities of the ions, the kinetic temperature(s) and the
pressure in the plasma in order to have a refined description of the clusters and
molecules in laser generated plasma.
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Annex A

Spectroscopy notations

This annex is a sum-up of the convention for spectroscopic notations used in the
manuscript. For more details, please refer to the chapter 3.

Notation for the molecules level

In this manuscript:
e n refers to the electronic level
e v refers to the vibrational level
e J refers to the “rotational” level (angular momentum)

In the case of AlO molecules, the rotational level might be referred by K instead
as it is more relevant to describes the transitions®.

The excited state is designed by a prime symbol (n',v',J" or K’) while the
ground state is designed by a double prime symbol (n”,v”, J" or K").

In the chapter 5, the same convention is used, and triple prime symbol is used
for the ground state after de-excitation (n”,v"”, J" or K").

*K = A + N with N the kinetic momentum of the nuclei rotation and A the projection of
the total orbital kinetic momentum of the electrons on the molecule axis.
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The electronic state name corresponds to the following convention:
L2S+1[ A]Q

with:

Electronic staten 0 1 2 3 4
Notation L X A/a B/b C/c D/d

N o 1 2 3 4

Notation [A] Yy I A o r

The letter L corresponds to the electronic state n. S is the spin number, A is
the projection on the molecule axis of the total orbital kinetic momentum of the
electron, and 2 = A + ¥ with X the projection on the molecule axis of the spin.

Notation for the transitions

For each molecule described in the manuscript, the band systems observed corre-
spond to transitions between defined electronic level (X?¥? — B*X* for AlO and
X3A, — A3®, for TiO) The electronic levels are thus not systematically specified.
The transition between the two upper state (v/, J') and the down state (v”, J”) is
noted (v, v") with Av=v" =", AJ =J —J" and AK =J — J".

Branch notation

The convention for the branches name is:

with:
AJ=J -J" -1 0 1
AK =K -K'" -2 -1 0 1 2
Letter O P Q R S

i and j indicate the spin projection (1 if +1/2 and 2 if -1/2) of the upper state (')
and the down state () respectively. If AK = AJ, only AJ is written and if ¢ = j
only one number is written.
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Constants of diatomic molecules

B.1 AlO Molecules (blue-green system)

B.1.1 Energy levels

Rotational levels

95

According to Kovacs'®, one can write the energy for the level J = K + %:

F(K)=B, - K(K+1)— D, <K(K + 1))2 + %% K, (B.1)

while for the level J = K — %:
2 1
Fou(K) = By - K(K +1) — D, - (K(K + 1)) — 5 (K +1), (B.2)

The index 1 or 2 stands for the spin projection value +1/2 and —1/2 respectively.
For each vibrational level v, we are using tabulated value for B,, D, and 7, from
Saskena et al.?* reported in table B.1.

Electronic and vibrational levels

The energy levels for vibrations are described by a Taylor’s expansion:

2 3
1 1 1
Ge(v) = w, (U + 5) — We e (v + 5) + Wele (v + 5) (B.3)
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Table B.1: Molecular constants for rotational levels (see egs. B.1 and B.2).

X22+ B22+
v B, 10% x D, Yo v B, 10° x D, Yo
cm ™! cm ™! cm ™! cm ™! cm ™! cm ™!

0.638492 1.101 0.00172
0.632691 1.110 0.00315
0.626875 1.128 0.00532
0.621021 1.114 0.00824
0.615114 1.115 0.01228
0.609176 1.184 0.01946
0.603114 1.273 0.02429
0.596860 1.669 0.03473

0.601855 1.158  -0.01091
0.597342 1.153  -0.01099
0.592855 1.144  -0.01093
0.588417 1.139  -0.01097
0.584008 1.135 -0.01091
0.579597 1.124  -0.01093
0.575234 1.123  -0.01107
0.570890 1.115 -0.01091
0.566544 1.106  -0.01119

N O O = W N~ O
0 J O O = W N~ O

Table B.2: Molecular constants for vibrational and electronic levels (see egs. B.3)

in cm™!.

X2yt B2yt
T, 0.0 T, 20689.041
W, 979.524 We 870.369
Wele 7.036 Wele 3.651
wele -0.00106 wele  0.00096
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ALO MOLECULES (BLUE-GREEN SYSTEM)

B.1.

Table B.3: Einstein coefficient A., [1/s| from Hebert et al.?* for A1O blue-green

band system (B*XLT-X?%T).

© 00 N O T = WO

—
e}

\\@\\

0
6.34E6
3.00E6
1.02E6
2.78E5
0

o O O o o O

1
1.91E6
2.26E6
2.99E6
1.7E6
6.51E5
1.89E5

o O O O

2
4.29E5
2.34E6
7.01E5
2.24F6
1.89E6
9.55E5
3.46E5
1.05EH
0
0
0

3

6.89E4
9.27E5
2.21E6
1.62E5
1.48E6
1.76E6
1.12E6
5.23E5
2.25E5
0

0

4

0

2.08E5
1.37E6
1.91E6
1.98E4
9.04E5
1.48E6
1.24E6
8.21E5
5.86E5
0

5
0

4.00E5
1.74E6
1.60E6
1.69E4
5.21E5
1.24E6
1.51E6
1.67E6
1.03E6

S O O

0

6.22E5
2.02E6
1.33E6
4.46E4
3.01E5
1.20E6
2.49E6
2.40E6

S O O

0

8.59E5
2.23E6
1.10E6
7.75E4
2.00E5
1.61E6
3.01E6

oS O O O @

0

1.10E6
2.38E6
9.96E5
1.23E5
1.77E5
1.61E6

S O O O O ©

1.32E6
2.64E6
1.12E6
2.38E5
1.11E5

oS O O o o O

1.63E6
3.52E6
1.87E6
3.19E5
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with w, the wavenumber of the oscillator, w.z. and w.y. anharmonicity parame-
ters. We are using the transition reported in Saskena et al.?3" except that there is
a typo in the original article on the electronic level value T, of the level B2X* that
we have corrected (20685.041 — 20689.041) by crosschecking with other authors.
The values of the parameters are reported in table B.2.

Fortrat Diagram

The total energy of a level, expressed as a wavenumber here, is given by:
vie,v,K,i) [1/cm] =T, + G,(v) + Fi,(K). (B.4)

We have compare the compute Fortrat diagram from our code to the transition
indexed in Launila et al.?3! (see figure 4.7). Our spectra are also compared to
spectra obtained using the program PGOPHER.

Note: Energies are computed for transition in vacuum, and then we are ac-
counting the shift due to the refractive index of the air when comparing computed
wavelengths to measured wavelengths with our experimental setup (Aacuum =
n X Agir)-

B.1.2 Transition probability

Holn-London parameter are computed for each transition using formula from Ko-
195
vacs 7.

For each vibrational state v’ of the excited electronic state, because of the high

rotational temperature, the partition function of the rotational states are assumed

to reach the value :
. kBT’rot

Qrotn/w/(Tmt) - BU/ . (B5>

The partition functions of the vibrational and electronic state are not computed
since they are identical for each transition observed.

Finally, we are using the Einstein coefficient A, [1/s] from Hebert et al.???
reported in table B.3.

