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No amount of experimentation
can ever prove me right; a single
experiment can prove me wrong.

Albert Einstein

La vraie science est une
ignorance qui se sait.

Michel de Montaigne

La racine du travail est par-
fois amère, mais la saveur de
ses fruits est toujours exquise.

Victor Hugo
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RÉSUMÉ

Depuis les années 1960, le gaz privilégié dans le domaine de la propulsion spatiale
électrique est le xénon, un atome lourd et facile à ioniser. Néanmoins, bien que
produit de la distillation de l’air, a priori inépuisable, la très faible concentration de
xénon dans l’atmosphère limite sa production annuelle et la demande grandissante
obligent à trouver une alternative pérenne, aux performances comparables.

L’iode, élément voisin du xénon dans le tableau périodique, est un candidat vi-
able pour lui succéder malgré sa nature moléculaire et électronégative. Dans ce
travail, nous tâchons de comprendre comment et pourquoi l’iode, à l’état plasma,
peut envisager sereinement la bataille avec ses concurrents, et notamment le kryp-
ton, dans la course à l’espace. L’étude des plasmas d’iode, à basse pression, a été
menée dans deux directions complémentaires.

D’une part, ont été mis en place et développés, deux montages expérimentaux
de plasmas d’iode (un propulseur à grille et une cellule en quartz) au sein desquels
de nombreux diagnostiques électriques et optiques (sonde de Langmuir, photodé-
tachement des ions négatifs I−, absorption sur des états atomiques excités, TALIF
sur le niveau atomique fondamental) ont été développés et appliqués avec suc-
cès, dont certains pour la première fois. Ces travaux expérimentaux ont permis de
mesurer les valeurs absolues de différentes espèces du plasmas (électrons, ions né-
gatifs I−, ions positifs, molécules, différence de population entre les deux premiers
états atomiques), de mettre en évidence la présence non négligeable d’un état atom-
ique excité à 0.94 eV, de décaler tous les niveaux excités atomiques de 0.167 cm−1

vers le bas par rapport à la table spectroscopique de référence ou encore de mesurer
le degré de dissociation moléculaire, avoisinant pour une puissance suffisante, plus
de 95 %. Également, la température des atomes a été mesurée et des mécanismes
de chauffage bien plus prégnants que dans des plasmas de gaz nobles ont été mis en
lumière et discutés.

D’autre part, un travail rigoureux de bibliographie sur les données collision-
nelles (recensement et questionnement des sections efficaces et taux de réaction
mesurés ou calculés) de l’iode atomique et moléculaire, a permis de développer
des outils de simulation numérique visant à reproduire le fonctionnement des plas-
mas d’iode. Premièrement, un modèle global, moyenné en volume et permettant de
décrire les caractéristiques essentielles du plasma, a été largement mis à jour avec le
nouveau jeu de sections efficaces et enrichi pour prendre en compte le chauffage des
espèces neutres. Deuxièmement, un modèle multi-fluide unidimensionnel des trois
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espèces neutres majoritaires dans un plasma d’iode (atome dans son niveau fonda-
mental I(2P◦3/2), premier état atomique excité I(2P◦1/2) et molécule I2) a été développé
afin de simuler leurs densités, vitesses et températures le long de l’axe de poussée
du propulseur. Les termes d’inertie et les flux de chaleur de chaque espèce ont été
pris en compte.

Les comparaisons entre les expériences et les modèles se sont révélées perti-
nentes et ont permis de dresser plusieurs conclusions. A faible flux d’injection
ou faible pression (autour de 1 mTorr pour notre propulseur), le plasma est com-
plètement dissocié et se comporte comme un plasma de gaz noble, composé quasi
uniquement d’atomes, d’ions atomiques positifs I+ et d’électrons. C’est dans ce
régime de fonctionnement, où la dissociation est peu coûteuse énergétiquement,
que l’iode peut révolutionner le domaine de la propulsion électrique en étant plus
efficace que ses concurrents nobles (argon, krypton et xénon) pour produire des
ions, et donc engendrer une meilleure poussée. A plus haut débit, en revanche, les
molécules I2 ne sont plus négligeables et produisent facilement des ions négatifs I−

et moléculaires I+
2 . Dans ces conditions là, l’iode n’est plus du tout compétitif pour

la propulsion, le krypton offrant même de meilleures performances.



ABSTRACT

Since the 1960s, the most used gas for electric space propulsion has been xenon, a
heavy atom that is easy to ionise. However, although it is a product of air distil-
lation, which is a priori inexhaustible, the very low concentration of xenon in the
atmosphere limits its annual production and the growing demand makes it neces-
sary to find a sustainable alternative with comparable performance.

Iodine, an element next to xenon in the periodic table, is a viable candidate to
succeed it despite its molecular and electronegative nature. In this work, we try
to understand how and why iodine, in its plasma state, can serenely consider the
battle with its competitors, and in particular krypton, in the space race. The study
of low-pressure iodine plasmas was conducted in two complementary directions.

On the one hand, two experimental iodine plasma set-ups (a gridded-ion-thruster
and a quartz cell) were set up and developed, within which numerous electrical
and optical diagnostics (Langmuir probe, photodetachment of negative I− ions, ab-
sorption on excited atomic states, TALIF on the fundamental atomic level) were
developed and successfully applied, some of them for the first time. These exper-
imental works allowed to measure the absolute values of different species of the
plasma (electrons, I− negative ions, positive ions, molecules, population difference
between the first two atomic states), to highlight the non-negligible presence of an
excited atomic state at 0.94 eV, to shift all the excited atomic levels downwards by
0.167 cm−1 with respect to the reference spectroscopic table, or to measure the de-
gree of molecular dissociation, approaching, for a sufficient power, more than 95 %.
Also, the temperature of the atoms was measured and heating mechanisms much
more prevalent than in noble gas plasmas were brought to light and discussed.

On the other hand, a rigorous bibliography on collisional data (census and ques-
tioning of the effective sections and reaction rates measured or calculated) of atomic
and molecular iodine, allowed the development of numerical simulation tools aim-
ing at reproducing the functioning of iodine plasmas. Firstly, a global model, aver-
aged in volume and allowing the description of the essential characteristics of the
plasma, was largely updated with the new set of cross-sections and enriched to take
into account the heating of neutral species. Secondly, a one-dimensional multi-fluid
model of the three major neutral species in an iodine plasma (atom in its ground
state I(2P◦3/2), first excited atomic state I(2P◦1/2) and molecule I2) has been developed
to simulate their densities, velocities and temperatures along the thrust axis of the
thruster. The inertia terms and heat fluxes of each species were taken into account.
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Comparisons between experiments and models proved to be relevant and led
to several conclusions. At low injection flux or pressure (around 1 mTorr for our
thruster), the plasma is completely dissociated and behaves like a noble gas plasma,
composed almost entirely of atoms, I+ atomic positive ions and electrons. It is in
this operating regime, where dissociation is energetically inexpensive, that iodine
can revolutionise the field of electric propulsion by being more efficient than its
noble competitors (argon, krypton and xenon) in producing ions, and thus generat-
ing better thrust. At higher rates, however, the I2 molecules are no longer negligi-
ble and easily produce negative I− and molecular I+

2 ions. Under these conditions,
iodine is no longer competitive for propulsion, with krypton offering even better
performance.
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INTRODUCTION

Plasma propulsion engines are based on obtaining force through an accelerated
quasi-neutral plasma. The idea is one century old [6], with implementations begin-
ning in the 1960s and ongoing investigations [7]. Standard plasma thrusters have
in common that they accelerate positive xenon ions (Xe+) to produce thrust and are
now routinely used on both space missions and commercial satellites. Xenon has
been the most used propellant mainly because of its high mass and low ionisation
energy, two key parameters for a good thrust-to-power ratio. Nowadays, however,
xenon hegemony is mainly questioned for its cost, its scarcity, and its need for a
compressed gas handling: an alternative propellant is saught.

A viable alternative already exists in the form of krypton, which is very similar in
use to xenon but has a lower performance (krypton is the noble gas preceding xenon
in the periodic table and therefore lighter and more difficult to ionise). For exam-
ple, the StarLink satellite constellation programme, which aims to provide internet
access in the most remote parts of the world, has been attracted by the lower cost
of krypton to power hundreds of satellites in recent years. If krypton were also to
run out, the use of a lighter noble gas such as argon, whose abundance in the Earth’s
atmosphere prevents any shortage, could be envisaged. However, the performance
of argon propulsion is much poorer than that of xenon or even krypton.

One may wonder whether molecular propellants would not be more advanta-
geous alternatives [8]. Several molecular alternative propellants are therefore being
studied, such as water, adamantine or ammonium [8]. However, iodine has emerged
as the most promising alternative to xenon and is being studied by several groups
around the world [1, 8–17]. The work of this thesis is part of the same general prob-
lematic:

To what extent can the iodine molecule be considered as a viable alternative
to xenon as a propellant for electric space propulsion ?

With a Z = 53 charge number next lower to the one of xenon and naturally
present in molecular form, iodine can advantageously replace xenon because of the
low dissociation energy of I2 and low ionization energies of both I and I2. Contrary
to xenon, iodine is solid at standard temperature and pressure, so the storage tank
of iodine electric propulsion systems can be lighter and does not need to be pressur-

1
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ized. This could be a great advantage for small satellites where the pressurized tanks
have higher mass to volume ratios. Also, iodine is abundant on earth and thus, inex-
pensive. While massively contained in seawater (approximatively 35 million tons)
but with a very low concentration, iodine is mostly extracted from underground
brines in Japan, USA, Turkmenistan, Azerbaijan, Indonesia or from caliche ore (a
nitrate found in the Atacama desert) in Chile [18, 19]. It is estimated that the iodine
reserves of Japan and Chile represent 90% of the world reserves (65% for Japan and
25% for Chile). Iodine is, for instance, mostly needed in the production of X-ray
contrast media or in polarizing film in liquid-crystal display (LCD) screens. It is
estimated that the existing global reserves of iodine will support iodine production
for at least the next two centuries [18, 19].

In the plasma (electric) propulsion community, iodine has been considered for
almost two decades. At LPP (Laboratoire de Physique des Plasmas), the first work on
iodine dates back to 2005 and a patent filed by P. Chabert for the original concept
of the PEGASES thruster [20], where an electronegative gas (such as iodine) was
used to alternatively generate positive and negative ion beams. Since then, three
theses dedicated to the study of iodine plasmas for space propulsion [13, 21, 22]
and the ThrustMe® start-up have emerged from the laboratory. However, iodine
has not yet convinced the major industrial manufacturers. The main reluctance
to use iodine stems from its corrosive nature as well as the costs generated by the
adaptation of industrial ground testing facilities operating exclusively with noble
gases. Nevertheless, Busek® is already marketing Hall effect thrusters fueled by
iodine, and ThrustMe® recently reported promising in-orbit performances of their
iodine electric propulsion system [12].

Even if xenon and iodine thrusters performances are found to be very similar [1,
12, 23], iodine and xenon plasmas should exhibit very different properties, in par-
ticular as the mass flow rate (and the resulting gas pressure in the plasma chamber)
and the electric power used to generate the plasma are varied. Iodine is a molec-
ular and electronegative gas, which is expected to have a higher energy cost per
electron-ion pair created, because of the the energy cost of dissociation and dissi-
pated in electronic, vibrational and rotational heating of the molecules. A signifi-
cant fraction of negative ions is also expected given the very high cross section for
dissociative attachement. Furthermore, transport phenomena are also different in
molecular gases, and the electron energy relaxation length is expected to be shorter
in iodine than in noble gases [1]. All the above effects remain to be quantified. Ac-
curate diagnostic techniques, both optical and electrical, are therefore necessary to
quantify the plasma properties and guide the development of reliable models [13,
16, 17]. This will be the first step towards the optimization of propulsion devices,
both for gridded-ion-thrusters [11, 24] and/or Hall thrusters [9, 23].

Even though many investigations have been carried out on iodine plasmas, they
have been made mainly outside the context of propulsion [25–27]. To guide the
theoretical calculations concerning the operation of thrusters [13, 16], especially at
low-pressure, the literature lacks basic data describing the chemical reactions of
various species, although there is a renewed interest in new calculations, such as
electron impact collisions cross sections on I and I2 [28, 29] or line strengths and
atomic probabilities for some transitions of neutral iodine [30]. Electrical or optical
diagnostics are also rare. A LIF scheme has been studied on I+ [31] and measure-
ments of the ratio between I+ and I+

2 were performed using a mass spectrometer, at
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the output of a radio frequency ion thruster [8].
In order to address the general issue outlined above, two experimental devices

were used: an ICP discharge replicating the ionization chamber of a gridded-ion-
thruster and a quartz iodine cell, as well as the experimental and theoretical legacy
left by my predecessors: P. Grondein [32], R. Lucken [21] and F. Marmuse [22]. The
ion extraction, the ion acceleration, and the plume recombination are not investi-
gated here (the reader may refer to the thesis work of L. Habl for such consider-
ations [33]), the focus is rather on low-pressure iodine plasmas composition and
physical properties. At the beginning of this thesis, many questions were still open,
which we address in this Ph.D. report:

• Which experimental diagnostics are best suited to study low-pressure
iodine plasmas?

• Are there sufficient theoretical data to model low-pressure iodine plas-
mas?

• How to accurately model low-pressure iodine plasmas?

• To what extent are low-pressure iodine plasmas spatially homogeneous?

• What is the behavior of neutral species (atoms and molecules) in an io-
dine plasma?

• What are the main transport and heating mechanisms in iodine plas-
mas?

• How do iodine plasmas behave compared to noble gases plasmas ?

• Are negative ions an obstacle to the use of iodine as an alternative pro-
pellant?

The thesis is divided into six chapters, each with a dedicated introduction. At
the end of each of the Chapters 3, 4, 5 and 6, which represent the body of this work,
there is a summary with the main findings. A general conclusion with perspectives
and four appendices complete the manuscript.

Chapter 1 details the physical chemistry of iodine with a focus on the atomic and
molecular properties that will be useful for developing experimental diagnostics.
It also provides a rigorous description of the cross sections data available in the
literature that we have used to develop models. This chapter can be seen as a toolbox
to be used when reading the manuscript.

Chapter 2 presents the two experimental devices used during this thesis to gen-
erate low-pressure iodine plasmas: the PEGASES thruster and the iodine cell. Their
specific operating conditions are highlighted.

Chapter 3 presents the experimental diagnostics developed to measure the den-
sities and temperatures of charged species (electrons and ions) in iodine plasmas
along the main axis of the PEGASES thruster. In particular, Langmuir probes and
laser-induced detachment on I− are studied.

Chapter 4 describes the optical diagnostics developed to probe neutral species
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(atoms and molecules) in low-pressure iodine plasmas. In particular, absorption,
LIF (Laser Induced Fluorescence) and TALIF (Two photon Absorption Laser In-
duced Fluorescence) techniques are presented and applied on both experimental
setups.

Chapter 5 presents an updated iodine 0D global model using the reaction set
detailed in Chapter 1. The model is applied to the two different experimental setups
and validated using the experimental results presented in Chapters 3 and 4.

Finally, Chapter 6 presents a one-dimensional multi-fluid code used to study the
neutral dynamics along the axis of the thruster, at the center of the discharge. The
model is compared to experimental measurements presented in Chapters 3 and 4.
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1.1 Introduction

Noble gases have been extensively studied over the last decades so that optical lines,
Einstein coefficients, transition probabilities, or oscillator strengths are well docu-
mented (see NIST database [34] and references therein). Cross section datasets are
numerous and easily available [35]. Even if some questions remain about their ac-
curacy or completeness, numerous collisional radiative, fluid, and PIC models have
been developed using the existing data [36–39]. Today, the EP community massively
relies on those collisional data. In this thesis, noble gas plasmas will be studied in
order to put their behavior into perspective with that of iodine plasmas. The reader
can refer to Appendix A to find the properties of the noble gases used during this
thesis (argon, krypton and xenon) as well as the effective cross section data used in
various simulations.