Note: The program also accepts Absolute Band Strength S, [u.a.], then the
Einstein coefficients A., are deduced using the formula:

Ay [1/8]1 =1.013 x 107°¢ S, [u.a.] v, [1/cm] (B.6)

with v, the wavenumber corresponding to the elec-vib transition.
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B.2 TiO Molecules (7 system)

B.2.1 Electronic and Rotational-vibrational levels

201

We are using the formalism described by Hermann et al.#”*. For each vibrational

and electronic level, the energy is approached by:
T(J)=Ty+ B, J(J+1) =Dy [J(J + D)*+ H, [J(J + D)+ L, [J(J + 1)]*. (B.7)

The value of the parameters T,, B,, D,, H,, and L, for each state, namely A3®,,
A3Ds, A3D,, X3A,, X3A,, and X?Ajs, are taken from Table 2 in Hermann et al.?%!,

B.2.2 Transition probability

Hoéln-London parameter are computed for each transition using formula from
J. B. Tatum?32. The energies used to compute the population of the vibrational
and rotational states are defined from equation B.7:

e For a given electronic states, the vibrational energy G.(v) corresponds to
T, — Ty—o, where T, and T,—, refer to the tabulated data of the electronic
state.

e For a given electronic state and a given vibrational state, the rotational
energy F'(J) corresponds to T'(J) — T,,.

For each vibrational state v’ of the excited electronic state, because of the high
rotational temperature, the partition function of the rotational states are assumed

to reach the value :
o kBTTOt

Qrotn/w/ (Trot> - B»U' T (BS)

The partition functions of the vibrational and electronic state are not com-
puted.

Finally, we are using the Franck-Condon factors g~ from Ram et al.?33 re-
ported in Hermann et al.?*! (with an additional value for gs4). Franck-Condon
factors q,,» are displayed in Table B.4.
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Table B.4: Franck-Condon factors g, from Hermann et al.?!.

o0 1 2 3 4
0.7191 0.2365 0.0398 0.0042 0.0003
0.2362 0.3188 0.3317 0.0971 0.0148
0.0400 0.3294 0.1038 0.3350 0.0155
0.0044 0.0976 0.3291 0.0143 0.2860
0.0003 0.0159 0.0155 0.2758 0.0020
0 0 0 0 0.210

T = W N — O <



Annex C

Theoretical chemistry calculations

In this annex is presented some theoretical background in order to understand the
theoretical calculations ran on alumina clusters in the chapter 2. It enables to
explain the origin of notations, and the meaning of the different calculations.

First, the Streitz potential used to described interaction between atoms in ox-
ides is introduced with the embedded-atom method. This method is the first step
used to calculate cluster geometry from random distribution of atoms. Then ab
initio calculation is explained with the basic formalism used for quantum calcula-
tion and the associated approximations. It is interesting to compare this approach
with the calculation for diatomic molecules reported in the chapter 4. Finally,
the Density Functional Theory (DFT) is introduced with its formalism and no-
tation. In particular, the Hybrid-GGA (B3LYP) procedure used for the cluster
optimization is explained.

C.1 Streitz potential

While metals are already well described by simple potential that can be used in
large simulations*?, oxides are more challenging. The ionic and dielectric nature
of the material leads to more complicated electronic structure. In 1994 F.H. Stre-
itz and J.W. Mintmire developed a computational method for molecular-dynamic
simulations of alumina'??. This method explicitly includes variable charge trans-
fer between anions and cations and describes accurately the elastic properties and
surface energies of the clusters.
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C.1.1 Coulomb repulsion

The dominant interaction in metal oxides is the Coulomb electrostatic interaction.
The electrostatic energy is composed of one term depending on the partial charge
of the atoms ¢;, the local atomic energy, and another term corresponding to the
interaction between atoms Vj;:

1
i 17

with r;; the distance between the atoms. Omne can then consider a second order
Taylor expansion of the local atomic energy:

1
Ei(q:) = Ei(0) + xJq; + ingz‘z (C.2)

where X! corresponds to the electro-negativity and where J? corresponds to a
self-Coulomb repulsion. The Coulomb pair interaction V;;(r;;, ¢, g;) is given by:

Vij(rij, 4 ¢7) ://d?’rld%gpi(ﬁ’qj)pj(mqﬂ (C.3)

T12

and one can take as atomic charge density:
pi(ry qi) = Zi0(r — i) + (g — Zi) fi(r — 13) (C4)

with Z; is an effective core charge lower the total nuclear charge of the atom
because taking into account the core electrons screening. f; describes the radial
distribution of the valence charges in space. In this model, f; is chosen as a simple
decreasing exponential just like a 1s Slater’s orbital:

&
Fillr = i) = 2ol (€5)

More sophisticated functions could be used, but it would complexify the calcu-
lation. Analytical expressions of the different integrals can be found in order to
improve the calculation time?3*.
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C.1.2 Embedded-Atom Method

The Coulomb repulsion cannot be the only one considered for describing atoms
interactions. One need to consider a short distance repulsive potential. A usual
empirical potential is the Embedded-Atom Method (EAM):

Epanv = Z Filpi] + Z ®ij(1ij) (C.6)

1<J

with Fj[p;] the energy required to embed atom i in a local electron density p; and
¢i;(r;) the residual pair-pair interaction. Fj[p;] is chosen as the Finnis-Sinclair
form for calculation convenience:

Filpi] = _Ai\/g (C.7)

with p; the local atomic density which is the sum of all the electronic densities of
the different atoms, and A a paramter.

¢i;(r45) is the pair-potential, defined for each pair of atoms that is to say O-O,
Al-Al) Al-O:

Bij " *
¢ij(r) = 2Bjze” = U7 — Cy[1 + ai(r — ;)] e (C.8)

(]
with B, C,  and « parameters and r* the equilibrium distance. After all, the
total energy can be calculated has Fy; = E.; + EFgan and the force exerted on
each atom is —V E,,;. Thus, for any initial configuration and set of parameters one
can calculate the energy, derive the force, move the atoms accordingly and repeat
it. By iteration one can find configuration corresponding to local minima.

C.1.3 Fitted parameters

In order to find the parameters, Streitz and Mintmire calculated the cohesive
energy, cationic charge, pressures, forces on the nuclei, elastic constants, and un-
relaxed surface energies for the (0001) and (1012) surfaces of a-alumina and com-
pared them to experimental values or first-principles theoretical results. All the
fitted parameters are summarized in figure C.1.
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TABLE 1. Optimized ES+ potential parameters for aluminum and oxygen.

Atomic Parameters

x (eV) J (eV) [ (A™hH yd A (eV) £
Al 0.000 000 10.328 655 0.968 438 0.746 759 0.763 905 0.147 699
o} 5.484763 14.035 715 2.143 957 0.000 000 2.116 850 1.000 000
. . Pair parameters
r* (A) a (A7) B (A B (eV) C (eV)
Al-Al 3.365875 1.767 488 2.017519 0.075016 0.159472
0-0 2.005092 8.389 842 6.871329 1.693 145 1.865072
Al-O 2.358 570 4.233670 4.507976 0.154 548 0.094 594

Figure C.1: Fitted parameters of the Streitz model on a-alumina!?7.

C.2 Ab tnitio calculations

If one needs to know precisely the relative energies of different clusters or molecules,
semi-empirical potentials are not enough. One needs to use quantum mechanics
in order to describe the system. From only fundamental constants and theoretical
equations, one could be able to know the state of any system without any hy-
pothesis. This is the so-called ab initio method: “from the beginning”. However,
to be able to run such calculations, simplifications have to be made, this is the
Hartree-Fock calculation method. Different improvements can be implemented in
order to get always closer to the true solution (Post Hartree-Fock methods).

Many of the concepts and approximations presented here are the same as the
one introduced in the chapter 4 in the case of diatomic molecules. In particular,
the concept of molecular Hamiltonian and the Born-Oppenheimer approximation
is further developed.

C.2.1 Introduction

Quantum mechanic describes molecules as a wave-function W(7,¢). It contains all
the information of the system. The function wave is driven in space and in time
by the Schrédinger equation introduced by Erwin Schrédinger in 1926:

. \
Hp U (7 t) = m%—t (C.9)

where H,,,; is the Hamiltonian describing the system. In the stationary case, the
energy of the system is directly related to the Hamiltonian:

A

Hyo V(7)) = E(7)V(7F) (C.10)
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such that the total energy of the system can be calculated knowing only the Hamil-
tonian and the wave function:

<\I]|]:Imol|\1’>

=

(C.11)

For a molecule composed of A nuclei (of mass M,, atomic number Z, and
positioned in R,, for n € [1, A]) and B electrons (of mass m. and positioned in
r; for ¢ € [1, N]) (See figure C.2), the Hamiltonian can be written as a kinetic
part for nuclei 7T),, a repulsion interaction between nuclei V,,,,, a kinetic part for
electrons T, a repulsion interaction between electrons V., and finally an attractive
interaction between electrons and nuclei V,,,:

3
|

~
:
~»
N
<

(C.12)

B 2 B 2

. %5 Zn e \%S e
Hoot = — Z 2]\1;,1 + n;1 8meo| Ry — Rl - ; 2m. + Zz_: 8meo|r; — 1y
Z IZ 47T60|R — 7y

(C.13)

where V2 = m and V2 = -~ the partial derivatives over space coordinates
of the nuclei and the electrons respectlvely This system can only be analytically
solved for very simple systems (the hydrogen atom and the molecule H;) and
has an enormous calculation cost for molecules of more than a few atoms. Thus,
approximations need to be made.

Born-Oppenheimer approximation?® uses the fact that the mass of nuclei
is much larger than the mass of electrons such that the nuclei can be considered
still for the electrons. The electrons instantaneously react to any movement of the

nuclei. Thus, the problem can be decomposed in two parts:

e The electrons Hamiltonian f[dec =T, + V. + V., considering fixed nuclei.
This one can be solved for any set of nuclei positions { R} and gives E.({R},r)
the local potential of the electronic cloud.

e The nuclei Hamiltonian ]:[mwl =T, +V,,+ E. which does not consider each
electron, but a potential created by a given electronic configuration.

At this point, the electronic Hamiltonian can be written for a given set of nu-
clei positions. The total electronic wave function can be computed and leads to
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Electron j

Electroni

Nucleusm :
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® O

Figure C.2: Classical representation of AIO molecular system. Nuclei positions
are referred to as R, for n € [1, A] while electrons positions are referred to as r;
for i € [1, N]. Z, is the atomic number of the nuclei n and M, is its mass. m, is
the mass of the electron.

the electronic energy. This is used in order to write down the nuclei Hamiltonian
which will then be solved.

C.2.2 Hartree-Fock

The Hartree-Fock method (HF) is based on the orbital approximation. In this ap-
proximation, there is no interaction between the electrons. The electrons’ Hamil-
tonian can be decomposed in the Hamiltonian of single electron and the total
wave-function expressed as a combination of the single electron’s wave-functions.
This is the Hartree method. In the HF method, the interaction term is not ne-
glected but averaged.
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A condensed way to write down the electronic wave-function for B electrons is:

\/__Z Pi[d1(71)P2(7%)...05(TB)]
- \/ﬁ[]1 B Z P+ ZPz'jk~--][¢1(F1)¢2(F2)...¢B(f3)] (C.14)

= Alp1(71)p2(72)...05(TB)]

where P; is a permutation operator at 7 4+ 1 indices and ¢; is the spin-orbital wave
function written as the product of a spatial part ¢; and a spin part o;(s;). This
can also be written with P;; operators permuting the corresponding indices. One
can notice that these notations are equivalent to the Slater’s determinant:

¢1(r1)  di(r2) .. ¢u(rm)

¢2('7“1) ¢2(.T2) ¢2('7’B) (C.15)

sl

‘1161762...63 (Tl, T2...T‘B) =

¢p(r1) ¢B(ra) ... ¢p(rp)

Overall, this is simply an antisymmetric operator A applied on the product ¢ (1) p2(75)...05(7R).
One can show that A commutes with H, and that ATA =v/BIA such that the elec-
tronic HF energy becomes:

E.= (U.|H,.|¥,)

Ee = (¢1(71)02(7%2)...¢ (H )‘A“ﬁ[ Al|p1(71)Pa(72)...0B(TB))
= (91(7)P2(72)...¢ Z i+ Y P J|61(7) 62()..05(7p))

ijk

(C.16)
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Where electronic Hamiltonian can be written:

A B LB
Hezzhi+§zgzj

B 2m6 Z 47?60\ R — (monoelectronic) (C.17)
e? ‘ ‘
9ij = dmeolr; — 1] (interaction)
So that:
<¢1(T1)¢2 7‘2 Zh 4= Zgw
(C.18)

1 - ZP”” -+ Zplmn ] |61(71) P2(72)...0B(TB))

Ilmn

The h; operator acts only on 7; components such that any

(@1(71)@2(72)...05(TB) |hi Pupn...|01(71) $2(72) .05 (7)) can be decomposed as a first
part, on which h; acts (the wave-functions depending on 77;), and a remnant part.
Because the permutation inverts at least two indices, the remnant part can be
written as (...¢;(7})...|...¢m(7)...) (I # m) which is zero because of the wave-
function orthogonality. Only the product with the identity is not zero. The same
reasoning leads to a similar conclusion for g;; but this time the first permutation
P;; leads also to a non-zero term. Thus, we obtain:

(01(71)--¢5(FB)|i; L p1 (71)--05(TB)) = (9i(T3) 05 (75)19i]0i(Fi) 0, (7)) =

(01(7).-.05(TB)|9i; Pij |01 (71)...08(7B)) = (¢:(77)9;(7)| 915 |05 (77) @ (F)>
(0.19)

J;j is the so-called Coulomb integral representing the Coulomb repulsion between
the electronic densities |¢;(7;)|* and |¢;(7;)|?. Kj; is the exchange integral with no
classical equivalent. Thus, the electronic energy can be written as:

B B

Bo= Y (o)) + 5 3 (s — Ky) (C.20)

i=1 i

Here the problem is already much simpler, and we expressed the electronic energy
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as the sum of B?/2 + B integrals The wave-function expression is not known
a priori. However, any wave-function created from the orbital ¢; have an energy
higher or equal to the wave-function of the ground-state. Thus, using the Lagrange
multiplier method with ¢;, one can minimize the energy F. and find the ground-
state wave-function. The derivation of this calculus will not be presented here but
can be found in the PhD manuscript of L. Barnes?*¢. The minimization leads to
a condition over |¢;):

Fi |gs(7)) = ZM |6:(7)) (C.21)

with \;; real, F; = h; + Zf(Jj — K;) the Fock operator where J; is the Coulomb
operator (the averaged Coulomb interaction created by the electrons i # j) and
K the exchange operator:

Jilgi(m5)) = (0i(7i)lgis|¢:(T2)) |¢5(75))

7
B B . . (C.22)

Ki|g;(75)) = (i(7i)| 9ij |05(73)) [0:(7))

One can diagonalize this problem and find the energies associated to each orbitals

€; in the canonic base:

Filgy(m2)) = Nii |5(73)) = € |¢3(7)) (C.23)

However, the Fock operator depends on |¢}(7;)) through the Coulomb and exchange
operators. Thus, this system is solved thanks to iterative method. This method is

called self-consistent field (SCF).