Inversely, iodine physical chemistry is more complex because iodine is molecu-
lar at standard temperature and pressure. While the molecule has been extensively
studied by spectroscopy [40–42] and hundreds of levels were identified, the atomic
state has been barely studied over the years because dissociation needs to happen
first. There are three main ways of dissociating the molecule: (i) by heating the
cell containing iodine, (ii) by igniting a plasma, (iii) by photodissociation [43–45].
This explains why only a few Einstein coefficients have been experimentally deter-
mined [46–50] or calculated [30] and the experimental collisional data are scarce
(see Section 1.4).

Emission spectroscopy in the near-UV, visible and near-infrared ranges is a con-
venient tool to give first qualitative insights about the complexity of iodine plasmas.
Figure 1.1 shows an iodine plasma ignited at 20 mTorr within a transparent thruster
prototype (described in Chapter 2) and the emission spectra obtained at z = 2 cm
and z = 9 cm away from the exciting RF antenna. Two coupled spectrometers were
used: the AvaSpec-4096CL-UB-10 in the range 200 – 715 nm and AvaSpec-4096CL-
NB-10 in the range 555 – 1050 nm, for a resolution of 0.3 nm. The plasma appears
inhomogeneous with drastic color changes along the ẑ-axis: turquoise near the an-
tenna (on the left) then yellow-orange in the center and blue-violet on the right of
Figure 1.1a. The inhomogeneities are confirmed in the UV-Visible spectra. Near
the antenna, atomic and ionic emission lines are dominating the broad I2 emission
bands. However, near the exit plane of the thruster (z = 9 cm), the lines are much
less numerous and molecular bands dominate. In the infrared, both spectra are
similar with 5 strong atomic emission lines whose relative intensities slightly differ.
The emission spectra are not corrected for the wavelength sensitivity of the detec-
tors, but in each figure, the maximum has been set to 1.

In this first chapter, the focus is on the physical chemistry properties of iodine.
The aim is not to describe with precision the spectroscopic characteristics of io-
dine (molecular and atomic) but rather to give a general overview of the available
knowledge to develop experimental diagnostics and numerical models for studying
iodine plasmas. The chapter can be seen as a toolbox to be used in the course of the
manuscript. The first section will describe the iodine molecule properties while the
atom will be the concern of the following section. Both the molecular and atomic
levels and transitions used in our diagnostics will be highlighted. In the last section,
the iodine set of cross sections used to develop numerical models of iodine plasmas
will be extensively presented.
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Figure 1.1: (a) Photography of an iodine plasma running in a transparent prototype
of the PEGASES thruster at 20 mTorr and 200 W. Locations of the spectroscopy mea-
surements are highlighted. (b) Spectra obtained at z = 2 cm. (c) Spectra obtained at
z = 9 cm. The wavelengths (recorded in air) of some transitions are indicated.
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1.2 The iodine molecule

In this section, the physical chemistry properties of the iodine molecule are pre-
sented. The various characteristics of the ground state but also of the first excited
levels will be detailed. The electronic spectroscopy and some dissociation processes
relevant to the experimental diagnostics developed in the course of the thesis (see
Chapter 4), will be presented.

1.2.1 Generalities

In nature, elemental iodine forms diatomic molecules with chemical formula I2,
where two iodine atoms share a pair of electrons in order to each achieve a stable
octet for themselves; at high temperatures, these diatomic molecules reversibly dis-
sociate in a pair of iodine atoms. The heaviest of the stable halogens was discovered
in 1811 by French chemist Bernard Courtois. At standard conditions, I2 forms dark
crystals. The halogens darken in colour as the group is descended: fluorine is a very
pale yellow, chlorine is greenish-yellow, bromine is reddish-brown, and iodine is
violet (the French name iode comes from the Ancient Greek word meaning "violet-
coloured").

Molecular iodine sublimates when heated; the vapor-pressure can be calculated
as a function of the temperature using either:

log10

( p

133.32

)
= 12.1891− 0.001301T − 0.3523log10(T )− 3410.71

T
, (1.1)

or,

log10

( p

133.32

)
= 18.8 + 0.00044T − 2.98log10(T )− 3594

T
. (1.2)

Equation (1.1) is taken from Tellinghuisen’s work [51] while equation (1.2) comes
from Kono at al. [50]. The pressure p is in Pascal and the temperature T in Kelvin.
Each formula is plotted in Figure 1.2. They give very similar results with a difference
not exceeding 0.1 to 0.8 Pa between 260 K and 280 K.
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Figure 1.2: Iodine vapor pressure [Pa] as a function of Temperature [K]. Kono [50]
and Tellinghuisen [51] formulae very slightly differ around 270 K.
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1.2.2 Molecular ground state

For a diatomic molecule, an electronic state is represented by its potential curve
(energy as a function of the internuclear distance). The curve can be either at-
tractive (also called a bound state with an equilibrium internuclear distance at
re = 2.666 Å [52], in the case of the iodine ground state) or diffusive (strictly de-
creasing and leading to dissociation). At high internuclear distance, the potential
curve reaches an asymptotic value synonymous with dissociation. It has been found
that the iodine ground state (X 1Σ+

g ) can be well approximated by a Morse potential
for low internuclear distances [41, 53]. Such a potential is plotted in Figure 1.3.

Unlike an atom, a diatomic molecule has two additional degrees of freedom
which, until now, have been largely ignored in the study of iodine plasmas: vi-
bration and rotation. Any attractive electronic state of a molecule is composed
of several vibrational levels. In the case of the iodine ground state, over 60 vi-
brational levels are present. The first vibrational level v = 0 has an energy of
107.1 cm−1 ≈ 0.0133 eV and the energy gap between the two first levels (E1-E0)
is 213.3 cm−1 ≈ 0.0264 eV, in the Morse potential approximation. The energy gap
between higher consecutive levels (Ev+1-Ev , v > 0) diminishes with increasing v be-
cause the potential is anharmonic. Each vibrational level can be represented by a
vibrational wave function, whose radial profiles are schematically drawn for a few
v-levels in Figure 1.3. Note, that except for v = 0, the two extrema of the wave func-
tions are located near the potential curve and the transition probability between
two vibrational levels (within the same electronic state or located in two different
electronic states) is higher when the overlap of the wave functions is maximum.
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Figure 1.3: Iodine ground state (X 1Σ+
g ) Morse potential curve. Some vibrational

wave functions (with a maximum set to the same arbitrary value) are represented.

The distribution of iodine vibrational levels is plotted in Figure 1.4 for three dif-
ferent temperatures (300 K, 900 K and 1500 K) assuming a Boltzmann distribution
and using spectroscopic data for the energy of vibrational levels from [54]. At room
temperature, the v = 0 level is by far the most populated (> 60 %) and the first
three v-levels are enough to account for more than 90 % of the total population. At
1500 K, however, the distribution is much more homogeneous and 11 v-levels are
necessary to reach 90 %. In iodine plasmas, where gas temperature above 1000 K
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have been measured (see Chapter 4), the first ten v-levels are expected to be popu-
lated to a significant extent.

0 1 2 3 4 5 6 7 8 9 10

Vibrational level v

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

R
el

at
iv

e
p

op
u

lt
ai

on

300 K

900 K

1500 K

Figure 1.4: Distribution of the I2 population in the first 15 vibrational levels for 3
temperatures: 300 K, 900 K and 1500 K, assuming a Boltzmann distribution.

The iodine molecule can be also excited rotationally. Its rotational constant Be
is 3.766794 × 10−2 cm−1 [52]. At 300 K, the mean number of rotational levels for
each v-levels is 67. In the following, the effect of the rotational excitation of I2 will
be neglected as the developed diagnostic techniques do not allow to study it. From
a modeling point of view, it is assumed that the rotational excitation of I2 has a
negligible influence in the plasma conditions studied as observed in low-pressure
capacitively coupled oxygen plasmas [55]. Furthermore, currently no cross sections
for electron impact rotational excitation of I2 are available. It is unfortunate as the
rotational excitation could very well be a source of electron energy losses in the
plasma conditions studied in this thesis.

1.2.3 Electronic spectroscopy

In the second part of the XXth century, the electronic spectroscopy of the iodine
molecule has been extensively studied. In 1978, an Atlas of the absorption spec-
trum of the iodine molecule in the range 14800-20000 cm−1 was written [40]. The
study of the visible absorption spectrum of I2 vapors even became a classic molecu-
lar spectroscopy experiment for undergraduate students in physical chemistry, to
determine some spectroscopic constants of iodine [56]. Indeed, the vibrational-
electronic spectrum of I2 in the region 640-500 nm displays a large number of well-
defined bands (visible in Figure 1.1c). Near-UV transitions (such as the D’→A’ vis-
ible in Figure 1.1c where A’ and D’ denote I2 excited states that will not be studied
in this manuscript) and UV transitions were also well studied [41, 57].

1.2.3.1 Franck-Condon principle

The Franck–Condon principle is a spectroscopic rule explaining the intensity of
vibronic transitions (the simultaneous changes in electronic and vibrational energy
levels of a molecule due to the absorption or emission of a photon of the appropriate
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energy). The principle states that during an electronic transition, a change from
one vibrational energy level to another will be more likely to happen if the two
vibrational wave functions overlap significantly.

In a plasma, the interaction time for the collision of a typical electron (1-10
eV) with a molecule (∼ 10−16 − 10−15 s) is short compared to the typical time for
a molecule to vibrate or rotate (∼ 10−14−10−13 s) [58]. Hence for electron collisional
excitation of a molecule to an excited electronic state, the new vibrational (and rota-
tional) state can be determined by freezing the nuclear motions during the collision:
this is known as the Franck–Condon principle [59–61], discovered almost a century
ago using, amongst other molecules, the absorption spectra of iodine. In a potential
diagram, it simply means that the excitation between an initial and a final states
can be represented by a vertical line at fixed internuclear distance r. The greater
the overlap between the wave functions of the initial and final states, the greater the
transition probability.

Besides, the typical transition time for electric dipole radiation (∼ 10−9 − 10−8 s)
is long compared to the dissociation time (∼ 10−14 − 10−13 s), so excitation to an
excited state will generally lead to dissociation when it is energetically permitted
(i.e. when Eex < Ediss) [58].

1.2.3.2 Iodine absorption in the visible

While known and studied for a century [59, 62], the visible spectrum of I2 has been
carefully investigated by Tellinghuisen ([42, 51, 63, 64]). Three electronic transi-
tions contribute to the absorption in the visible region between 400 and 650 nm,
which is continuous below 500 nm (∼ 20000 cm−1) but shows pronounced rovibra-
tional structure between 500 and 630 nm (∼ 12500 − 20000cm−1) as seen in Fig-
ure 1.1c. These transitions are from the ground state X 1Σ+

g to the bound state
B 3Π(0+

u), correlated to the 2P◦1/2 + 2P◦3/2 dissociation limit and the two lu states, A
3Π(1u) and C 1Π(1u), correlated to the 2P◦3/2 + 2P◦3/2 dissociation limit. In Figure 1.5,
the excited states potential curves are plotted: A 3Π(1u) is taken from [65], B 3Π(0+

u)
from [66] and C 1Π(1u) from [67]. The ground state potential curve is the same than
plotted in Figure 1.3.

Recently, hyperfine spectroscopy studies have been carried out in this spectral
range to develop an iodine atomic clock around 532 nm [69]. Beyond 20000cm−1,
the diffuse part of the absorption spectrum leads exclusively to molecular photodis-
sociation, via the B3Π(0+

u) and C1Π(1u) states. This region is very interesting, in dif-
ferent ways, for absorption-based density measurements between a bound state and
the continuum, especially in a plasma where pressures and temperatures are differ-
ent from what they are in the normal gas phase. Contrary to an optical transition
between bound states, the resonance condition is independent of the gas velocity
and there is no saturation related to the stimulated emission at high laser intensity.
It is also possible to detect the population of different rotational and vibrational
levels of the molecule without changing the laser wavelength. In Chapter 4, we
will take advantage of this particularity to directly measure the dissociation rate in
iodine plasmas.

The effective absorption cross section is well known experimentally at room tem-
perature (see (b) in Figure 1.5), thanks to the growing interest in the role that iodine
chemistry plays in a number of atmospheric processes. The latest measurements
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Figure 1.5: Visible absorption spectrum of I2. (a) Relevant potential curves. (b) Ab-
sorption cross section as a function of the wavenumber, taken from [68]. 2P◦3/2 +
2P◦3/2 and 2P◦3/2 + 2P◦1/2 dissociation limits are indicated by horizontal dashed lines.

of the absorption cross sections of I2 have been reviewed in a technical report [70]
from the Jet Propulsion Laboratory-Caltech committee about standards for atmo-
spheric cross sections (see section 4H of the report). The recommended data are
those computed by Saiz-Lopez et al. [68].

1.2.4 Dissociation processes

The iodine molecule can be ionized into I+
2 when colliding with an energetic

electron, the ionization threshold for the molecular ground state being Eiz, I2
=

9.31 eV [71]. At lower collision energy, ionization is impossible but several dis-
sociation processes may occur.

1.2.4.1 Dissociation into a pair of atoms

The electronic impact dissociation process is conveniently represented by:

I2 + e− −→ I + I + e−, (1.3)

where the two produced atoms can be either in the ground state or excited. This no-
tation is simple and concise but omits the intermediate step in which the molecule
is first excited before dissociating.

In Figure 1.5, two dissociation limits are visible: I(2P◦3/2) + I(2P◦3/2) and I(2P◦3/2)
+ I(2P◦1/2). The five first dissociation limits are listed in Table 1.1, the energy levels
with respect to I2 (X 1Σ+

g , v = 0) are also given. The notations used for the excited
atomic levels are described in Section 1.3.

1.2.4.2 The formation of negative ions

Since the first experimental works on I2 discharge, iodine has been known to be a
very electronegative gas [72–77]. Woolsey et al. used a Langmuir probe and orbital-
limited theory and found electronegativity values (ratio of the negative ions density
over the electron density) above two thousands in a nearly ion-ion plasma (I+

2-I−3),
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Table 1.1: First dissociation limits of the iodine molecule. The energy origin is set
to the first vibrational level (v = 0) of the molecular ground state.

Dissociation limit Energy [eV]
2P◦3/2 + 2P◦3/2 1.542
2P◦3/2 + 2P◦1/2 2.485
2P◦1/2 + 2P◦1/2 3.428
2P◦3/2 + (3P2)6s 2[2]5/2 8.316
2P◦3/2 + (3P2)6s 2[2]3/2 8.497

produced by allowing the plasma produced in the Faraday dark space of a DC iodine
glow discharge to diffuse into a side-arm for pressures between 0.2 and 1 Torr [26].

More recently, the electron affinity of the iodine atom has been measured with
great precision at EA, I = 3.0590463 eV by Pelaez et al. [78]. It is more than twice
the dissociation energy of the iodine molecule (from the molecular ground state)
Ediss, I2

= 1.542 eV[52]. In such a configuration, the threshold energy for produc-
tion of negative ion fragments is lower than for pure dissociation processes (see
Figure 8.7.c in [58]).