Linear combination of atomic orbitals

For large systems, the SCF method fails to converge quickly enough and the molec-
ular orbital are computed from atomic orbitals. The spatial part of the spin-orbit
wave-function is written as a linear combination of atomic orbitals (LCAQO), such
that:

Y = Z CiXp (C.24)
o

where c,; are weight coefficients associated to each atomic base function x, for
the electronic orbital ¢;. The x, functions are centred around the corresponding
nucleus and can have different expression depending on the model chosen: Slater
exponents, Gaussian functions, plane waves, etc. This enables to construct a priori
the expression of the electron orbitals which is then optimized.
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Atomic Basis

The first atomic basis was introdiuced by Slater in 1930.2%":

Xi’later Nxmynzae (r (C25)

with N a normalization constant, ( is the diffusivity constant giving information
on the orbital broadness, x, y, z the Cartesian coordinates and m, m, o integers
such that m +n + o = [ where [ is the quantum atomic number. Slater-type
orbitals (STOs) possess exponential decay at long range and Cartesian coordinate
dependence that gives a good approximation of hydrogen-like orbitals for small
orbitals (See fig. C.3). However, unlike the hydrogen-like Schrodinger orbitals,
STOs have no radial nodes.

Slater’s Orbitals [m,n,0] Hydrogen-like Orbitals (with no radial nodes)

z 7
© ® /l\
[0,0,0] < y 1s 2 y

[1,00 [010] [0,0,1] 2p, 2p,
P
011 [1,01] [1,1,0] 3d,, d,, 3d,, 3d?  3d2,

Figure C.3: Isosurface plot of some Slater’s orbitals and hydrogen-like orbitals
modulus for n < 323, Blue is for negative values of the wave-function and red for
positive ones. One can observe the similitude of most of them expect the orbitals
3d? and 3d,2_,2 which can’t be well reproduced. Note that here, orbitals with
radial nodes (2s, 3p,, 3p, and 3p,) are not represented because Slater’s orbitals
have non.

Of course one can think of using several Slater’s orbitals in order to address
this issue. For instance, the spherical orbital 1s is very well-adjusted by [m, n, o] =
[0,0,0] Slater’s orbital (see fig.C.3) and both have a single decaying exponent as
radial part. On the other hand, the orbital 2s has a radial node in r = ay but
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can still be reproduced by a linear combination of two [m,n, o] = [0,0,0] Slater’s
orbital (see fig.C.4).

0.4 '
— — —801(¢=0684a,)
| — — _S02(¢=034a
031, [ ol| .
: - = =R,
\ Sum SO1+502
02}k i —
o \
S %
= 01 .
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o -
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0.2 :
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R (a,)

Figure C.4: Plot of the radial part of the orbit 2s (black dashed line): Rg(r) =

(%) : 4%2 (1 — ﬁ) e %o, One can see that this nodal function can be approxi-

mated by the sum (red line) of two Slater’s orbital [m,n, o] = [0,0,0] SO1 (dashed
green line) and SO2 (dashed blue line).

However, STO are not interesting when it comes to calculation. Indeed, the
product of two STO is not an STO what makes the integral calculation much

longer:
o—olf=Ral| ,~Bli—Rp| 4 Kel™Hcl (C.26)

This is why other basis are used as the Gaussian Type Orbital (GTO):
Xﬁaussian — ]\fxmynzoefgr2 (C27>

Such an orbit is very interesting because the product of two Gaussian functions is a
Gaussian function. However, it is not as close as STO to atom orbitals. The limit
behaviours are not the same. For instance, the derivative of a Gaussian function
in zero is zero while the derivative of an exponential is not. Thus, in order to
approximate correctly atomic wave-functions, one needs at least three GTO or
even six for a core electron as shown on figure C.5. If the GTO are used straight
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forward, this increase a lot the number of coefficient that need to be optimized
during the calculation. In order to limit the number of coefficients, so called
contracted orbitals are usually used. They are pre-determined linear combination
of primitives GTO:

b
contracted __ primitives
X =D dux. (C.28)
w=1

and the coefficients d,,, are fixed. Then only a limited number of these contracted
orbitals is optimized.

14
i 'Rw
i A GTO1 {a=0.110)
S e GTO2 {a=0.406)
----------- GTO3 (n=2.228)
1} 0.45GTO1+0.53GTO2+0.15GTO3 | 4
Losf
ged
é
< 06

Figure C.5: Plot of the radial part of the orbit 1s (black dashed line): Ryo(r) =

1
<i> * ¢ %. One can see that this function (red line) can be approximated by the

ao

linear combination of 3 Gaussian functions GTO(r) = (2%)% e~ (dashed lines).

Concerning the valence bonds in molecules, they are very much delocalized
around different atoms. In order to correctly describe them, the valence orbitals
are demultiplied: each orbital is substituted by several orbitals with different spatial
extensions. Polarisation orbitals are also used. These are asymmetrical orbitals
that can fit the electronic distribution of a polar bond. Let’s consider a hydrogen
atom (1s!) in an electric field. If only s orbitals are used, it is impossible to take
into account the deformation of the electronic cloud due to the electric field. So



C.2. AB INITIO CALCULATIONS 239

p-orbital are added on that purpose.

Pople basis

Pople basis of functions are the main basis used in the calculations presented here.
In this work, we used the basis 6-311+-+G(3df,3pd)#*%240:241 The first numer (6)
corresponds to the number of primitive Gaussian functions used for the core wave-
functions. The following numbers (3,1 and 1) reffer to the valence functions used
to describe the valence electrons and their value corresponds to the number of
primitive Gaussian functions used in each of the valence functions. For instance,
here, there is three numbers so three valence functions described by 3, 1 and 1
primitive Gaussian functions respectivelly. + and ++ correspond to the use of
diffuse orbitals respectively for non-hydrogen en hydrogen atoms. Finally, the
code (3df,3pd) specify the set of polarization functions used. For instance here it
corresponds to three sets of d-orbital functions and one set of f-orbital functions for
non-hydrogen atoms and three sets of p-orbitals functions and one set of d-orbital
functions for hydrogen.

Spin and multiplicity

Until now the spin was not much discussed. In order to consider it in the HF
calculation, one need to consider different cases if the electrons are paired or not.

Considering the Pauli exclusion principle, a single orbit can be populated
by two electrons with opposite spins. In that case, one can show that the spa-
tial part of both electrons (spin-orbit integrated over the spins) obeys the same
equations as developed previously with a spatial restricted Fock operator F* =
h? + Zf/ ?(2J% — K¥)?. This is the Restricted Hartree-Fock construction (RHF).

If the number of electrons is odd, or in peculiar cases like oxygen and dioxygen
(See fig. C.6), the multiplicity (25 + 1) is not 0 because the number of electrons of
each spin are not equal and some electrons are unpaired. A priori all the paired
electrons should have the same spatial part. But usually different spatial part for
each electron are considered because it is much easier to code. This is the so called
Unrestricted open-shell Hartree-Fock construction (UHF). The drawback of this
method is that a single Slater determinant of several orbitals for different spins is
not a satisfactory eigenfunction of the total spin operator S?. The ground state is
contaminated by excited states.

The solution would be to force the paired electrons to have the same spatial
part. This is called the Restricted Open-shell Hartree-Fock construction (ROHF).
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Ground state O, (°Z) Singlet 0, (*A)
~ 22 kcal higher
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Figure C.6: Construction of the ground state (left) and triplet state (right) of the
dioxygen molecule from the oxygen ground state. One can notice that the singlet
is not always the less energetic state.

C.2.3 Electronic correlation

The orbital approximation implies that the presence probability of two electrons
are independent and the electrons are not correlated. In the HF method, the
interaction between the electrons appears only through a mean potential which
does not take into account instantaneous effect. When two electrons have different
spins, they can occupy the same orbital according to the Pauli exclusion princi-
ple but that doesn’t mean they don’t interact. On the contrary, evolving in the
same area, the Coulombian repulsion has to be considered. This is the dynamic
correlation but this interaction does not appear in the mean potential.

Configuration interaction (CI)

The first trick to introduce correlation between paired electrons is to consider the
different excited states of the molecules. Electrons are placed in unoccupied or
virtual orbitals. One would need to consider all the possible excited state: all
the mono-excited states where only one electron is excited, all the double-excited
states where two electrons are excited, etc. Each of these situations corresponds
to a Slater determinant that is solved as discussed previously. The final wave-
function is written as a linear combination of these determinant and the different
coefficients are optimized through variational method.

Of course the number of determinants explodes with the number of electrons
and usually one have to stop the development at some point. SCI would consider
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only the single excitation, SDCI the single and double excitations, etc.
Let’s notice that with full-CI, considering all the excited states and with an
infinite atomic basis, one obtains the exact theoretical wave-function.

Mpgller and Plesset perturbation theory (MP)

Another way to consider interactions is through perturbation theory. As seen
previously, the exact Hamiltonian describing the electrons is H, = Zf’;l hi +

%Zi gij- In the HF method, the interaction potential between two electrons g;;

is averaged, and lead to an approximated Hamiltonian Hyp = Zf} I, = Zf [h; +
Zf(Jj — K;)| with J; and K the averaged interactions. One can write the exact

Hamiltonian as f]o = Hyr added with a perturbation W so that:

ﬁe:ﬁo—F)\W

B B
1 (C.29)
W=3 > 95— (- K;)
i

Y]

One can then search the wave-function and the energy as Taylor expansions when
A — 0. For each order of \ an equation is obtained and the order zero correspond
the HF solution. One can then derive the several correction terms: MP2 until the
second order, MP3 until the third order, etc.

Complete Active Space Multi-configuration (CASSCF)

Sometimes considering only the occupied orbitals is not enough to describe cor-
rectly the system. Then one can consider a bigger active space that is to say the
orbitals of the external electrons. Usually, for a singlet, the two external electrons
can be described by one orbital. But in the case treated here for instance, some
clusters were symmetrical with two charges delocalized on both side of the cluster.
Their orbitals have the same energy yet are different. One can add another virtual
orbital in order to describe them: two electrons described by two orbitals. This is
written CASSCF(2,2). CASSCF is a powerful tool in that case. With only MP2
(or even CCSD, more precise), the energy calculated can be several eV different
from the real one. Yet it has many subtleties and is a struggling point for the
convergence of the calculations.

Here, CASSCF + MP2 is used. The energy is calculated adding the pertur-
bations (MP2) of all the di-excitations of the CASSCF determinant. This gives a
very good value of the energy of the clusters even charged.
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C.3 Density Functional Theory optimization (DFT)

The HF method and its variations are based on the wave-function of the whole
molecule. For a molecule composed of B electrons, it consists in a 4B variables
function with 3 spatial variables and 1 spin variable for each electron. If Ny basis
function were used to construct the molecule wave-function, the calculation time
goes like N}l for HF methods, NJ? for MP2 and NJ? for CISD. Hence, in order to
keep good precision, the calculations become quickly enormous. The Density func-
tional theory was introduced in order to take into account correlation and limit the
calculations while keeping a good precision. The electronic wave function is taken
as one Slater’s determinant but the energy is a functional of the electronic density
depending on space and spin. Instead of considering a 4B variable function, one
considers a 4 variable (3 space and 1 spin) functional of the electronic density.
This leads to much simpler calculations: the calculation time goes like N ]?3 or N;%
for hybrid functional (see section C.3.4). However, it is not a systematic method
and no analytic solution exists.

One can write the energy of the system as:

IGRE N
= ——V p1 7”1 dTl—Z/ |7~1 A|p1 7'1 dT1+// |:’1i7’j| 1d7’2 (C?)O)

The first term corresponds to the kinetic energy of the electrons and the second
term corresponds to the attraction of the electrons by the nuclei. They are both
expressed in terms of the electron density p;(7). The last term corresponds to

the electron energy and is written in terms of the two-electron density po(7,75)
defined as:

o1, 7) :C’QB/.../|\I/(F1,FQ...FB)|2dF3...dFB (C.31)

with W(7, 75...75) the molecule wave-function. Here is contained all the electronic
correlation of the system. However, it is impossible to construct this density with-
out knowing a prior: the complete wave-function. Hopefully the two Hohenberg-
Kohn theorems show that the energy can actually be written only in terms of

01 (7:‘1> 242.

C.3.1 Hohenberg-Kohn theorems

First Theorem: The external interaction potential of a system of particles is
only determined, within an additive constant, by the single particle density in the
ground state. Indeed, one can show that two different potentials cannot lead to
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the same single particle density in the ground state?*®. Therefor, the external

potential is a unique functional of the single particle density.

Second Theorem: For any external interacting potential, it exists a universal
functional E[p] representing the energy of the system such that the ground state
energy of the system is the minimum of this functional obtained for the ground
state density po.

Thus, the total energy of the system expressed in the equation C.30 can be
written as:

Elp] = Fuklp] + /Vext(F)p(f’)dF (C.32)
where Ve, (7) =>4 m%—"}%' is the external interaction potential created by the nu-

clei and Fpk[p] is the Hohenberg-Kohn functional depending only on the electron
density and representing the kinetic and electron-electron interaction terms. If
one know this functional, one can minimize E[p| and solve the problem. However,
Fuklp| is not known a priori.

C.3.2 Kohn-Sham theory

In their theory, Kohn and Sham consider interacting electrons as non-interacting
electrons in a well-chosen external potential V;.2*3. Energy balance gives:

Elo] = T[o] + / o(FViloldF
(C.33)

)
Vo] = Viar + Vaol®) + [ 27 g

|7 = 7|

where Tg[p] is the kinetic part and V,.(7) is the exchange-correlation potential.
However, just like Fiyi[p], the exchange-correlation is not known a priori and one
need to implement some ad hoc expression.

Then, knowing Vj[p|, one can minimize E[p| and find the associated density of
electron p. This density lead to a new potential V. Just like in the HF method,
an iterative process is used in order to find the converging solution.

C.3.3 Density functional approximations

Many expressions of exchange-correlation potential can be used. Here are devel-
oped the different potentials used in our calculations (B3LYP).
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Local spin density approximation (LSDA) The local spin density approxi-
mation is to consider that locally the density of electrons is the one of a uniform gas
for each spin?**. That is to say spatial variations of the density are smooth enough.

One can show that in the limit of low and high density, the exchange interaction
potential of spin o and spin § electron populations can be written as €,[pa, ps] =

2180, (pa® + p;/:g) such that:

Bt = — / e.pdi = —21°C, / (0 + pg*)dr (C.34)

For intermediate density, one should provide some correction due to correlation.
Vosko, Wilk and Nusair produced analytic fit of this correction (EYWN)245,

Generalized gradient approximation (GGA) The generalized gradient ap-
proximation is a correction to the local spin density approximation. This time
the spatial variation of the density in considered in the expression of the exchange
correlation potential.

One of the first exchange correction was developed by A.D. Becke in 1988246:
? Vol

AEBS = _gps = ith 2= C.35

* bps 1+ 6fxsinh~'x W v o3 ( )

where [ is a parameter adjusted on noble gas experimental data.