The potential curves of the molecular ground state I2 (X 1Σ+
g ), the anionic molec-

ular ground state I−2 and an anionic excited state I−2
∗ are schematically represented

in Figure 1.6, using [28, 29]. The dissociation limits of each molecular potential,
the electron affinity of the iodine molecule EA, I2

= 2.52 eV [79] and the first atomic
excitation energy Eex1, I3/2

= 0.9426 eV [34] are also indicated.
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Figure 1.6: Schematical representation of some iodine potential curves and their
respective dissociation limits: I2 is the molecular ground state, I−2 the anionic
molecular ground state and I−2

∗ an excited state of I−2 . Ediss, I2
= 1.542 eV [52] is

the dissociation energy of I2, EA, I = 3.059 eV [78] the electron affinity of the io-
dine atom, EA, I2

= 2.52 eV [79] the electron affinity of the iodine molecule and
Eex1, I3/2

= 0.9426 eV [34] the first atomic excitation energy.

According to the Franck-Condon principle and the configuration of the iodine
potential curves, the production of negative ions following the collision between an
electron and the molecule I2 (also called the "Dissociative Attachment by electronic
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impact" and abreviated DEA):

I2 + e− −→ I + I−, (1.4)

will more probably occur via the intermediary excitation towards the I−2
∗ level which

is repulsive and dissociates into I−(1S0) + I(2P◦1/2), where I(2P◦1/2) is the first atomic
excited state (see subsection 1.3.2.1 for more details on this level). So far, in iodine
plasma models [13, 16, 22], this had always been ignored and the atom produced
was assumed to be in the ground state I(2P◦3/2).
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1.3 The iodine atom

In this section, some physical chemistry properties of the iodine atom are presented.
The various characteristics of the ground state but also of the excited levels will be
detailed. Transitions between some key levels will be highlighted as they have been
experimentally investigated during the thesis (see Chapter 4).

1.3.1 Generalities

1.3.1.1 Atomic properties

Iodine is the fourth halogen, being a member of group 17 in the periodic table,
below fluorine, chlorine, and bromine; it is the heaviest stable member of its group.
Figure 1.7 presents the atomic notation of iodine. The mass is indicated in atomic
unit. Amongst thirty-seven known isotopes of iodine, only one occurs in nature,
iodine-127. The others are radioactive and have half-lives too short to be primordial
but known to be dangerous. 1

I
127

53
Iodine

126.90447(3)

Figure 1.7: Iodine atomic notation. The atomic mass is given in atomic unit.

Iodine ground state has an electron configuration of [Kr]4d105s25p5, with the
seven electrons in the fifth and outermost shell being its valence electrons. Like the
other halogens, it is one electron short of a full octet and is hence an oxidising agent,
reacting with many elements in order to complete its outer shell.

1.3.1.2 Atomic excited states classification

The excited levels of the 5s25p4nl type configurations of I, are divided into several
groups, each of which corresponds to a level of the 5s25p4 ion: 3P2,1,0, 1D0 or 1S0
(with nl ∈ {6s, 7s, 6p, 7p, 5d, 6d, 4f}). Let’s mention that the excited state 5s5p6 also
exists.

Minnhagen [80], in 1962, has interpreted the set of known levels through the
pairwise coupling scheme < ({p4(SC , LC)JC l}K s) J > which is the most appropriate
to describe the level distribution in some configurations of the iodine spectrum [81].
Luc-Koenig [80] kept this coupling and so do we. Except for the degenerated upper
level of the ground state (see subsection 1.3.2.1), an atomic iodine excited level will

1In some radiation emergencies, usually nuclear power plant accidents, radioactive iodine may be
released into the environment and enter the body by inhaling or eating it. Potassium iodide (KI) is a
type of iodine that is not radioactive and can be used to help block one type of radioactive material,
radioactive iodine (I-131), from being absorbed by the thyroid.
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be written:

5s25p4
(

2SC+1LCJC

)
nl 2s+1[K]J if even, (1.5)

5s25p4
(

2SC+1LCJC

)
nl 2s+1[K]◦J if odd. (1.6)

In the former expressions, SC , JC and LC are respectively the total spin, total angular
momentum and total orbital quantum numbers of the core electrons. K⃗ = J⃗C + l⃗,
and J⃗ = K⃗ + s⃗, are quantum numbers built by using the orbital momentum l⃗ and
the spin s⃗ of the external electron.

The iodine atomic levels used in this thesis are schematically represented in Fig-
ure 1.8. The ionization energy is indicated by a dashed line at 84295.1 cm−1 ≈
10.45 eV [80], I I being the notation for the I atom while I II is the notation for I+.
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Figure 1.8: Energy diagram of the levels of atomic iodine used in this thesis. The
ionization energy is indicated by a dashed line at 84295.1 cm−1.

The nuclear spin number of iodine is I = 5/2, meaning that any of the iodine
excited levels of quantum number J is divided into several hyperfine sublevels
from F = |I − J | to F = I + J . In 1975, by using the Fourier transform spectrom-
etry in the infrared, Luc-Koenig et al. [81] observed 440 structures and analysed
130 hyperfine structures, giving the magnetic dipole and the electric quadrupole
hyperfine structure constants for 37 even levels and 42 odd levels. Since then,
only a few experimental works have provided measurements of Einstein coeffi-
cients, oscillator strengths or levels lifetime [46–50] which mostly concerned tran-
sitions between the three lowest excited states of the iodine atom to the ground
state. Recently, Filin [30], calculated numerous line strengths and atomic proba-
bilities for the transitions between different types of excited atomic iodine, using
configuration-interaction many-body perturbation theory (CI-MBPT).

For completeness, the positions of the hyperfine components, with respect to the
fine structure energy level, are calculated as a function of the hyperfine structure
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constants A and B of the 2 levels, according to the Casimir formula [81]:

∆E =
1
2
A×C +B

3C(C + 1)− 4I(I + 1)J(J + 1)
8I(2I − 1)J(2J − 1)

, (1.7)

where C = F(F + 1)− I(I + 1)− J(J + 1).

1.3.2 Levels and transitions involved in our diagnostics

Chapter 4 will be devoted to the various optical diagnostics developed during this
thesis to study iodine plasmas and measure temperatures and densities: absorp-
tion, LIF and TALIF. In this subsection, we present the atomic levels and transitions
investigated or relevant to our work.

1.3.2.1 Fine-structure transition at 7602.9762(2) cm−1 (1314.9 nm)

The iodine atom has a transition from the fundamental state 5s25p5 2P◦3/2 towards
the first excited state 5s25p5 2P◦1/2 at 7602.9762(2) cm−1 [82], or around 1.3149 µm,
as shown in Figure 1.9. The splitting between both states that share the same elec-
tronic configuration and spectral terms is due to spin-orbit coupling. The transition
between this state and the fundamental, which is forbidden with respect to electric
dipole radiation, is in the near-infrared and has been studied by Luc-Koenig et al.
by using Fourier transform spectrometry [83] and by Ha et al. in measuring ab-
sorption spectra of the transition with a tunable near-IR diode laser [49]. At least
10 other authors have studied this transition (see Table 1 in [49]). The upper level
has a quantum number J = 1/2 and the fundamental state has a quantum number
J = 3/2. Such an inverted fine structure is common when the electronic layer is more
than half-full, in any atoms. The nuclear spin number of iodine (I = 5/2) leads to six
possible dipolar magnetic transitions within the hyperfine structure (electrons can
only desexcite from one level to another following the strict selection rule ∆F = 0,
±1) and two quadrupolar electric transitions (∆F = ±2). However, it has been cal-
culated [47] and measured experimentally [83] that the quadrupolar electric tran-
sitions are much weaker than the dipolar magnetic ones and could be neglected (a
ratio of 3.5/1000 has been measured between the transition F′ = 2 ← F = 4 and
strongest transition F′ = 3← F = 4, the value of 2.7×10−3 is also given by Engleman
et al. [48]).

Analysis of the absorption spectrum around 7602.9762 cm−1 gives access to the
atomic temperature from any of the six absorption peaks via Doppler broadening
and provides an absolute measure of the population difference between the two
states, defined as:

∆n = nI3/2
− 2nI1/2

, (1.8)

by using the total area of the peaks, or from the area of a single peak, as the line
ratios are available in the literature [49, 83] and the absorption cross section has
been measured [49]. nI3/2

and nI1/2
are the densities [m−3] respectively in the lower

and upper state and the factor 2 comes from the ratio of the statistical weight of
each electronic state:

gI3/2

gI1/2

=
2× 3/2 + 1
2× 1/2 + 1

= 2. (1.9)
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Figure 1.9: Diagram of the levels of the transition 5s25p5 2P◦3/2 → 5s25p5 2P◦1/2.
Dipolar magnetic and purely electric quadrupolar transitions are indicated. Hy-
perfine levels values are taken from [83] where the uncertainty of 0.0003 cm−1 has
been omitted. More precise values were even obtained by using the atomic-beam
magnetic resonance method by Jaccarino et al. [84].

The abusive notation XI1/2
or XI3/2

designates the quantity X of the upper or lower
levels of the atomic ground state and will be extensively used in this manuscript.

Such an absorption experiment had already been conducted, within the PE-
GASES thruster, by Marmuse [22]. The absorption signal was shown to be very
weak (below 1% of absorption after 7 passes through the plasma) because the tran-
sition is forbidden and the gas pressure is very low. Temperatures above 1000 K
were obtained but it was assumed that the upper state population was negligible.
In this thesis, we will go beyond this simplistic approximation adding spatial res-
olution along the thruster axis and taking into account the upper state population
(see Chapter 4).

1.3.2.2 Absorption in the near infrared

The emission spectroscopy of iodine plasma shows three strong I lines at 10
969 cm−1, 11 036 cm−1, and 12 429 cm−1 (respectively 911.4 nm, 905.8 nm and
804.4 nm for wavelegths in air), clearly visible in Figures 1.1b and 1.1c. These
emission lines highlight the presence of electronic transitions that can be probed by
absorption with a laser in the relevant wavelength range, and where the absorption
should be strong. Electrons can only be excited from one level to another if parity
changes and ∆J = 0,±1. In Figure 1.10, a graphical representation of the four excited
levels generating the three lines in the near-infrared is given.

Such transitions show degeneracy due to the hyperfine structure of the atomic
levels (see subsection 1.3.1.2), with many peaks separated by a spectral distance
smaller than the Doppler width. In Chapter 4, an hyperfine transition of the
11036.528 cm−1 transition has been investigated by laser absorption to measure the
temperature of the 5s25p4(3P2)6s 2[2]5/2 excited level from Doppler broadening.
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Figure 1.10: Energy diagram of four excited atomic iodine states responsible for
the strong emission lines at 911.4 nm, 905.8 nm and 804.4 nm that can be probed
by laser absorption (wavelengths in air). The levels notation comes from [80] and
is described in subsection 1.3.1.2. The transition values comes from [34, 81]. In
this thesis, only the transition at 11036.528 cm−1 has been investigated by laser
absorption.

1.3.2.3 TALIF

The TALIF method consists in recording the fluorescence signal that follows the
resonant absorption of two photons of UV light. The first levels accessible by a
two-photon odd-parity preserving transition, starting from the 5s25p5 2P◦3/2 ground
level of I, are those of the 5s25p4 (3P2)6p◦ electron configuration, located around
65000 cm−1. Among these, we mainly applied excitation towards the (3P2)6p2[1]◦3/2
level, with detection of the fluorescence at 804.4 nm. Occasionally, we also excited
the (3P2)6p2[3]◦7/2 level, which fluoresces only at 905.8 nm (see Figure 1.11).
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Figure 1.11: Energy diagram of the levels of atomic iodine, with the two-photon
absorption and infrared fluorescence transitions used in the TALIF experiment pre-
sented in Chapter 4. For the upper excited (3P2)6p2[1]◦3/2 level, a very weak de-
excitation transition to the (3P1)6s2[1]3/2 level, in the infrared (≈ 1.907 µm), has not
been represented.
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1.4 Set of cross sections for iodine

Modeling of iodine plasmas is not straightforward because iodine can form a vari-
ety of species and reliable collision cross sections are scarce (the basics of plasma
collisions are provided in Appendix B). The first model was proposed in 2016 by
Grondein et al. [13], based mostly on the calculations from Quantemol Ltd [85],
where six species were considered:

I, I2, I+, I+
2 , I−, e−

The particle balance equations of the 0D (volume-average) model were then slightly
modified by Lucken [21, 86] and Marmuse [22] by adding some new calculated cross
sections (electron detachment from I−, electron impact dissociation of I+

2 and I2-I+

charge exchange) [87] and extrapolating some others at low and/or high energy [22].
In 2021, Levko et al. [16], used the same set of cross sections than [13] to build a 2D
plasma-fluid model.

The first comparisons between experimental measurements and 0D models were
done by Marmuse [22] during his thesis. Grondein’s model was then acceptably val-
idated by measurements of electron density, electron temperature and electroneg-
ativity at very low pressure only (below 3 mTorr) presented in Chapter 3 of this
manuscript, where the isothermal assumption still holds for the electrons (see Es-
teves et al. [1]). Still, these first experiment-modeling comparisons alone argued in
favor of expanding and consolidating the existing set of iodine cross sections.

In 2020, Yadav et al. [29] and, in 2021, Ambalampitiya et al. [28] calculated new
sets of iodine cross sections. Some calculations concern the same reactions as those
calculated originally [85] (dissociative attachment, molecular ionization, molecular
dissociative ionization, etc...) and allow for the comparison but some others are
totally new and give first cross sections for atomic electronic excitation (with level-
by-level details), molecular electronic and vibrational excitation.

Experimental measurements of cross sections for collisional processes occurring
within an iodine plasma are few. One can cite the work of Poline et al. for the ion
recombination of I− and I+ [88], the work of Greaves [89] for the ion recombination
of I− and I+

2 or the works of the last century on dissociative attachment cross section
measurements [73, 74]. The charge exchange reaction between the I2 molecule and
the I+ ion was recently studied by Hause et al. [90]. Concerning elastic collisions be-
tween an electron and a neutral species, a few measurements have been performed
at high electron energies by Zatsarinny et al. [91] but none have been made for elec-
tron energies below 10 eV. In addition, no swarm parameters have been measured.

A lot of cross sections are still missing if we compare with models developed by
the low-temperature plasma community to study other molecules such as O2 [92]
or the halogen Cl2 [93–95]. However, we intend to present an updated set of iodine
cross sections to model low-pressure iodine plasmas.

Just days before the submission of this thesis, a paper from Lafleur, presenting
an iodine plasma model for gridded thrusters using an updated set of cross sections
as compared to Grondein’s model [13], taking into account the cross sections of Am-
balampitiya et al. [28] in particular, was published [17]. The following was written
before the publication of that paper, so we will not necessarily refer to it, but the
reader will find similarities between the two independent works.
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1.4.1 Electron impact on I

1.4.1.1 Ionization and elastic collisions

For electrons colliding with atoms, the main processes are elastic scattering in which
primarily the electron momentum is changed, and inelastic processes such as exci-
tation and ionization. The reactions occurring when an electron collides with an
iodine atom, and which are considered in this manuscript, are listed in Table 1.4. In
this subsection, the focus is on elastic collisions and ionization only, excitation and
de-excitation by electron impact, also listed in Table 1.4, will be presented in the
next subsection. Corresponding cross sections as a function of the electron energy
are plotted in the top subfigure of Figure 1.12 while the corresponding reaction
rates assuming a Maxwellian electron distribution function are plotted as a func-
tion of the electron temperature in the bottom subfigure (see Appendix B for the
computation of the reaction rates).

Table 1.2: List of reactions occurring when an electron collides with an iodine atom.
I3/2 and I1/2 respectively refers to 2P◦3/2 and 2P◦1/2 atomic states. I∗b2

, I∗b3
and I∗b4

respectively refers to excited iodine atoms of bins b2, b3 and b4 of the coarse-grain
model described in subsection 1.4.1.2.

Reaction Process Rate Threshold [eV] Ref
I3/2 + e−−→ I++ 2e− Ionization Kiz, I3/2

10.45 [28]
I3/2 + e−−→ I3/2 + e− Elastic scattering Kel, I3/2

0. [28]
I1/2 + e−−→ I1/2 + e− Elastic scattering Kel, I1/2

0. [28]
I3/2 + e−−→ I1/2 + e− Excitation (0→1) Kex1, I3/2

0.9426 [28]
I3/2 + e−−→ I∗b2

+ e− Excitation (0→2) Kex2, I3/2
6.7736 [28]

I3/2 + e−−→ I∗b3
+ e− Excitation (0→3) Kex3, I3/2

8.0473 [28]
I3/2 + e−−→ I∗b4

+ e− Excitation (0→4) Kex4, I3/2
8.1848 [28]

I1/2 + e−−→ I∗b2
+ e− Excitation (1→2) Kex2, I1/2

5.831 [28]
I1/2 + e−−→ I∗b3

+ e− Excitation (1→3) Kex3, I1/2
7.1047 [28]

I1/2 + e−−→ I∗b4
+ e− Excitation (1→4) Kex4, I1/2

7.2422 [28]
I1/2 + e−−→ I3/2 + e− De-excitation (1→0) Kde−ex, I1/2

0. This work

The ionization cross section for electron energies up to 1000 eV is taken from [28]
and has not been extrapolated for electron energies higher than 100 eV. The thresh-
old is fixed to 10.45 eV, a value measured more than fifty years ago [80] and in-
dicated in the ionization energies table of any CRC Handbook of Chemistry and
Physics.

The elastic scattering cross sections for electron energies up to 100 eV, for I3/2
and I1/2 are taken from Ambalampitiya et al. [28]. The cross section for I1/2 is to-
tally new and had never been calculated before. However, the cross section for I3/2
can be compared to the elastic cross section previously calculated [85] and used in
Grondein et al. [13] or by Marmuse [22] (see Figure 1.13). While the behavior at
high energy is similar, the behavior at low energy with a Ramsauer minimum (be-
low 2 eV), largely differs. This will have a major impact on the simulations as it
will be highlighted in Chapter 5 and such a behavior at low electron energy must be
experimentally confirmed. As of now, no data are available for elastic momentum
transfer cross sections (see equation B.15 in Appendix B for the definition), so in
the following, the elastic cross section (see equation B.14 in Appendix B) is used as
momentum transfer cross section of I. In Figure 1.13, we have also plotted the elas-
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Figure 1.12: (a) Electron-I collision cross sections. (b) Electron-I collision reaction
rates for Maxwellian electrons. The different collision processes are listed in Ta-
ble 1.2.

tic momentum transfer cross section for xenon. As I and Xe atoms have almost the
same mass, one could expect similar values of the elastic momentum transfer cross
sections. We note that at low energy (0.1-2 eV), the Ramsauer mimimum is much
more pronounced in xenon than iodine, resulting in a cross section for iodine which
is 2-3 orders of magnitude higher. The impact of the current uncertainties on the
elastic and elastic momentum transfer cross sections on the plasma characteristics
will be discussed in Chapter 5. There is clearly a need of additional calculations or
measurements of these cross sections at low energy (< 2 eV).

Note that none of the electron-I collision cross sections were extrapolated at
high energy since the calculations provided data for electron energies up to 100
eV (1000 eV for ionization). It has been checked that extrapolations at very low en-
ergy (below 0.1 eV for cross sections without threshold) did not have a significant
impact on the reaction rates calculated.

1.4.1.2 Electronic excitation and de-excitation by electron impact

The spin-orbit coupling degeneracy of the atomic ground state (presented in sub-
section 1.3.2.1) results in the presence of an atomic excited state (I(2P◦1/2) hereafter
designated I1/2) only 0.9426 eV [34] above the ground state (I(2P◦3/2) hereafter desig-
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Figure 1.13: I3/2 elastic cross sections found from several works. The elastic mo-
mentum transfer cross section for xenon (dashed line) has been added to extend the
comparison.

nated I3/2). When dissociation is produced by heating (around 1000 K for instance),
the upper state is always much less populated than the lower state (assuming a
Boltzmann distribution at 1000 K ≈ 0.086 eV, the ratio of population of the up-
per level over the lower level is 0.5exp(−0.9426/0.086) ≈ 8.7 × 10−6). In a plasma,
though, dissociation occurs mainly via electron impact and the electron tempera-
ture is around a few electron-volts (between 1 and 5 eV in this thesis and so larger
than 0.9426 eV). Thus it is impossible to neglect the upper population. In this the-
sis, the I1/2 state will be treated not only as an excited species but as a second and
genuine atomic species.

As of 2021, the atomic excitation cross section calculated by Quantemol in
2015 [85] and used both by Grondein et al. [13] and Marmuse [22] was the only
one available in the literature. It consisted of a global cross section for the process:

e− + I→ e− + I∗, (1.10)

where I∗ was a "super" excited state accounting for all the atomic excited species.
The threshold was fixed to 0.9426 eV, the energy gap between I3/2 and I1/2. Nev-
ertheless, in a recent paper from Ambalampitiya et al. [28], new electron impact
excitation cross sections were calculated by using two models with either 10, or 29
iodine electronic states. We chose to use the model with 29 levels (denoted BPBSR-
29) as recommended by K. Bartschat in a private communication. This new set of
cross sections allows for building more sophisticated models than the previously
published ones. The now available cross sections model the excitation from the
ground state (2P◦3/2 or I3/2) towards the 28 upper levels and from the first excited
state (2P◦1/2 or I1/2) towards the 27 upper levels.

Instead of directly using the 55 excitation cross sections, we built up a coarse-
grain, or reduced-order state-to-state model by lumping the 29 electronic levels of
the BPBSR-29 model into 5 electronic bins. The levels were identified by using the
NIST database [34]. Note that the notations, the ordering and the energy of the
levels differ slightly between the BPBSR-29 model and the NIST website (where no-
tations are similar to the one presented in subsection 1.3.1.2). Table 1.3 summarizes
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the characteristics of the 5 bins of the coarse-grain model with corresponding levels
in the BPBSR-29 model and on the NIST website. The first two bins (b0 and b1)
are "true" electronic levels and composed of only one level: the ground state 2P◦3/2
and the first electronic state 2P◦1/2. For upper bins 2 ≤ i ≤ 4, we chose to group the
electronic levels of the BPBSR-29 model based on their internal structure. We also
chose to give as energy of each bin (Ei), the NIST energy of the first electronic level
in that bin. A different choice for the energy of the bin could have been used [96]
but the small differences between energy levels should not give very different re-
sults. The cardinality (or number of levels) of bi (denoted #i) is different for each
bin and indicated in Table 1.3.

As in [96], the statistical weight of the bin bi (gi), is the sum of the statistical
weights of all electronic levels j in that bin.

gi =
∑
j∈bi

gj . (1.11)

Table 1.3: Coarse-grain electronic model with the corresponding levels in the
BPBSR-29 model [28] and on the NIST website [34]. i is the bin number, Ei , gi
and #i are respectively the energy, the statistical weight and the cardinality of the
bin i.

i Ei [eV] gi BPBSR-29 level [28] NIST level [34] #i
0 0. 4 001 2P◦3/2 1
1 0.9426 2 002 2P◦1/2 1
2 6.7736 18 (003-006, 008) (3P2)6s 2[2]3/2,5/2, (3P1)6s 2[1]1/2,3/2, (3P0)6s 2[0]1/2 5
3 8.0473 26 (007, 009-012) (3P2)6p 2[2]◦3/2,5/2, (3P2)6p 2[3]◦5/2,7/2, (3P2)6p 2[1]◦1/2 5
4 8.1848 82 (013-029) (3P2)6p 2[1]◦3/2, 5d levels and above 17

To calculate σki (k ∈ {0, 1}, k < i ≤ 4) the excitation cross section from the bin bk
towards an upper bin of the coarse-grain model bi , we simply sum the excitation
cross sections (σkj) from bk to all the j levels of BPBSR-29 model constituting bi as
explained in [97]:

σki =
∑
j∈bi

σkj , k ∈ {0, 1}, k < i ≤ 4. (1.12)

As the energy threshold and the energy step are different in each file, an interpola-
tion was realized to calculate σki with the energy step of the file for the excitation
cross section σkj to the first level j of the bin bi . Finally, when considering excitation
from b1 towards bi (i > 1), the threshold energy Ẽi is given by:

Ẽi = Ei −E1, (1.13)

where the energy of the first excited state (E1 = 0.9426 eV) is substracted.
The cross sections of the coarse-grain model and corresponding reactions

rates calculated assuming a Maxwellian distribution for electrons are gathered in
Figure 1.12.

Ambalampitiya et al. [28] did not calculate any cross sections for electron impact
de-excitation such as:

e− + I∗→ e− + I3/2, (1.14)
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nor,

e− + I∗→ e− + I1/2, (1.15)

where I∗ is an excited above I3/2 or I1/2, included in the BPBSR-29 model. Because
the first electronic I1/2 is only 0.9426 eV above the ground state I3/2 (whereas other
electronic levels are at more than 6.77 eV above), we only consider the de-excitation
reaction between the I1/2 and the I3/2 state:

e− + I1/2 −→ e− + I3/2. (1.16)

The principle of detailed balance connects the cross sections for a process and its
inverse. For electron impact de-excitation reactions between two electronic levels i
and j > i of a given atom, according to [98] we have:

(E + Eij)giσij(E + Eij) = Egjσji(E), (1.17)

where σij and σji are the cross sections for the electron impact excitation from i to
j and de-excitation from j to i, respectively; gi and gj are the statistical weights of
each electronic state of the atom; E ≥ 0 is the electron energy and Eij = Ej − Ei > 0 is
the excitation energy (the difference of energy between the electronic levels j and i).
From the detailed balance relation, we see that the de-excitation cross section has
no energy threshold. We assume that the energy gained by the electron is 0.9426 eV.

Figure 1.12 shows the cross sections for the electron impact excitation
e− + I(2P3/2) → e− + I(2P1/2) and, using the detailed balance relation of equa-
tion (1.17), the cross section for the de-excitation process e−+I(2P1/2)→ e−+I(2P3/2).

If a Maxwellian distribution is assumed for electrons at the temperature Te [eV],
then the detailed balance can be written between the electron impact rate coefficient
Kji for the de-excitation from j to i and Kij for the excitation from i to j as:

Kji(Te) =
gi
gj

exp
(Ej −Ei

Te

)
Kij(Te). (1.18)

In Figure 1.12, K01 and K10 are plotted as a function of the electron temperature.
The notations Kex1, I3/2

and Kde−ex, I1/2
have been preferred to respectively K01 and

K10, to be consistent with the other collision processes notations.

1.4.2 Electron impact on I2

In 2020, Yadav et al. [29] calculated most of the cross sections for the reactions
presented in this subsection. However, for consistency with the previous subsection,
most of the cross sections used come from Ambalampitiya et al. [28]. Still, references
to Yadav’s work will be made to broaden the discussion.

1.4.2.1 Elastic collisions and ionization

The collisions involving an electron and an iodine molecule are listed in Table 1.4.
I2 refers to the molecular ground state I2 (X 1Σ+

g ). Corresponding cross sections as a
function of the electron energy are plotted in the top subfigure of Figure 1.14 while
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the corresponding reaction rates assuming a Maxwellian electron distribution func-
tion are plotted as a function of the electron temperature in the bottom subfigure.
Some cross sections have been extrapolated at low and/or high energy, this is indi-
cated by dotted lines in subfigure (a). The extrapolation at high energy is mandatory
when calculations give data for electron energies up to 10 eV only but has an effect
on the reaction rates above a few eVs of electron temperature. The extrapolation
at low electron energies has a very limited effect the calculated reaction rates and
could be ignored (less than 1% of difference).

Table 1.4: List of reactions occurring when an electron collides with an iodine
molecule. I2 refers to I2 (X 1Σ+

g ). The electronic excitation reaction towards a global
excited state I∗2 gathers 4 different reactions as described in subsection 1.4.2.3. Only
the ten first vibrational excitations are considered and gathered into one process.

Reaction Process Rate Threshold [eV] Ref
I2 + e−−→ I2 + e− Elastic scattering Kel, I2 0 [28]
I2 + e−−→ I2 + e− Elastic momentum transfer Kelm, I2 0 [28]
I2 + e−−→ I+

2 + 2 e− Ionization Kiz, I2 9.31 [22]
I2 + e−−→ I+ + I3/2 + 2e− Dissociative ionization Kdiss.iz, I2 11.94 [28]
I2 + e−−→ I− + I1/2 Dissociative attachement Kdiss.att, I2 0 [28]
I2 + e−−→ 2 I3/2 + e− Dissociation Kdiss, I2 1.542 [22]
I2 + e−−→ I∗2 + e− Total electronic excitation Kex, I2 2.18 [28]
I2 (v = 0) + e−−→ I2(v = 1, ...,10) + e− Total vibrational excitation Kvibr, I2 0.02575 [28]

Elastic scattering and elastic momentum transfer cross sections cross sections
are taken from [28]. They were extrapolated at low energy (on the interval [0.01
eV; 0.1 eV] assuming a constant value and above 10 eV assuming a 1/E law as done
by Marmuse [22] in Appendix C of his thesis and suggested by [99]. The extrapo-
lation does affect the rate reaction for electron temperature above 5 eV. Yadav [29]
also calculated these cross sections up to 20 eV. The elastic scattering cross section
appears similar but the momentum cross section appears 4 times higher than the
cross section we use.

The molecular ionization cross section is the same that was used by Grondein et
al. [13] and [22]. It comes from [85] and has not been extrapolated. Ambalampitiya
et al. [28] calculated a new cross section for this reaction using the same method
than [85], the discrepancies are small. However, the reaction threshold in [28] was
set at 10.19 eV and their calculation was limited to 1000 eV against 5000 eV with a
threshold of 9.31 eV for [85] (as determined experimentally by Cockett et al. [71]).
Yadav et al. [29], also calculated this cross section using several methods, the agree-
ment between each method is acceptable with a maximum value around 1.1×10−19

m2 between 40 and 80 eV, close to the cross section we use.

1.4.2.2 Dissociative processes

Dissociation

The dissociation cross section is taken from [85]. No other data are available nor
is any information about the atoms produced: we assumed that they are both in
the ground state (2P◦3/2). The threshold was fixed to 1.542 eV because the disso-
ciation limit value has been measured with great precision by spectroscopists at
12440.23 cm−1 [52]. Contrary to Grondein et al., the cross section has been extrapo-
lated at high energy (above 10 eV) assuming a log(E)/E law as done by Marmuse [22]
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Figure 1.14: (a) Electron-I2 collision cross sections. (b) Electron-I2 collision reac-
tion rates for Maxwellian electrons. The different collision processes are listed in
Table 1.4.

and suggested by [99]. Lucken [21] also used this cross section but extrapolated it by
using a power law; the discrepancies between Marmuse and Lucken extrapolations
are very small [22]. The extrapolations do affect the reaction rate above an electron
temperature of 4 eV only. In our opinion, this cross section is the one that should
be recalculated in priority as it directly impacts the dissociation value inside the
plasma and thus the density of all species. Besides, cross sections about dissociation
into 2P◦3/2 +2 P◦1/2 or 2P◦1/2 +2 P◦1/2 are not available yet but are of great importance
given the low energy difference between the 2P◦3/2 and 2P◦1/2 states. Experimentally,
the photodissociation process

I2 + hν→ α I
(

2P◦3/2
)

+ β I
(

2P◦1/2
)
, withα + β = 2, (1.19)

has been studied in the visible to quantify the proportion of atoms produced in each
state [45]. Is was shown that more than 25 % of the produced atoms could be in the
2P◦1/2 excited state.