The same way, Lee, Yang and Parr adjusted a correlation correction depending
on four parameters on atomic helium experimental data: EXYT 27,

C.3.4 Hybrid-GGA (B3LYP)

One can mix these different expressions of potential with the HF one in order to
create a so called hybrid exchange-correlation potential. The most famous one and
the one that was used here is the BSLYP exchange-correlation potential248:

EBSIYP — 0 2EHF £ 0 8EESPA 4+ 0.72AEPS + 0.81ELYY +0.19EYVN  (C.36)

where the numerical factors were adjusted on experimental data.



Annex D

Shock-wave dynamics in water

Abstract: Simple and universal relations between the laser pulse energy and the
pressure at the ablation point are investigated using the propagation of the generated
shock-waves in water. The pressure measured from the dynamics of the shock-wave
can be determined by the fluency of the laser pulse only. The shock-wave position
in water is measured using shadowgraph imaging and an 1CCD camera with a 5 ns
gating. In water, the shock-wave velocity appears to be hyper-sonic during the first
50 ns. Its speed can be related to the pressure using the Gilmore model including
Tait’s equation. The ablation pressure is found out to go up to several GPa and
increases as the square root of the laser fluency. We checked that the pressure
can be determined from the pulse fluency and the acoustic impedances considering
Berth-Fabbro’s approach.

D.1 Introduction

In order to better understand nucleation, it is essential to determine the pressure
condition during ablation as developed in the chapter 3. In complement of the
measurements in the air, I also studied the ablation pressure in water. Laser ab-
lation in liquids (LAL) is used to produce a colloidal solution of nanoparticles.
The development of a simple approach to determine the pressure during laser ab-
lation is of great interest to investigate laser ablation processes and their impact
on the target??”. Large pressure at the ablation point could explain the forma-
tion of meta-stable phases, such as the production of nanodiamonds from carbon
target 40175,

Determining the pressure at the ablation point is no easy task because of the
transient nature of the plasma (from ns-ps) and small spatial extension (sub-
milimetric). One way to measure the pressure at the ablation spot is based on the

245
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shock wave dynamics. In water, the pressure of the shock-wave have been widely
investigated by Vogel et al. considering water breakdown®® and can be described
using Gilmore’s model including the isotropic Tait’s equation.

The shock-waves are generated by a 5 ns UV light pulsed laser focused on
a gold target and an alumina target in water. The energy of the pulse is tune
on a large range from 0.1 to 50 mJ. Image of the shock-waves are obtained by
shadowgraph imaging using an intensified camera. In liquid, the results of Vogel
et al. for water breakdown can apply for laser ablation of a target. Furthermore,
the pressure measured at the ablation spot are is consistent with the simple Berth-
Fabbro’s approach considering energy balance considering the fluency of the pulse,
the consumption of energy due to phase transition and momentum.

D.2 Measurement Set-up

The third harmonic of a YAG-Nd pulsed laser (355 nm, 5 ns, 9 Hz, 60 mJ per
pulse) is focused either on a mono-crystal of alumina or on a pure target of gold
(99.99% from Neyco) in order to study metals and dielectric. Sapphire crystal
was grown by Czochralski (Cz) technique with radio frequency induction heating
in iridium crucible!™17™ . The ablation is performed either at ambient condition
in air, or for targets immersed in 1 cm of deionized water. The laser-induced
plasma triggers a hemispheric shock wave observed by shadowgraph imaging. The
shadowgraph setup presented on figure D.1 is composed of a 30 mW cw diode laser
(445 nm) illuminating an iCCD camera from Andor (reference, 1024 x 1024 pixels).
An objective Zoom 6000 from Navitar is mounted on the iCCD camera. In the
case of water, in order to increase further the zoom, a lens with a focal distance
of 100 mm is added. In that configuration, the resolution of a pixel is 2 pum. The
iCCD records the image of the ablation point with a gating of 5 ns. The delay
between the ablation pulse and the camera is controlled by a digital delay/pulse
generator DG645 from Stanford Research Systems. Each image is acquired with
a given delay after a pulse. The energy of the pulse is measured with a Nova II
power meter mounted with a high energy pyroelectric sensor.

Figure D.2 (a) shows laser generated shock waves in water for an alumina
target and a pulse energy of 41 + 2 mJ (70 £ 30 GW/cm?). In that case, we
used a 2x2 binning of the camera pixels in order to obtain a better signal over
noise ratio (resolution of 4 um). The ablation of particles in water on the laser
path leads to spherical shock-waves above the main one, making the measurement
uneasy. In order to limit these phenomena, the water was changed between each
measurement. The oblique shock-waves are due to coupling to the liquid of shock-
waves propagating in the solid and the liquid (see Annex E).

Note that the characteristics of the laser have little importance on the obser-
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Figure D.1: Simplified scheme of the measurement apparatus of the shock waves
in water.

vation of the phenomena. Shock waves have been observed in many configura-
tions 250:251,252,253,40,254,255,256,257,258

D.3 Propagation in water

In the case of propagation in water, the shock wave dynamics can be related to
the pressure as reported by Vogel et. al®® for a laser focused in water by using
the Gilmore model including the isotropic Tait’s equation which fits experimental
data for pressures up to 2 500 MPa?%°. It enables to determine the pressure of the
shock-wave p, from its velocity wu,:

2nu? n—1
.= (pe + B s _ — B D.1

Ps = (Poo + )((n—i-l)c% n—l—l) (D-1)
with ¢y = 1483 m/s the sound velocity in water, po, = 10° Pa the room pressure,
and B and n, Tait’s parameters. In the case of water, B = 314 x 10° Pa and n—726Y.

Figure D.2 (b) represents for 3 different pulse energy (0.8, 2.8 and 27.8 mJ) the
position of the shock wave averaged on 4 different measurements. It corresponds to
the distance perpendicular to the target between the bottom of the plasma and the
position of the shock-wave. The ablation depends a lot on the water cleanliness.
For instance, dusts or bubbles on the laser path might prevent ablation of the
target. Every frame recorded while no ablation sound was eared were discarded.
Despite these precautions, the position of the shock-wave in water fluctuates much
more than in the air and discards the possibility to compute a satisfying derivative.
In order to obtain the initial pressure, we fitted the position of the shock-wave for
t < 100 ns by a second order polynomial curve (solid lines in figure D.2 (b)). It
enables to estimate the derivative for ¢ = 0 that is to say the initial speed of the
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Figure D.2: (a) Shadowgraph images of the ablation of an alumina target in
water for the different delays. (b) Time evolution of the shock wave posi-
tion averaged on 4 measurement on gold target at different fluency. The red
line correspond to the propagation of a wave at the sound velocity in wa-
ter (1483 m/s). The black solid curves represents the second order polyno-
mial fit on the data form time below 60 ns. These fit are used to deter-
mine the initial velocity of the shock-wave. (c¢) Measured pressure on gold tar-
get and alumina target using the initial velocity of the shock-wave for differ-
ent fluency of the laser. The black solid line corresponds to the Berth-Fabbro
Model.
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shock-wave and the error and thus the pressure at the ablation point. When there
is no ablation (black dots), the shock-wave goes at the speed of the sound velocity
(red solid line). The initial pressure values measured are reported in figure D.2
(c) depending on the laser fluency. The black dots correspond to measurements
on a gold target while the blue dots corresponds to a measurement on an alumina
target.

The fluency is calculated by dividing the energy of the laser pulse by its du-
ration and the laser spot diameter measured on the first image. Because of non-
linearities, some energy is lost in water before reaching the target. We estimated
the loss to be independent on the fluency of the laser as shown in figure D.3. In or-
der to estimate the losses, the laser was shined through a transparent tank without
water and with 2 cm of water (double of the experimental conditions). Without
focalization, no difference in energy was measured as the water is transparent at
355 nm. Yet when focalized in the middle of the tank (without water breakdown),
the energy of the pulse drops by 49 + 5%. In the case of ablation, the laser path
correspond to the upper half of this experiment. One can thus estimate the loss
to be 30%* and independent on the pulse energy (see figure D.3). The fluency is
corrected accordingly.

In the case of confined environment, Berth and Fabbro proposed a simple model
to determine the pressure at the ablation point depending on the fluency of the

laser 261
a

2a + 3

P(MPa) =10 Al (D.2)
a represents the fraction of the energy involved in the phase transition while the
fraction (1 — a) is used for the ionization of the gas. Z the interface acoustic
impedance [g.cm™2s7!] such that 2/Z = 1/Zyater + 1/ Ztarger With Zyarer = 1.65 X
10°g.cm 287!, Zypq = 62.6 x 10°g.cm™ 257! and Zapuming = 25.5 x 10°g.cm ™21 T
is the fluency of the laser in GW /cm?.

The pressure depending on the fluency of the laser is represented in figure D.2
(c). The solid black line and dashed black line corresponds to the model for a =
0.06 in the case of a gold target and in the case of an alumina target respectively.
Z is almost the same for both target as it depends mostly on Z, ... and both
line are almost superimposed. Usually, a is slightly larger (0.1-0.2) as reported
by Fabbro et al.?’! but might vary depending on the ablation conditions, laser
wavelength, pulse duration, etc. However, it seems that the target material (metal
vs oxide) has little influence on the measured pressure which depends mostly on
the laser fluency. This observation is similar to the one in air with a pressure

*Considering the absorption proportional to the intensity.
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Figure D.3: Measured transmission of the laser pulse focused in water depending
on the pulse energy. These measurements correspond to ablation in 1 cm of water.

depending only on the pulse energy (see chapter 3). The main difference remains
that the liquid strongly confines the expansion leading to much higher pressure up
to a few GPa. Some anisotropy can be expected as in the air. Unfortunately, the
precision in the measurements is not good enough to measure significant variation
in the shock-wave velocity Here, the pressure discussed is the one deduced from
the velocity of the shock-wave in a direction perpendicular to the target’s surface.

D.4 Conclusion

The study of the dynamics of laser-generated in water enables to determine the
pressure at the ablation point. Its speed decreases very fast to reach the sound
velocity within 70 ns. By estimating the initial velocity of the shock-wave, one
can use Vogel’s work to determine the pressure of the initial point. Because of
the confined environment, this pressure appears much higher than in the air and
can reach up to 4 GPa for laser pulse fluency of about 70 GW/cm?. Such an
extreme pressure are likely to explain the phase transition observed in PLAL and
the damaged of the target. It is also an interesting parameter to take into account
while considering nucleation process of the nanoparticles. In particular, the first
cluster might be formed in extreme conditions and in metastable crystal structure.

These measured pressures can be described by with Berth and Fabbro’s model
with a = 0.06 for a broad range of laser pulse fluency and on both gold target
and alumina target. Omne can thus use this simple model considering only the
acoustic impedance of the target and liquid, and the laser pulse fluency in order
to determine the pressure at the ablation point.



Annex E

Measurement of elastic moduli

Abstract: This annex develops an original technique to accurately measure the
Poisson’s ratio v and the ratio E/p between the Young’s modulus and the density
of materials. It is easy to implement, and it requires no calibration. A laser pulse
is focused on the sample immersed in a liquid, creating a mechanical excitation of
the material at its interface with the liquid. A leaky-Rayleigh surface wave and a
longitudinal wave are generated in the sample. Couplings with the liquids create
head waves observed in the liquid with time resolved shadowgraph technique using
an 1CCD camera. Measuring the angle of the head waves with the target enables to
determine the velocities of the waves and the elastic moduli of the target material.

E.1 Introduction

E.1.1 Measurements of mechanical properties

When measuring the dynamics of shock-waves in water, one can observe, surprising
Head shock-waves (see figure E.2). These shock-waves are the results of mechanical
waves in the target coupling with the liquid. We developed a way to deduce
from these observations the elastic moduli for homogeneous isotropic materials.
The theoretical investigation of these waves was achieved with the help of the
intern Théo Vidril who carried out these calculations also in the case of anisotropic
materials (not reported here). For this study, I want to acknowledge the great work
of the interns Théo Vidril and Mehdi Fawaz with whom I worked on this project.

Elastic properties remain hard to estimate on materials or samples for which
standard methods are unsuitable. Usual techniques based on mechanical defor-
mation of a sample under some constrains provides poor results on hard samples
such are crystals or ceramics. It also requires specific sample geometry. For such

251
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materials, elastic moduli can be determined through acoustics. A sound waves are
sent thought the sample and the velocities of the waves in the sample is deduced
from the times of flight. The precision of the measurement depends a lot on the
sample geometry. It usually demands specific sample preparation?%2. Other tech-
niques, more specific, required high technicality. To date sound velocities can be
measured using Brilloin spectroscopy leading to the Young’s modulus for known
optical index and densities. Complex measurement techniques as Computed X-
Ray Tomography 263, shear-wave ultrasound elastography and MyotonPRO 2%* have
been developed to measure the Poisson’s ratio. Laser generation of surface waves
has been used to measure single crystal elastic constants?%®. We developed here
a method based on the measurement of the velocities of laser-generated waves,
namely the leaky-Rayleigh surface wave and the longitudinal wave.

E.1.2 Surface waves

When considering the interface of a solid with vacuum, one can determine the
existence of the surface wave called Rayleigh’s wave. In the case of an interface
with a liquid, Rayleigh’s wave becomes evanescent, the leaky-Rayleigh’s wave, and
another surface wave appears, the Scholte wave.

The observation and characterization of leaky-surface waves have a great in-
terests in mechanics and seismology. For instance, meta-barriers are engineered
to shield seismic surface waves?66:267:268269  Fyurthermore, coupling between the
surface waves and its environment is already observed under the sea and in iono-
sphere following large earthquakes?™. It is already used to measure surface wave
and have been investigated theoretically?*272. Leaky-surface waves can also play
a role in the propagation of seismic waves in guided environment like on float-
ing ice on the top of shallow water?”32™. In mechanics, surface waves are used
for monitoring surface cracks?™®27, lubrication film?", but also to investigate the
damage induced by tensile stress on materials and thin films?27%27.

Surface waves such as leaky-Rayleigh waves can be difficult to observe. Propa-
gation velocity is large (a few hundreds of meters per seconds) and it corresponds to
small displacement of the surface. Until now, in order to measure surface waves,
laboratories uses either interferometry on reflexive surface?"®280:281 or times of
flight measurements with mechanical or optical detection techniques?®?:2%3. In the
first case, one need to have a reflexive surface and a complex interferometer appa-
ratus®72. In the second case, one can only observe the time delay between emission
in detection. And in both case, the coupling with the environment is not observed.