Dissociative attachment

The dissociative attachment cross section is also taken from [28]. Note that the
atom produced by the reaction is in the 2P◦1/2 state which was ignored by previous
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works. The cross section is higher than the one used by Grondein et al. which was
calculated by Hamilton [85] (see Figure 1.15) and not so far from the experimen-
tal value measured in the middle of the XXth century [73, 74]. The cross section
has been extrapolated at low energy (on the interval [0.01 eV; 0.1 eV]) assuming a
constant value according to Hamilton’s calculation on this interval [85] and above
20 eV assuming a power law. The extrapolations do affect the reaction rate but for
electron temperatures above 10 eV only. Note, however, that at low energy, a 1/E
law has been determined by Biondi [75] and a similar behavior has been found by
Yadav [29]. The cross section we use is more than two orders of magnitude smaller
than the cross section calculated by Yadav for electron energies below 0.5 eV and
more than three orders of magnitude smaller than Biondi’s cross section at 0.01
eV. In conclusion, there is clearly a need for more accurate data on the dissociative
attachment reaction cross section, especially at very low electron energy.
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Figure 1.15: Electron impact dissociative attachment cross sections from Ambal-
ampitiya et al. [28] and from [85]. The green curve was used in Grondein et al. [13].

Dissociative ionization

The dissociative ionization cross section is taken from [28] and has not been ex-
trapolated above 1000 eV. The atom is assumed to be produced in its ground state.
The threshold of 11.94 eV is close to the sum of the photoionization energy (≈ 8.9
eV [100]) and the electron affinity of iodine (≈ 3.06 eV [78]) or to the experimentally
measured value of 11.63 ±0.05 eV [101]. The discrepancies with the cross section
originally calculated by Hamilton [85] are very minor.

1.4.2.3 Electronic excitation of I2

The first collisional data about the electronic excitation of the I2 molecule by elec-
tron impact were calculated in 2020 by Yadav et al. [29], considering six excited
states (3Πu, 1Πu, 3Σ−g , 1Σ+

g (×2) and 1Σ−g ). In 2021, Ambalampitiya et al. [28] did the
same with four excited states (3Πu, 1Πu, 3Σ−g and 1Σ+

g ), the reactions are listed in
Table 1.5. Before that, iodine plasma models did not take into account any molec-
ular electronic excited state because no cross section was available in the literature
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and also because the dissociation energy is below any excited energy threshold and
it was assumed that any excited state would end up being dissociated [21].

The levels and notations of the molecular excited states used by Ambalampitiya
et al. [28] or Yadav et al. [29] differ from the notations used by other authors [88].
This is due to whether or not relativistic effects are taken into account in the cal-
culations of molecular potentials. The notation used by the spectroscopists [52,
102] is much closer to that used by Poline et al. [88]. It is not easy to match ex-
actly the states obtained by relativistic calculations with the states obtained by non-
relativistic calculations. Moreover, the threshold values depend on the method of
calculation used, which differs from one author to another and is different from the
very precise spectroscopic measurements: this explains the discrepancies observed
in Table 1.5.

Table 1.5: List of reactions of the molecular iodine electronic excitation. I2 alone
refers to the ground state I2 (X 1Σ+

g , v = 0). Threshold values found in the literature
are also given.

Reaction Rate Calculation thr. [ev] Theory thr. [eV] [102] Experimental thr. [eV]
I2+ e−−→ I2(3Πu) + e− Kex1 , I2 2.18 [28, 29] 2.37 1.25 [103], 1.95 [104]
I2+ e−−→ I2(1Πu) + e− Kex2 , I2 3.00 [28], 2.99 [29] 2.38 –
I2+ e−−→ I2(3Σ−g ) + e− Kex3 , I2 5.18 [28], 5.44 [29] 3.90 5.04 [104]
I2+ e−−→ I2(1Σ+

g ) + e− Kex4 , I2 5.70[28], 6.80 [29] – –

The molecular excitation cross sections are plotted in Figure 1.16. They were
calculated on the electron energy interval [0.1 eV; 15 eV]. The sum of the four cross
sections is plotted in black and has been extrapolated at high energy (up to 1000
eV) assuming a 1/E2 law as suggested by Shemansky for N2 [105] (1/E or 1/E3 were
also found in the literature [94, 106]). The total cross section, and the corresponding
reaction rate calculated assuming Maxwellian electrons are plotted in Figure 1.14
with all the other electron-I2 processes. As expected, the electronic excitation reac-
tion rate is below the reaction rate for dissociation.
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Figure 1.16: Cross sections for electronic excitation to the 3Πu, 1Πu, 3Σ−g , and 1Σ+
g

states from the ground state (taken from [28]). "Total" is the sum of the four cross
sections, it has been extrapolated above 15 eV (dotted line).

A qualitative comparison with Yadav et al. [29] show that the trends are the same
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for the four cross sections but the peaks seen in Ambalampitiya et al. are not re-
solved by Yadav et al. calculations. Cross sections for 3Πu and 1Πu appear around
1.5 times higher in Yadav et al.

1.4.2.4 Vibrational excitation of I2

The first electron impact vibrational excitation cross sections were calculated by
Ambalampitiya et al. [28]. They consist in the excitation from the ground state I2(X
1Σ+

g , v = 0) towards the ten first vibrationally excited levels (from v = 1 to v = 10) of
the ground state. In Figure 1.17, we plotted the cross section for the first transition
(from v = 0 to v = 1) and the sum of the ten contributions. Two peaks are observed
in the cross sections, one around 0.5 eV (due to the 2Πg resonance) and one around
2 eV (due to the 2Πu resonance).
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Figure 1.17: Iodine ground state vibrational excitation cross sections from v = 0 to
v = 1 (blue curve) and for the sum from v = 0 to v = k for k ∈ {1, ...,10} (red curve).

The total vibrational cross section is also plotted in Figure 1.14 with all the other
electron-I2 collision cross sections. The reaction rate has also been calculated as-
suming Maxwellian electrons. The contribution of the electron impact vibrational
excitation appears negligible when compared with all the other electron impact pro-
cesses for an electron temperature above 2 eV. Still, it will be taken into account in
the global modeling approach to correctly account for the electron losses (see Chap-
ter 5). However, its impact is expected to be minor. It is interesting to note that
Thompson et al. [107] calculated the relaxation of I2(v) by collisions with I at about
1000 K. The order of magnitude is the same as for the relaxation of Cl2(v)+Cl. In
chlorine ICP plasmas, in conditions close to those studied in this PhD work, it has
been observed that the population of the first vibrational levels of Cl2 are popu-
lated following a local equilibrium at the gas temperature [108] due to the efficient
vibrational-translational (VT) relaxation between Cl2 and Cl atoms. In a first ap-
proximation, we will assume it is the same in iodine.
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1.4.3 Collisions between charged species

Ion loss mechanisms are of two kinds in a plasma: in volume via collisions with
other species or via neutralization at the walls. In this subsection, the focus is on
the first mechanism only.

1.4.3.1 Ion-ion mutual neutralization

Grondein et al. [13] only considered that negative ions I− were lost via mutual neu-
tralization with I+ (to produce two I atoms) or I+

2 ions (to produce an atom and a
molecule). The reaction rates were assumed to be constant:

• Krec, I−− I+ = 9.311× 10−15 m3.s−1, citing Yeung [109],

• Krec, I−− I+
2

= 1.22× 10−13 m3.s−1, citing Greaves [89].

Lucken [21] and Marmuse [22] also used these values. However, they are not cor-
rect for several reasons and must be modified. First, in 1957, Yeung [109], never
explicitly mentioned which mutual neutralization process was being investigated,
he only assumed that all ions are molecular, as suggested by Spencer-Smith’s early
work on iodine discharges in 1935 [72], who found that I+

2 was, by far, the most
dominant ion. Then in 1964, Greaves [89], took up exactly the same experiment as
Yeung and drew two major conclusions: (1) Yeung was wrong by a factor of 10 in his
experiments because of "a fault in one of the amplifiers". (2) Mass spectrometry as-
sessed that mutual neutralization occurs exclusively between I− and I+

2 species. His
two conclusions prove that Yeung’s work can not be cited to consider recombination
between I+ and I−. Furthermore, Greaves measured reaction rates for pressures be-
tween 30 mTorr and 1 Torr and gas temperatures around 300 K. He measures that
above 230 mTorr, and at room temperature, Krec, I−− I+

2
= 1.22 × 10−13 m3.s−1. Nev-

ertheless, between 30 mTorr and 230 mTorr, the effect of diffusion turns out to be
non-negligible and the reaction rate decreases with pressure; the value measured at
30 mTorr is Krec, I−− I+

2
= 5.8×10−14 m3.s−1: the value retained by Grondein appears to

be at least twice as large (we are mainly working between 0.3 and 30 mTorr). Based
on the above, a reasonable choice would be to use:

Krec, I−− I+ = Krec, I−− I+
2

= 5× 10−14

√
300

Tgas[K]
m3.s−1, (1.20)

as it is done in chlorine plasma models [95] and close to Greaves’ measurements
at 30 mTorr [89].The dependency on the gas temperature is an assumption
here: it comes from the integration of a cross section proportional to 1/E over a
Maxwellian [98]. It was not proven by Greaves because he only did experiments
for gas temperatures between 296 K and 338 K. Finally, we will consider that the
products of the I−-I+

2 mutual neutralization are three atoms in the ground state
and not a molecule and an atom as was assumed by Grondein et al. [13] and the
following works. This is chosen by analogy with chlorine [95] and confirmed in
private discussions with N. Sisourat and his team (LCPMR lab) when they carried
out preliminary experiments at the double electrostatic ion-beam storage-ring fa-
cility Double ElectroStatic Ion Ring ExpEriment (DESIREE) (Stockholm University,
Sweden).
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Very recently, Poline et al. [88] studied the mutual neutralization reaction of
atomic iodine ions (i.e., I+ + I− → I + I) at the DESIREE facility. They showed that
the reaction forms iodine atoms either in the ground-state configuration (I(5p5 2P◦),
∼40%) or with one atom in an electronically excited state (I(6s 2[2]), ∼60%), with no
significant variation over the branching ratios in the studied collision-energy range
(0.1-0.8 eV). They estimate the total cross section to be of the order of 10−17 m2

(more or less one order of magnitude) at 0.1 eV collision energy. In the group of N.
Sisourat, at LCPMR, calculations of these cross sections have been undertaken (pri-
vate discussions). The obtained cross sections are presented in Figure 1.18. They
depend on the species produced by the process and the products I(5p5 2P◦3/2) + I(6s)
are by far the most probable, where I(6s) designates the highly excited 6s Rydberg
states. The corresponding Maxwellian rates calculated by assuming that I− and I+

are at the same temperature are plotted in the bottom subfigure. The sum of the four
products-differenciated rates is represented by a dashed line while equation (1.20)
is also plotted. In the interval 0.1-1 eV, the agreement between the simple formula
of equation (1.20) and the sum of the rates is very good.

Therefore, and because our simulation will not include excited states above the
I(5p5 2P◦1/2) level (particularly not the I(6s) levels), the mutual neutralization pro-
cesses considered in this manuscript are listed in Table 1.6, with I(5p5 2P◦3/2) the
only atoms produced.

Table 1.6: List of mutual neutralization reactions.

Reaction Rate Threshold [eV]
I−+ I+

2−→ I3/2 + I3/2 + I3/2 Krec, I−− I+
2

= 5× 10−14√300/Tgas 0.
I−+ I+−→ I3/2 + I3/2 Krec, I−− I+ = 5× 10−14√300/Tgas 0.

1.4.3.2 Electron impact on ions

Here, we consider two additional processes: negative ion detachment by electron
impact and I+

2 dissociation, listed in Table 1.7. The corresponding cross sections
and reaction rates are plotted in Figure 1.19.

Table 1.7: List of reactions between charged species.

Reaction Process Rate Threshold [eV] Ref
I−+ e−−→ I3/2 + e−+ e− Detachment Kel, I2

3.059 [87]
I+
2+ e−−→ I+ + I + e− Dissociation Kdiss, I+

2
2.18 [87]

The detachment cross section was calculated by Hamilton [87], no other data
are available in the literature. It has been used by Marmuse [22] and Lucken [21].
The energy resolution of the calculation is of 1 eV only, the first non-zero value
being found at 4 eV while it has been precisely measured that the iodine electron
affinity is 3.0590463 eV [78], a threshold value we retain. Negative ion detachment
by electron impact was found to be not negligible in chlorine at low pressure [95]
and could very well be even more important in iodine. Nonetheless, some doubts
persist on the magnitude of this cross section as it appears one order of magnitude
higher than the cross section for electron impact detachment from Cl− [110].

Finally, the I+
2 dissociation by electronic impact cross section was also calculated

by Hamilton [87]. The threshold is fixed to 2.18 eV and no other data are available.
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Figure 1.18: (a) Cross sections of the mutual neutralization reaction of atomic io-
dine ions (I+ + I− → I + I) depending on the produced species. I(6s) designates
the highly excited 6s Rydberg states (from Nicolas Sisourat ad his group, LCPMR,
private communication). (b) Corresponding reaction rates calculated by assuming
a Maxwellian distribution function with the reduced mass µR = mI/2. The sum of
the four products-differenciated rates is represented by a dashed line and equa-
tion (1.20) is also plotted to extend the comparison.

1.4.4 Neutral-Neutral collisions

1.4.4.1 Elastic collisions

The exact way to treat elastic collisions between neutral particles is by introducing
collision integrals where the relative velocity of the two colliding species is taken
into account. The formalism, derived from Benilov’s work [111, 112], is presented
in detail in Appendix C. In this thesis, collisions between neutral species are of
importance in Chapter 5, to correctly model gas heating in the global model and
in Chapter 6, where the multi-fluid approach is used to model neutral species in
PEGASES. The collisions between neutrals are assumed to be hard-sphere collisions.

As an example, let’s consider the elastic collision between an iodine atom (I3/2 or
I1/2) and an iodine molecule:

I + I2→ I + I2. (1.21)
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Figure 1.19: (a) Electron-ion collision cross sections. (b) Electron-ion collision reac-
tion rates for Maxwellian electrons and ions at rest.

The hard-sphere momentum transfer cross section reads:

Q
(1)
II2

= π

(
dI + dI2

2

)2

, (1.22)

with dI the iodine atom diameter and dI2
the iodine molecule diameter. We used

dI =
1
2
dI2

= 280 pm, (1.23)

so that Q(1)
II2

= 5.81×10−19m2. The corresponding collision integral (same dimension
as a reaction rate) is:

Ω
(1,1)
II2

= Q
(1)
II2

√
kBTII2

2πmII2

, (1.24)

where

TII2
=

mI2
TI +mITI2

mI +mI2

, (1.25)

mII2
=

mImI2

mI +mI2

, (1.26)
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are the reduced temperature and reduced mass of the colliding species. When TI =
TI2

= 300 K, Ω(1,1)
II2

= 1.33× 10−17m3.s−1. Finally, the diffusion coefficient reads

DII2
=

1
ngas

3π
16

√
2kBTII2

πmII2

1

Q
(1)
II2

. (1.27)

with ngas = nI1/2
+nI3/2

+nI2
.

The former reasoning applies for the elastic collisions between I1/2 and I3/2. As-
suming the same temperature for both atomic species, the iodine atoms diffusion
coefficient is:

DI = DII =
3
8

√
kBTI

πmI

1

ngasd
2
I

. (1.28)

1.4.4.2 Quenching processes

A quenching process is a collision that induces a de-excitation (electronic or vibra-
tional). In this thesis, only one quenching process will be considered:

I2 + I1/2→ I2 + I3/2. (1.29)

The reaction rates for this reaction have been gathered in a thorough work by Chi-
chinin [113] and are plotted in Figure 1.20. At 300 K, almost all of the authors found
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Figure 1.20: Quenching of I1/2 by I2 reaction rates found in the work of Chi-
chinin [113], as a function of the gas temperature.

a quenching rate between 10−17 and 10−16 m3.s−1. The quenching rate behavior with
the gas temperature is not very clear and we will assume the rate to be constant. A
statistical analysis on the value measured at 300 K has been performed (including
only measurements where the incertitude was mentioned) and we found:

Kquench, I2−I1/2
=

∑
i

Kquench, I2−I1/2, i

σ2
i

/ ∑
i

1

σ2
i

= 3.23× 10−17 m3.s−1, (1.30)
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where the sum is taken over all the measured rates Kquench, I2−I1/2, i of incertitude σi .
The standard deviation of the analysis is 0.09× 10−17 m3.s−1 and will be ignored.

In the reference [113], the quenching process of I1/2 by I3/2 is also mentioned but
found to be three orders of magnitude smaller than the quenching with molecular
iodine: it will not be considered.

1.4.5 Ion-Neutral collisions

In PIC simulations of molecular gases such as chlorine [94] or oxygen [55], it is nec-
essary to go into the details of all the possible processes between the different ions
and neutrals and usually, collisions are splitted in scattering cross sections, charge
exchange cross sections and fragmentation reactions. However, even in well stud-
ied gases, many of these cross sections are not well known. In Lucken’s thesis [21],
a first model has been proposed for the relevant ion-neutral cross sections in iodine
for PIC simulations. In the present work, as we use 0D global models and fluid mod-
els, we do not need all these cross sections and we only focus on two cross sections
that will be used in following chapters.

1.4.5.1 Backscattering of ions - Charge Transfer Process

The term backscattering of ions designates a collision in which an ion collides with
a neutral species and the charge is transferred from one collider to the other one. It
is also called charge transfer process and can be resonant when the neutral (atom
or molecule) and ion are parent and child. For global models, as the one presented
in Chapter 5, the particle balance equations are only affected by reactions where
a species is lost or produced. Amongst all the backscattering processes occuring
within an iodine plasma, only one will be taken into account:

I2 + I+ −→ I+
2 + I3/2. (1.31)

The reverse process will be neglected as it requires a collision energy threshold of
Eiz, I −Eiz, I2

≈ 1.14 eV, very unlikely to occur in our plasma conditions.
In Marmuse and Lucken theses [21, 22], the reaction (1.31) was taken into ac-

count with a simple model. In the present work, we use the cross section measured
in 2015 by Hause et al. [90] for energies between 0.67 eV and 100 eV (energy in
the collision center of mass). The cross section was fitted using the measured val-
ues and extrapolated, at low energy using a Langevin cross section (∝ E−1/2

R ) and at
high energy using an − log10(ER) law to take into account a slow decay of the cross
section:

σch.ex, I2−I+(ER) =


√
αI2

e2/(2πE0ER) for ER ≤ 10eV,

A−B log10(ER) for ER > 10eV,
(1.32)

with αI2
= 10.42 × 10−30 m3 the I2 polarizability [90], A = 21.7 × 10−20 m2 and B =

4.7× 10−20 m2.
Figure 1.21 shows the charge exchange cross section as a function of the relative

energy in the center of mass (top subfigure) and the rate coefficient calculated using
a Maxwellian distribution function calculated by using the reduced mass mII2

=
mImI2

/(mI +mI2
) = 2/3 mI (bottom subfigure).
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Figure 1.21: (a) Cross section for the charge exchange process: I2 + I+ −→ I+
2 + I3/2

as a function of the relative energy in the center of mass. Fitted from experimen-
tal measurements [90]. (b) Corresponding reaction rates calculated by assuming a
Maxwellian distribution function with the reduced mass µR = 2/3mI.

1.4.5.2 Global ion-neutral cross section for the global model

In the calculation of the ion mean free path, a global cross section including charge
exchange and elastic scattering collisions is used [13, 114]. In a paper about global
modeling of chlorine discharges [95], table 5 gives values of the global cross section
for any reaction between two heavy species: they are all about σin = 10−18 m2. In
iodine, there are also several different ions and neutrals. Based on the only existing
measurements performed by [90] on I+ + I2 and I+

2 + I2, we assume that the average
value of 10−18 m2 is also a good approximation for iodine.

1.4.6 Surface recombination

At the walls, iodine atoms are known to recombine into molecules:

I + I −→ I2. (1.33)
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Brewer and Tellinghuisen [115] gives the expression for the flux of iodine atoms
stuck at the walls, in the low-pressure limit:

Γwall, I =
1
4
nIvI

(
2γwall

2−γwall

)
, (1.34)

where γwall is the wall sticking probability (0 < γwall < 1), nI the atomic density and
vI the thermal speed of iodine atoms. This formula has more recently been obtained
by Lucken [21] using collision physics basics. A value of γwall = 0.1 means that an
iodine atom undergoes ten collisions with the walls before recombining into I2.

γwall is a key-parameter to correctly model plasmas because it directly affects the
atom/molecule gas balance. It depends on the nature of the surface and can vary
over a very large range. In chlorine plasmas, γwall has been measured from 0.01
(silicon at room temperature) to 0.85 (stainless steel) [116]. It also depends on the
temperature of the walls.

The wall sticking probability γwall has already been measured with iodine in
several works but rarely when an iodine plasma is running. In Table 1.8, we gath-
ered all the values encountered in the literature and their determination technique
(values that were only assumed and used in simulations are also listed).

Table 1.8: Wall sticking probability γwall values found in the literature and their
determination technique.

γwall Comments Reference
Measurements with plasma
0.001 - 0.01 Acid-coated surface [117]
0.04 - 0.065 Quartz surface [115]
Measurements without plasma
0.14 BK7 surface [118]
0.014 DMDCS surface [118]
0.05 Quartz surface C. Drag (priv. com.)
Best fit to experimental data
0.07 Ion beam measurements, ThrustMe [17]
0.001 - 0.01 Quartz surface, iodine cell This work
0.05 - 0.2 Anodized alum., PEGASES This work
Assumed values
0.04 ΓI,wall corrected formula [1, 13]
0.04 [21]

In Chapter 5, the diffusional losses of the neutral iodine atoms to the reactor
walls will be estimated by an effective loss-rate coefficient:

Kwall, I =
[
Λ2

0

DI
+
V
S

4
vI

(
2−γwall

2γwall

)]−1

[s−1], (1.35)

where DI is the diffusion coefficient for neutral iodine atoms (given by equa-
tion (1.28)), vI is the mean I velocity, V and S are the volume and the wall surface
area of the reactor chamber, respectively, and Λ0 is the effective diffusion length of
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neutral iodine atoms, given by:

Λ0 =
[(π
L

)2
+
(2.405

R

)2]−1/2

, (1.36)

in the case of a cylindrical chamber of length L and radius R [95].
When the diffusion term Λ2

0/DI can be neglected, equation (1.35) simply reads:

nIKwall, I =
S
V
Γwall, I. (1.37)

1.4.7 Synthesis on electron impact collisions and related plasma
physics quantities

Electron impact collisions and electron-neutral momentum transfer collision
frequency

In Table 1.9 are listed all the reactions where an electron collides with an heavy
iodine species. In those processes, electrons lose a part of their energy. For inelastic
collisions, the thresholds values are indicated. For the elastic collisions between an
electron and an heavy species h, the term 3me/mh(Te − Th) is the mean energy lost
per electron during the collision [58, 119].

Table 1.9: List of the electron impact collisions considered in this thesis. Tempera-
tures are expressed in eV.

Reaction Rate [m3.s−1] Energy loss More details
Electron impact on I3/2 Subsection 1.4.1
I3/2 + e−−→ I3/2 + e− Kel, I3/2

3me/mI(Te − TI)
I3/2 + e−−→ I+ + 2 e− Kiz, I3/2

Eiz, I3/2
= 10.45 eV

I3/2 + e−−→ I1/2 + e− Kex1, I3/2
Eex1, I3/2

= 0.9426 eV
I3/2 + e−−→ I∗b2

+ e− Kex2, I3/2
Eex2, I3/2

= 6.7736 eV
I3/2 + e−−→ I∗b3

+ e− Kex3, I3/2
Eex3, I3/2

= 8.0473 eV
I3/2 + e−−→ I∗b4

+ e− Kex4, I3/2
Eex4, I3/2

= 8.1848 eV
Electron impact on I1/2 Subsection 1.4.1
I1/2 + e−−→ I1/2 + e− Kel, I1/2

3me/mI(Te − TI )
I1/2 + e−−→ I∗b2

+ e− Kex2, I1/2
Eex2, I1/2

= 5.8310 eV
I1/2 + e−−→ I∗b3

+ e− Kex3, I1/2
Eex3, I1/2

= 7.1047 eV
I1/2 + e−−→ I∗b4

+ e− Kex4, I1/2
Eex4, I1/2

= 7.2422 eV
I1/2 + e−−→ I3/2 + e− Kde−ex, I1/2

−Eex1, I3/2
= −0.9426 eV

Electron impact on I2 Subsection 1.4.2
I2 + e−−→ I2 + e− Kel, I2

, Kelm, I2
3me/mI2

(Te − TI2
)

I2 + e−−→ I+
2 + 2 e− Kiz, I2

Eiz, I3/2
= 9.31 eV

I2 + e−−→ 2 I3/2 + e− Kdiss, I2
Ediss, I2

= 1.542 eV
I2 + e−−→ I+ + I3/2 + 2 e− Kdiss.iz, I2

Ediss.iz, I2
= 11.94 eV

I2 + e−−→ I− + I1/2 Kdiss.att, I2
0. eV

I2 + e−−→ I2
∗ + e− Kex, I2

Eex, I2
= 2.18 eV

I2(v = 0) + e−−→ I2(v = 1, ...,10) + e− Kvibr, I2
Evibr, I2

= 0.02575 eV
Electron impact on ions Subsection 1.4.3
I+
2 + e−−→ I+ + I3/2 + e− Kdiss, I+

2
Ediss, I+

2
= 2.18 eV

I− + e−−→ I3/2 + 2 e− Kdet, I− Edet, I− = 3.059 eV

An useful frequency often in low-temperature plasmas is the electron-neutral mo-
mentum transfer collision frequency defined, in the case of iodine and with the set
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of reactions considered, as follow:

νm = nI3/2
Kelm, I3/2

+nI1/2
Kelm, I1/2

+nI2
Kelm, I2

. (1.38)

However, we do not have any data for Kelm, I3/2
and Kelm, I1/2

, we will use Kel, I3/2
and

Kel, I1/2
instead:

νm = nI3/2
Kel, I3/2

+nI1/2
Kel, I1/2

+nI2
Kelm, I2

. (1.39)

Note that Lafleur et al. [17] used a different definition for νm but given the orders of
magnitude of the different reaction rates, the value used is very similar to the one
used in this thesis.

Energy loss per electron–ion pair created

A very important quantity used for plasma discharges is the collisional energy
loss EC which represents the average energy expended to produce an electron-ion
pair when considering all electron collisional processes. For atomic and molecular
ground state iodine, the expressions are:

EC, I3/2
= Eiz, I3/2

+
1

Kiz, I3/2

 4∑
j=1

Kexj, I3/2
Eexj, I3/2

+ 3
me

mI
(Te − TI)Kel, I3/2

 (1.40)

EC, I2
=

1
Kiz, I2

+Kdiss.iz, I2

(
Kiz, I2

Eiz, I2
+Kdiss.iz, I2

Ediss.iz, I2
+Kex, I2

Eex, I2

+Kdiss, I2
Ediss, I2

+ 3
me

mI2

(Te − TI2
)Kel, I2

)
(1.41)

In Figure 1.22, are plotted the effective collisional energy loss per electron-ion pair
as a function of electron temperature for the various species investigated in this the-
sis: argon, krypton, xenon, atomic and molecular iodine. The data used to generate
the noble gases curves are presented in Appendix A. The best propellant is the eas-
ier to ionize which means the one with the smallest energy loss per electron-ion pair
created.

Depending on the composition of the plasma (or on the rate of molecular dis-
sociation), the creation cost for an electron-ion pair lies somewhere between the
molecule curve and the atom curve. As will be presented in Chapter 3, the electron
temperature within a xenon or an iodine plasma are very similar, so the curve can be
compared for a fixed electron temperature. At low electron temperatures (<1.5 eV),
the energy loss in xenon is below the energy loss of both the iodine molecule and
atom. When the electron temperature increases, the trend reverses (because dif-
ferent collision cross sections, reaction process, and inelastic energy thresholds)
quickly for the molecule but in the case of a pure atomic iodine plasma (dissociation
rate of 100%), the electron temperature must exceed 4 eV for iodine to become ad-
vantageous. Such a high temperature is only reached at low pressure (at low mass
flow rate). Energy losses with krypton and argon are higher than for xenon but
exhibit the same behavior with Te: there exists an electron temperature (roughly
between 1.5 and 4 eV) where iodine can become less advantageous than those two
alternative propellants.
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Figure 1.22: Effective collisional energy loss per electron-ion pair as a function of
electron temperature for the various species investigated in this thesis: argon, kryp-
ton, xenon, atomic and molecular iodine.

Energy relaxation length, adapted from [119]

As will be shown in Chapter 3, the electron temperature is not always indepen-
dent of the space coordinate. It is particularly important to understand what may
lead to non-uniform electron temperature, since inelastic processes are extremely
sensitive to this parameter. The first condition for non-uniform electron tempera-
ture is that the electric (electromagnetic) energy is deposited non-uniformly in the
electron population (which is the case with our discharge described in Chapter 2).
Nevertheless, non-uniform energy deposition does not automatically lead to non-
uniform temperature, because the electron energy relaxation length may be large
compared to the system dimensions. Under these circumstances, electrons may
gain their energy in one location and subsequently share this energy with other
electrons far away from this location. The rigorous calculation of the electron en-
ergy relaxation length requires kinetic theory that is beyond the scope of this work
but Godyak [120] proposed a relatively simple expression that accounts for all elec-
tron energy loss mechanisms in a discharge. Here, the formula is adapted to our
iodine set of reaction:

λE = λel

[
2
me

mI
+

2
3

4∑
j=1

nI3/2
Kexj, I3/2

νm

Eexj, I3/2

Te
+

2
3

4∑
j=2

nI1/2
Kexj, I1/2

νm

Eexj, I1/2

Te

+
2
3
nI2

Kex, I2

νm

Eex, I2

Te
+

2
3
nI2

Kiz, I2

νm

Eiz, I2

Te
+

2
3

nI3/2
Kiz, I3/2

νm

Eiz, I3/2

Te

+
2
3
nI2

Kdiss.iz, I2

νm

Ediss.iz, I2

Te
+

2
3
nI2

Kdiss, I2

νm

Ediss, I2

Te

+ 3
nI2

(
Kdiss.iz, I2

+Kiz, I2

)
+nI3/2

Kiz, I3/2

νm

]−1/2

, (1.42)

where λel is the electron-neutral mean free path written as:

λel =
[
nI3/2

< σel, I3/2
>1−10 +nI1/2

< σel, I1/2
>1−10 +nI2

< σel, I2
>1−10

]−1
, (1.43)
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with < σel >1−10 the mean values of the elastic cross section taken on the interval
[1 eV ; 10 eV], listed in Table 1.10. The electrons within this energy interval are
the ones contributing the most in our discharge. The contribution of the electron-
electron collisions has been considered negligible. In the case of a noble gas, the for-
mula for the energy relaxation length does not contain any molecular terms, which
suggests a naturally shorter length in the case of a molecular gas.