Laser-induced mechanical waves are also unintentionally released in laser abla-
tion—based synthesis methods of clusters and nanoparticles (Pulsed Laser Ablation
in Liquids?**, Pulsed Laser Deposition etc.) or laser ablation-based chemical analy-
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Figure E.1: Outline of the measurement apparatus.

sis techniques (Laser-Induced Breakdown Spectroscopy, Laser-Ablation Molecular
Isotopic Spectrometry etc.). Laser-generated shock waves have been extensively
reported in Laser Ablation in Liquids?°0:251:2562,253,40,254,255 a11q Schmidt head waves,
sometimes also named Mach cones, have been observed in the liquids?56-:257:258 g
well as in the target2®>28%6, Laser-generated shock waves are an issue because they
can damage the target (see supplementary material in Chemin et al.>°), but also
lead to local changes of the crystal structure of the target 40-287,288,289,175

E.2 Measurements

E.2.1 Experimental Set-up

A pulsed laser is used in order to trigger surface shock-front and observe the
shock-wave 29291 in liquids using shadowgraphy®®. The third harmonic of a YAG-
Nd pulsed laser (355 nm, 5 ns, 10 Hz, 0.5-100 mW) is focused on various samples
immersed in water. The shadowgraph setup is composed of a 30 mW cw diode
laser (445 nm) and an iCCD camera from Andor (reference, 1024x1024 pixels) as
shown on figure E.1 (b). An objective Zoom 6000 from Navitar is mounted on the
iCCD camera with a spatial resolution of 44 ym. The iCCD records the image of
the ablation point at a time delay with the laser pulse of ~ 1 us and a gating of
5 ns. It is better to work slightly out of focus to increase the contrast. The delay
between the ablation pulse and the camera is controlled by a digital delay /pulse
generator DG645 from Stanford Research Systems.

The characteristics of the ablation laser have little importance on the obser-
vation of the phenomena and shock waves in laser ablation in liquids (LAL) have
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Figure E.2: (a) Representation of the different observed waves. (b) image obtained
by shadowgraphy technique with a gating of 5 ns, 1 us after laser shot. The
horizontal shock wave correspond to homogeneous heating of the target by diffused
laser light in the water. The oblique shock waves in the water are generated by
(1) the leaky-Rayleigh surface wave and (ii) the bulk P-wave. The spherical wave
corresponds to the laser-generated compression wave in the liquids. (c) image
obtained by shadowgraphy of the ablation on quartz plate. The transparency of
the material enables to observe the bulk waves and reflections on the bottom of
the plate.
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been observed in many configurations2°0:251,252,253,40,254,255,256,257,258

This measurement method was tested on 7 different material in order to demon-
strate its efficiency. Materials are selected to be isotropic in order to simplify the
calculations. They are referenced in the table E.5 with their tabulated mechanical
properties. Despite being roughly flat, no particular attention have been given to
the surface state of the material.

The power of the laser needs to be high enough to trigger the shock wave but
can be reduced to minimize the damage to the sample. A complete study of the
laser power influence of the signal and target surface is given in the section E.3.6.
In the case of a silicon buffer, 9 mW was enough to measure both angles. After
20 shots, the crater created was only a few pum deep and 200 pym wide. This
technique remains gentle on the sample. Of course, the impact of the laser pulse
on the target depends also on the target itself, a brittle target being more likely
to be damaged as the pressure can reach a few GPa (see annex D)

E.2.2 Observations

Typical images obtained are shown in figure E.2 for a steel target (b) and a trans-
parent quartz plate (c). At steel target is used for illustration because shock-waves
are particularly clear with this material. The quartz target is used because it is
transparent and enables to observe the shock-front in the bulk material. Figure E.2
(a) corresponds to a scheme of the different waves observed. First one can observe
in the liquid a hemispherical shock-wave propagation from the ablation spot. This
shock-wave is the one discussed in the annex D. On figure E.2 (b) one can observe
on the top of this hemispherical shock-wave, a horizontal line. It corresponds to
a shock-front generated by the fast expansion of the target’s surface absorbing
diffused light from the laser pulse. This shock-front appears even if the laser is not
focused and if there is no ablation. On figure E.2 (¢), the horizontal wave is not ob-
served because the quartz sample is transparent and diffused light is not absorbed.
In the quartz plate, one can observe two hemispherical shock-front corresponding
to the transverse propagation mode (S-wave) and the longitudinal propagation
mode (P-wave). P-waves are faster than S-waves and come first. One can also
notice the reflection of the P-wave front on the quartz plate’s bottom. Oblique
lines corresponds to shock-front generated by the coupling waves propagating in
the sample and the liquid. On figure E.2 (¢), one can notice that the first one forms
a small angle with the target in a position corresponding to the P-wave location.
This shock-front arises from the coupling of the bulk P-wave with the liquid. The
second one forms a larger angle with the target in a position close to the P-wave
location. It corresponds to the coupling of the surface leaky-Rayleigh wave with
the liquid. The position of the leaky-Rayleigh wave is really close to the position of
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the P-wave as represented on figure E.2 (a). One can wonder is the resulting wave
observed in the liquid is due to the S-wave or the leaky-Rayleigh wave. Measured
velocities are in better agreement of the leaky-Rayleigh wave, which is more likely
to have strong couplings with the liquid (see figure E.4 (b)). The surface Scholte
wave cannot be observed as it is localized just inside the hemispherical shock-wave,
in a very disturbed area.

For materials with bulk waves velocities lower than the sound velocity in the
liquid (c¢p), one cannot actually observe these waves. For instance, one cannot
observe the leaky-Rayleigh wave in the case of gold target in water because the
S-wave velocity is too low. These observations are very similar to observations
from Zhang et al. with a similar measurement set-up and shock waves created by
nano pulse lithotripsy2°2.

E.3 Wave velocities and elastic moduli

It is possible to measure the elastic moduli from the shock-front observation. The
shock-front angle due to the P-wave and the leaky Rayleigh waves provides the
velocity of the bulk S-wave and P-wave respectively. Using both of these velocities,
one can deduce the ratio £//p and v, with E the Young modulus, p the density
of the material and v the Poisson ratio. In a first part, an approximated solution
considering the Rayleigh wave (defined in vacuum) instead of the pseudo-Rayleigh
wave is exposed. This approximation lead to a systematic error of a few percent
in the end result which is usually less than the error on the measurement due to
the accuracy of the angle determination (see section E.3.5). In a second part, the
exact solution considering pseudo-Rayleigh waves is treated which implies heavier
calculation.

E.3.1 Approximated solution

Here the pseudo-Rayleigh wave is assimilated to the Rayleigh wave defined for the
interface between a solid and vacuum. In that case, an approach solution of the
Rayleigh wave velocity cp is given by2%3:

280 + 22
I s E.1
R =T\ 51 ¥ 29 (E.1)
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with ¢z the velocity of the transverse wave (S-wave) and v the Poisson’s ratio.
The relation between the angles and the velocities are:

sin(0r) = CC—O
o (E.2)

. 0

sin(f) = o

with ¢ the sound velocity in the liquid, ¢y the velocity of the longitudinal wave
(P-wave) and g and €, the angles of both waves with the direction perpendicular
to the surface. For an isotropic material, the mechanical parameters £ and v are
related to ¢y, and cp through:

1 E
cr = (| = —
2+
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Combining both equations, one can deduce that:

and using equation E.1 we introduce v which depends only on v as:

2
CR 1—2v 28V + 22

_ _ E.5

v (CL> 21— v) 21y + 29 (E:5)

Inversion of this equation gives a solution of v depending only on ~:

4 — 4y — /62572 — 1075 324
7(3y —4)

() - (2)

Here one can notice that the measurement of the Poisson’s ratio from the mea-
surement of both angle does not depend on the sound velocity in the liquid (c)
nor the density of the material (p). It does not depend on any calibration.

with
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One