Table 1.10: Averaged value of the electron-neutral elastic collisions on the interval
[1 eV ; 10 eV] for different species.

Species X Xe I3/2 I1/2 I2

< σel,X >1−10 [m2] 1.8× 10−19 3.4× 10−19 2.8× 10−19 5.3× 10−19

To conclude the discussion on the energy relaxation length we can do the nu-
merical application for xenon and iodine. Let us take the idealized case where the
iodine plasma is completely dissociated (nI2

= 0) and contains only atoms in their
fundamental level (nI1/2

= 0, not very realistic). The atomic densities nI3/2
and nXe

are taken to be equal to 3×10−19 m−3 in order to reach a condition suitable for elec-
tric propulsion (about 1 mTorr at 300 K). For electron temperatures between 2 and
6 eV, the energy relaxation length in iodine is always shorter than in xenon, even in
this idealized case without taking into account molecular processes. We understand
that when the pressure is higher and the molecules are not negligible, the energy
relaxation length of iodine will be much shorter than that of xenon and should be-
come much shorter than the characteristic length of our discharge (presented in
Chapter 2).
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Figure 1.23: Energy relaxation length [m] as a function of the electron tempera-
ture [eV] in the idealized case where nI3/2

= nXe = 3× 10−19 m−3 (around 1 mTorr at
300 K) and nI1/2

= nI2
= 0 m−3.
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1.4.8 Neglected species, reactions and lacking data

Neglected species

We are aware that other ionic species than those considered may be present in iodine
plasma. Indeed, many works have highlighted the presence of I−2 and I−3 ions in non-
negligible proportions [26, 121]. Nevertheless, these various works were all carried
out for pressures much higher than those used here and, to the first order, it seems
legitimate to ignore these species. Besides, one can expect doubly-charged ions I2+

to form for high electron energies, as it is observed in Hall thrusters operated with
xenon. The energy needed to form I2+ from the atomic ground state is 19.13 eV,
which is slightly below the energy required to form Xe2+ from Xe (20.98 eV). In our
experiments, however, the electron temperature will not exceed 5 eV (see Chapter 3)
and we do not expect to observe any doubly-charged ions.

Missing or improvable cross sections and neglected reactions

In Table 1.11 are gathered all the cross sections needed to improve the consistency
of our current kinetic model for iodine plasmas.

Table 1.11: List of missing or improvable iodine cross sections.

Reaction Process Comment
I2 + e−→ I3/2 +I1/2 + e− Dissociation No data available
I2 + e−→ I1/2 +I1/2 + e− Dissociation No data available
I2 + e−→ I3/2 +I3/2 + e− Dissociation No data above 10 eV
I2 + e−→ I− +I1/2 Dissociative attachement Unclear behavior at very low E
I1/2 + e−→ I+ + 2 e− Ionization from I1/2 No data available
I− + e−→ I3/2 + 2 e− Detachment by e−impact One calculation, very high CS
I3/2 + e−→ I3/2 + e− Elastic Need for el. mom. transfer CS
I1/2 + e−→ I1/2 + e− Elastic Need for el. mom. transfer CS
I2(J) + e−→ I2(J ′ > J) + e− Rotational excitation No available data
I + I→ I2 Wall recombination Need for experimental laws

(similar to [95] for Cl2)

Some reactions were purposefully neglected, they are listed in Table 1.12 with the
explanation for the neglect.
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Table 1.12: Neglected reactions in the frame of this work. Adapted from
Lucken [21].

Reaction Process Reason for neglect
Electron impact on heavy species
I2 + e−→ I+ + I− + e− Polar dissociation 8.911 eV threshold and low CS
I− + e−→ I+ + 3 e− Ionization from I− 13.509 eV threshold
I+
2 + e−→ 2 I3/2 Dissociative recombination Weakly ionized plasma

I2 + e−→ 2 I++ 3 e− Dissociative double ionization High threshold (22.4 eV)
Ion impact on neutrals
I+
2 + I→ I+ + I2 Charge exchange Threshold of 1.14 eV > 1 eV

I2 + I+→ 2 I + I+ Fragmentation by I+ Threshold of 1.542 eV > 1 eV
I2 + I+

2→ I2 + I + I+ Fragmentation by I+
2 Threshold of 2.682 eV > 1 eV

I− + I2→ I2 + I + e− Detachment by I2 Threshold of 3.069 eV > 1 eV
I− + I3/2 → I2 + e− Detachment by I3/2 Threshold of 1.517 eV > 1 eV
I− + I1/2 → I2 + e− Detachment by I1/2 Threshold of 0.5744 eV

(neglected but may be non negligible)
I− + I2→ I−2 + I3/2 Charge exchange Threshold of 0.539 eV

(also neglected in Cl2 [94] and O2 [55])
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2.1 The main experimental setup

This section presents the general characteristics of an inductively coupled plasma
discharge at low pressure (0.04 - 4 Pa), similar to the environment of a satellite
thruster. The vacuum setup and the gas injection are first described before focusing
on the ICP discharge configuration. In the third part, the specificities of working
with iodine are presented. Finally, an additional experimental apparatus used to
develop optical diagnostics for iodine plasmas at higher pressures (2 - 30 Pa), is
described.

2.1.1 Vacuum setup and gas injection

2.1.1.1 The vacuum setup

The main vacuum chamber used in this work is a stainless steel spherical cham-
ber from the Kurt J. Lesker company, named BUBBLE, with an internal volume of
around 50 L, shown in Figure 2.1. It is pumped with a TPH 521 PC turbopump from
Pfeiffer Vacuum designed to pump 440 L.s−1 of N2, and an XDS 35i oil-free scroll
pump from Edwards. The vacuum lower limit, when no gas is injected, is around
5× 10−5 mbar ∼ 3.75×10−2 mTorr (0.005 Pa).

Figure 2.1: Photography of the BUBBLE vacuum setup with PEGASES running on
argon during a LIF experiment.

For most of the results presented, the pressure is monitored by three indepen-
dent probes: a PIRANI IKR050 from Pfeiffer Vacuum placed on top of the main
chamber, indicating pressures from atmospheric pressure down to 1 Pa; an MKS
hot cathode transducer on top of the main chamber for pressures from 0.5 Pa down
to the backpressure; and a capacitance manometer 627D Baratron from MKS mea-
suring pressure within the ionization chamber PEGASES through the intermediate
flange whose complete description is presented in the next subsection.

The vacuum setup is shown in Figure 2.2. The PEGASES ion source is connected
to the main chamber via an intermediate flange, designed and built at LPP, where
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the gas is injected (see next subsection for more details). Iodine is injected through
an MKS 1150C-4805M mass flow controller calibrated for 50 sccm of I2. All pipes
in the injection line are heated before and during operation to avoid deposition
and clogging. Exhausted iodine is captured by a liquid nitrogen cold trap from
Kurt J. Lesker, located between the turbo-molecular pump and the scroll pump.
Argon, krypton, and xenon discharges may also be generated with the same setup
but using independent mass flow controllers and injection lines (not represented
in Figure 2.2 but evidenced in Figure 2.3 and Figure 2.5). The argon mass flow
controller is a BROOKS GF40-SA42 calibrated for 50 sccm of Ar while the xenon
mass flow controller is a BROOKS GF040-SA40 calibrated for 6.4 sccm of Xe. The
xenon and argon mass flow controllers were independently used to inject krypton.

Figure 2.2: Experimental setup schematics. A liquid N2 trap captures iodine
through condensation before it reaches and damages the scroll pump. The mov-
able arm is used to probe for spatial scans along the thrust axis. Slightly adapted
from [22].

A movable arm, holding the electrical probes (detailed in Chapter 3), allows
to scan 10 cm-long spatial variations inside the discharge with the probes going
through the exhaust grid thanks to a centered 1 cm diameter hole. During other
experiments, the arm was removed and replaced by a window.

2.1.1.2 The intermediate flange

At the beginning of the thesis (see Marmuse thesis [22] for instance), there was no
intermediate flange between the ionization chamber and the vacuum chamber: the
gas was directly injected inside the ionization chamber through a 1 cm diameter
window, located near the antenna, the grid was not grounded and only fixed to the
vacuum chamber with kapton tape. This was not optimal for several reasons:



50 CHAPTER 2. EXPERIMENTAL APPARATUSES

• The grid was hardly accessible, one needed to go through a window of the
vacuum chamber to reach it.

• The grid could move if not correctly taped.

• The discharge chamber was very difficult to separate from the vacuum cham-
ber because the gas injection lines had to be removed first.

• The cleaning of the complete setup took up to a day.

Since then, and because it has been shown in previous theses [122, 123] that the
injection location had only minor effects on the plasma behavior, P. Pariset, engineer
at LPP, designed and manufactured an intermediate flange shown in Figure 2.3.
This new element, always fixed to the vacuum chamber, ensures the gas injection
for several gases and eases the replacement of the exhaust grid, the replacement of
the thruster prototype, the cleaning of the ionization chamber and laser alignment
processes.

As seen in Figure 2.3b, the flange has an octogon shape and offers at most eight
independent, vacuum-compatible, direct access to the ionization chamber. The ex-
haust grid has been drilled to communicate with the internal pipes of the flange. In
the presented work, only four pipes were used for:

• I2 injection.

• Noble gases injection.

• Pressure monitoring assuming an isobar pipe.

• Biasing the exhaust grid.

2.1.1.3 The exhaust grid

Unless otherwise stated, the exhaust grid is a single grounded aluminum grid
(74 mm x 114 mm) at the exhaust plane shown in Figure 2.4. It is inserted in a
3D-printed PLA insert (80 mm x 120 mm x 3 mm) and fixed to the intermediate
flange using four aluminum screws located in each corner of the grid. The grid is
composed of thousands of 1 mm diameter holes and has been drilled at six differ-
ent locations with 10 mm diameter holes. Five of those holes communicate with
the internal pipes of the intermediate flange, for various functions as previously de-
scribed. The last hole, located in the center of the grid has been used during charged
particles and laser-induced fluorescence measurements.

To properly estimate the geometrical grid transparency, one has to take into ac-
count that the gas is solely pumped through the 70 mm inner diameter of the inter-
mediate flange located right behind the grid (highlighted by a red circle in Figure 2.4
and Figure 2.3b). The grid transparency, βgrid,neutrals, is :

βgrid,neutrals =
πr2

bighole +Noverlappingπr
2
smallhole

Sxy[mm2]
, (2.1)

with rsmallhole = 0.5 mm the radius of small holes, rbighole = 5 mm the radius of
the centered hole, Noverlaping = 2000 ± 10%, the number of 1 mm diameter holes
overlapping the flange inner diameter and Sxy = 80×120 mm2, the surface in the xy
plane. The grid transparency, calculated with equation (2.1) is around 16%.
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(a)

(b)

Figure 2.3: 2D schematics of the intermediate flange. (a) The intermediate flange is
located between the vacuum chamber and the ionization chamber. (b) Four direct
access to the ionization chamber were used (see stars location). One for the iodine
injection (orange), one for the noble gases injection (purple), one for biasing the grid
(green) and one for measuring the pressure (blue). The flange has an inner diameter
of 70 mm (red circle) were the gas can actually escape.
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Figure 2.4: 2D view of the exhaust grid mainly used during experiments. The red
circle indicates the intermediate flange inner diameter through which the gas is
actually pumped.

2.1.2 Discharge configuration

2.1.2.1 ICP discharge configuration

Most of the measurements were performed in the so-called PEGASES thruster setup
(described with great details in [32, 123]), where the magnetic barrier and accel-
eration stages have been removed. A sketch and photography of the system are
shown in Figure 2.5. The ionization chamber is a rectangular cuboid of V = 1.25 L
(lx = 12 cm × ly = 8 cm × lz = 13 cm inner dimensions, lz being the thrust axis
length). The RF antenna is a flat coil encapsulated in ferrite at the back of the
ionization chamber behind a 3 mm thick alumina plate ensuring vacuum sealing.
The ferrite and the antenna are cooled down by circulating cold water. When the
plasma is turned on, the reactor wall temperature varied between 300 and 400 K
depending on both the plasma conditions and the thruster prototype used (see Sec-
tion 2.2 for the prototypes characteristics and subsection 2.3.4 for the walls temper-
ature characterization). In the middle of the water-cooling stage is a hole to let two
wires connect the matching circuitry (detailed below) to the flat RF antenna. The
radio-frequency inductively coupled plasmas are generated using a 4 MHz RF gen-
erator (RFPP RF25M). Experiments were mostly performed at fixed pressure and
discharge power adjusting respectively the mass flow rate and the power delivered
by the generator.

2.1.2.2 Impedance Matching

The theory of impedance matching will not be presented here but the reader can re-
fer to the works of Bowick [124] on RF circuit design or the Appendix D in Marmuse
thesis [22] for a more complete understanding.

In short, the role of a matchbox, located between the ionization chamber and the
RF generator is to maximize the power transfer from the generator to the plasma. In
our case, the 4 MHz generator is purely resistive with a resistance of 50 Ω while the
plasma impedance is unknown with both a resistive part and an inductive part. The
matchbox (whose design is presented in Figure 2.6), built with variable capacitors,
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Figure 2.5: ICP discharge configuration. (a) Schematics View. (b) Photography of
the corresponding experimental setup.

aims at reconciling both impedance when the plasma is ON.

2.1.3 Experimentation with iodine

This section is largely based on Marmuse thesis [22].
Using iodine in a plasma source is not as straightforward as plugging an argon or

xenon bottle into a mass flow controller. Iodine gas is obtained from iodine crystals
heated to around 360 K, hot enough to ensure a relatively high pressure but cold
enough to stay colder than the mass flow controller heated to 383 K. This tempera-
ture difference avoids deposition in the controller.

The iodine reservoir is a small glass tube, 7 cm long, of 25 mm internal width
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Figure 2.6: Electrical circuit of the matchbox used. The plasma and coil impedance
are gathered in a resistance Rload and a reactance Xload.

manufactured at École polytechnique and directly connected to the metal pipes via
a KF40 glass-metal connection, wrapped with aluminum tape and heating wires
connected to a 60 V voltage source. Mounting and unmounting are fast and only a
small amount of iodine is needed in the experimental room. The heating and cool-
ing times of the reservoir are around 15 min, with no strong temperature gradient
or overshoot, preserving the glass reservoir.

Iodine will solidify in the injection pipes at any point colder than its surround-
ings. Hence, all the pipes along the injection lines must be heated to avoid so-
lidification and clogging: two major issues which can interrupt the flow, and lead
to corrosion. In the present work, pipes are heated at 360 K with heating cables
wrapped around the stainless steel pipes previously wrapped in aluminum tape.
They are then placed in an insulating material used to isolate classic pipes. The
heating cables are used with a 220 V voltage source, leading to very short heating
times, and large temperature overshoots. The temperature is monitored with PT100
probes connected to a commercial circuit that automatically turns the input voltage
ON and OFF. Temperature overshoots are considered smoothed by the stainless steel
pipes so that the inner temperature must be rather constant. The pipes’ temperature
was checked and verified with a thermal camera. Any pipe left uncleaned and in the
open air after being used in the injection line will be rapidly corroded. To avoid any
issue, heating on the injection line is kept ON between experiments, and the entire
line is kept under vacuum, as well as the main chamber. Despite the precautions
taken, some material was corroded and changed during the thesis (see Figures 2.7a
and 2.7b).

During experiments, the iodine accumulates in the liquid N2 trap that is filled
with N2 before and during each experiment. At the end of any iodine experiment,
a cleaning protocol is strictly applied to avoid any corrosion: the trap is cleaned,
under a fume hood, from the resulting I2 layer shown in Figure 2.7c. Ethanol is
used to remove iodine, and the trash is sent to the lab chemical trash.

Between two experimental sessions, if the setup is to be left unused for some
time, a purge of the injection line is operated by connecting the argon injection line
where the iodine source is usually installed. An argon plasma is run in PEGASES,
hence "cleaning" the reactor. The argon flows into the iodine injection line, purging
it for the remaining iodine. It is not unusual that the argon plasma takes some hours
before the yellow color completely disappears.
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(a) (b)

(c)

Figure 2.7: Handling iodine experimentally. (a) Corroded seals and pipe. (b) Cor-
roded Valve. (c) Iodine trapped inside the nitrogen trap.



56 CHAPTER 2. EXPERIMENTAL APPARATUSES

2.2 PEGASES thruster prototypes

Three different ionization chambers were used for the experiments. They have the
same inner dimensions (lz = 130 mm × lx = 120 mm × ly = 80 mm) but different
characteristics presented in this section.

2.2.1 Aluminum prototypes

Two prototypes, made of aluminum, were used during the thesis. A 3D view is given
in Figure 2.8a. They were also used by Marmuse [22] and Grondein [32] during
their respective thesis. On each side, a 93 mm × 8 mm aperture has been drilled to
convey optical access. Quartz windows ensure vacuum sealing. During my thesis,
a new aperture (73.4 mm × 12.4 mm) has been drilled on the top of the ionization
chamber to perform TALIF measurements. Vacuum sealing is also ensured by a
quartz window.

Among those two geometrically identical prototypes, one has been anodised and
is insulating: it looks black painted and shown in Figure 2.8b while an iodine
plasma at very high pressure is running (150 mTorr with the turbo-pump OFF).
Most of the optical measurements, presented in Chapter 4, were conducted with
this prototype. The other prototype, perfectly conductor, is shown in Figure 2.8c. It
has been mostly used for charged particles measurements, presented in Chapter 3.

At the back of the prototype, vacuum sealing is ensured by an alumina plate,
visible in Figure 2.8d. The interior of the thruster, visible in the same figure, has
been regularly cleaned with ethanol but iodine has progressively contaminated the
walls and partially deteriorated the conductive properties.

2.2.2 Quartz prototype

The optical access allowed by the alumina prototypes are very limited although very
useful. Hence, we decided to design a third prototype, fully transparent. The Quartz
Alliance® company manufactured an ionization chamber made of quartz, shown in
Figure 2.9 with iodine and argon plasmas running. Quartz has been chosen to let
the UV range usable for further optical diagnostics. The discharge configuration
had to be slightly modified when this prototype was used because the alumina plate
no longer needed to ensure vacuum sealing. The antenna comes directly in contact
with the back surface of the thruster to generate the plasma. In this configuration,
the water cooling system, mainly relying on the conduction principle is not very ef-
ficient and the walls temperature can reach more than 400 K (see subsection 2.3.4).
Before placing the order for the quartz prototype, the glassmaker at the Ecole Poly-
technique made a cylindrical glass thruster of equivalent volume (shown during
operation with iodine in Figure 1.1a) to ensure that the plasma would work well
with this modified excitation configuration.

With noble gases, this prototype allows a great number of optical diagnostics to
be performed in three dimensions. In the coming years, at LPP, it will become a very
efficient tool to validate CRM codes, perform Abel inversion, or study instabilities
in a magnetized configuration.

With iodine, the same diagnostics could be used. However, this fully transpar-
ent prototype has the main drawback of producing ozone (O3) when iodine plasmas
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(a) (b)

(c) (d)

Figure 2.8: Metallic thruster prototypes. (a) 3D schematics. (b) Insulating proto-
type running with iodine at 150 mTorr. (c) Conductor prototype without plasma.
(d) Inside view of the thruster with the alumina plate at the back.

are run in it. Indeed, the optical emission spectrum of iodine exhibits strong lines
below 240 nm (see Marmuse’s thesis [22]). For such wavelengths and shorter ones,
oxygen molecules of the surrounding air easily dissociate into two oxygen atoms via
photolysis and those atoms then recombine with oxygen molecules to form ozone.
Ozone has a recognizable smell and is well-known to be a powerful oxidant that can
damage mucous and respiratory tissues. After just a few seconds of running an io-
dine plasma inside the quartz prototype, the smell was not bearable and the plasma
had to be turned off. Therefore, no real experiments have yet been conducted within
this transparent prototype. A fan could be used in the future to avoid such an issue.

Nevertheless, the quick use of the quartz prototype was not devoid of inter-
est because one immediately sees that iodine plasmas shown in Figures 2.8b, 2.9b
and 2.9c, for three different pressures, exhibit completely different colors which in-
dicates that the plasma composition is different. A spatial non-uniformity along
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(a) (b)

(c)

Figure 2.9: Quartz thruster prototype. (a) Running with argon for a pressure of
15 mTorr and a discharge power of 200 W. (b) Running with iodine for a pressure
of 1 mTorr and a discharge power of 200 W. (c) Running with iodine for a pressure
of 5 mTorr and a discharge power of 200 W. The blue colour on the edges of the
reactor, observed in figures (b) and (c), is probably due to UV-induced fluorescence
and impurities in the quartz.

the thrust axis is also evidenced and will be extensively studied throughout this
manuscript.
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2.3 Physics of the ICP discharge

2.3.1 Electrical characteristics

2.3.1.1 Determination of the discharge power

The absorbed power Pabs [W] (also called the discharge power) is the power dis-
sipated in the plasma. It is lower than the RF power, PRF, because of several loss
phenomena in the matching circuit and the coil. The power dissipated in the coil is
noted Pcoil. The RF power is equal to the RF power going out of the generator minus
any power reflected due to impedance mismatches. One can write:

Pabs = PRF − Pcoil = PRF, forward − PRF,reflected − Pcoil. (2.2)

The RF sinusoidal current running through the coil reads:

IRF(t) = Icoil cos(ωRFt), (2.3)

where Icoil [A] is the signal amplitude and ωRF = 2πfRF the proper frequency, with
fRF = 4 MHz. The power dissipated in the coil, Pcoil, is related to the coil current
using:

Pcoil =
〈
RcoilI

2
RF(t)

〉
TRF

, (2.4)

with Rcoil, the coil resistance and TRF = 2π/ωRF, the period of the signal. Classically,
Rcoil is taken constant and the former equation becomes:

Pcoil =
1
2
RcoilI

2
coil. (2.5)

However, it is experimentally possible to measure Pcoil and Rcoil using the method
detailed by Godyak et al. [125]. Knowing both the RF power and the coil current
in PEGASES running without any gas injection gives a complete characterization of
the circuit losses Pcoil(Icoil). Indeed, when no gas is injected, Pabs = 0 W and using
equation (2.2), one gets Pcoil(Icoil) = PRF. Figure 2.10 shows on the y-axis the coil
resistance and on the x-axis the corresponding current amplitude measured in the
coil with a Pearson current monitor while maintaining a zero mass flow rate.

A remarkable phenomenon is a strong break at around 6 A, and the presence of
a hysteresis near this breaking point. That is a characteristic of the ferrite material
in which the antenna is encapsulated. Clearly, the assumption of a constant Rcoil
breaks down and the resistance is a function of Icoil. When power is turned off, the
coil resistance is not zero but R0

coil = 2 Ω. A fitting law for Rcoil is necessary. The
breaking point (or threshold) is reached at I thr.

coil = 6 A. Two very different behaviors
are observed for Icoil ≤ I thr.

coil and Icoil > I thr.
coil . Therefore, both regions are fitted with

different functions as follows :

Rcoil(Icoil) =


R0

coil +αI
β
coil for 0 ≤ Icoil ≤ I thr.

coil ,

R0
coil +

Rthr.
coil−R

0
coil

1+α′(Icoil−I thr.
coil )β′

for Icoil > I thr.
coil .

(2.6)
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Figure 2.10: Measured coil resitance Rcoil as a function of the coil current amplitude
Icoil. Fitting laws are retrieved below and above the threshold value of 6 A.

The fitting values for α, α′, β, β′ and Rthr.
coil are given in Figure 2.10.

To conclude, equations (2.2) and (2.6) give the formula to evaluate Pabs when a
plasma is ON:

Pabs = PRF, forward − PRF,reflected −
1
2
Rcoil(Icoil)I

2
coil. (2.7)

2.3.1.2 Resistance of a purely inductive discharge

The absorbed power can be conveniently linked to the coil current amplitude by
introducing the inductive resistance of the plasma Rind [Ω]:

Pabs =
1
2
RindI

2
coil. (2.8)

Such that one gets:

PRF =
1
2

[Rind +Rcoil(Icoil)] I
2
coil. (2.9)

2.3.1.3 Power transfer efficiency

To evaluate the electrical efficiency of the discharge, it is convenient to evaluate the
power transfer efficiency (designated PTE in the following) which is the ratio of the
absorbed power over the RF power:

PTE =
Pabs

PRF
=

Rind

Rind + Rcoil
. (2.10)

In Figure 2.11, the ICP discharge PTE is plotted against the RF current ampli-
tude Icoil [A]. In the top subfigure, the effect of pressure is studied using iodine
plasmas running at 0.35, 0.6, 2.5 and 15 mTorr. Iodine plasmas are generated for
Icoil between 4 and 8 amps. The PTE increases with both increasing pressure and
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Figure 2.11: ICP discharge Power Transfer Efficiency (PTE) as a function of the RF
current amplitude Icoil [A]. (a) PTE measurements in iodine plasmas for neutral
pressures of 0.35, 0.6, 2.5 and 15 mTorr. (b) PTE measurements in iodine, xenon,
krypton and argon plasmas at 2.5 mTorr.

RF current. It reaches more than 80% at the highest pressures and is below 10% at
very low pressure and RF current.

In the bottom subfigure, the PTE is plotted for every propergol studied in this
work: iodine, xenon, krypton, and argon at a pressure fixed to 2.5 mTorr. Iodine
appears to produce the best PTE with xenon behaving very similarly. For a sufficient
input current, whatever the gas used, the PTE saturates around 75%.

2.3.2 Requirements for sustaining a plasma

The pressure-absorbed power windows of operation are presented in Figure 2.12
for argon and iodine. It is not possible to ignite a plasma at low power and the
breakdown power region is indicated in red: the width of the region is only indica-
tive and subject to hysteresis. The ignited plasmas during the thesis are indicated
in blue. The vertical error bars account for ± 0.1 mTorr while horizontal error bars
represents ± 5% of the discharge power. The maximum achievable power is not in-
dicated but the experimental setup could be damaged if operated at higher power:
we decided not to run a plasma for Icoil bigger than 8.5 A and/or an RF reflected
power above 50 W. Furthermore, given the mass flow controller ranges, xenon plas-
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Figure 2.12: Pressure [mTorr] versus Discharge Power [W] characteristics of the
experimental setup. The breakdown power region is indicated in red and each blue
marker represent a plasma actually ignited during the thesis. (a) Argon map. (b)
Iodine map.

mas could be obtained between 0.3 and 3.5 mTorr and krypton plasmas between
0.3 and 2.5 mTorr. The absorbed power range that can be explored with those noble
gases is between 40 W and 350 W.

2.3.3 Pressure measurements

2.3.3.1 Gas flow basics

Most of the following concepts and notations are presented with great details
in [126]. The flow rate Q of a gas flowing through a duct is defined as transported
gas per time. Several approaches of describing the amount of gas yield several dif-
ferent types of flow rates:

Volume flow rate : QV =
∆V
∆t

, [QV ] = m3.s−1. (2.11)

Mass flow rate : Qm =
∆m
∆t

, [Qm] = kg.s−1. (2.12)

Particle flow rate : QN =
∆N
∆t

, [QN ] = atoms.s−1. (2.13)
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Using the equation of state of an ideal gas:

pV = NkBT = mP
R
MP

T , (2.14)

with R = 8.314 J.K−1.mol−1 and MP [kg.mol−1] the molar mass, the different type of
flows can be converted:

QV =
V
N
QN , (2.15)

Qm =
MP

NA
QN . (2.16)

In the low-temperature plasma community, the volume flow rate is mostly ex-
pressed in sccm (standard cm3.min−1) using the conversion formula:

1sccm = 1.6667× 10−8 m3.s−1, (2.17)

= 4.4779× 1017 atoms.s−1. (2.18)

In the following, the definition of the mean particle speed will be useful:

vP =

√
8kBT
πmP

. (2.19)

Finally, the flow conductance of a component is defined by:

C =
QNkBT
∆p

, [C] = m3.s−1. (2.20)

∆p = pupstream − pdownstream, is the pressure difference between both ends of the
component. In the following, we will study the exhaust grid flow conductance with
and without plasma, using the measured ∆p and QN delivered by the mass flow
controllers.

2.3.3.2 Pressure measurements within the ionization chamber

In Figure 2.13, the pressure measured within the ionization chamber is plotted as
a function of the volume flow rate for several gases. When the plasma is off (top
subfigure), argon and iodine measurements are presented. Above 2 sccm, slopes are
almost parallel and the ratio between both pressures is close to 2.5. Below 2 sccm,
however, the iodine slope changes which may be due to (i) uncertainty about the
flow delivered by the iodine mass flow controller and (ii) an outgassing of iodine
which is no longer negligible at these low pressures. When the plasma is on (bottom
subfigure), we added xenon and krypton to extend the discussion. Xenon and argon
curves seems to be parallel. For argon, there are almost no difference between the
pressure measured with or without plasma. While the gas temperature increases
when the plasma is on, the exhaust velocity through the grid also increases with
the temperature which prevents the pressure inside the ionization chamber from
increasing significantly. The gap between argon and iodine measurements appears
bigger when the plasma is on. This comes from the molecular nature of iodine. In-
side an iodine plasma, molecules are partially dissociated which has two effects: (i)
it automatically increases the pressure because the number of particles is increased;
(ii) the dissociation processes are known to produce energetic fragments which in-
duces an increase in the gas temperature.
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Figure 2.13: Pressure [mTorr] as a function of the Volume Flow Rate [sccm] mea-
sured within PEGASES ionization chamber with different gases. (a) Plasma OFF.
(b) Plasma ON.

2.3.3.3 Plasma OFF: Conductance and transmission probability

In this section, the plasma is OFF and the problem can be considered isothermal at
temperature T . Let’s consider a particle flow moving from the ionization chamber
(Ch1) to the vacuum chamber (Ch2) (see Figure 2.14). The upstream pressure p1 has
been measured by using a baratron (independent of the gas) and the downstream
pressure p2 has been measured by using a hot cathode transducer from MKS which
is gas dependent. Thus, a correction factor fcorr was experimentally determined and
applied to the measurements (p2 = p2,measured/fcorr). We used fcorr = 1.29 ± 0.05 for
argon and fcorr = 4.54± 0.25 for I2.
At steady state, the net particle flow is

QN =
1
4
n1v1Sopen,neutralsW12 −

1
4
n2v2Sopen,neutralsW21, (2.21)

with Sopen,neutrals = βgrid,neutralsSxy the open area (the grid transparency βgrid,neutrals
is fixed to 16.3 %, as determined by equation (2.1), with an estimated error of ±
10 %) and W12 the transmission probability to go from Ch1 to Ch2 (also called
the Clausing factor). By symmetry of the problem, we set W12 = W21 = W and by
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Figure 2.14: Schematics of the ionization and vacuum chambers separated by a grid
when the plasma is OFF. The particle flow rate of injection is QN . Both chambers
are at the same temperature.

multiplying both sides of the previous equation by kBT , one gets:

QNkBT =
W
4
vSopen,neutrals∆p, (2.22)

with v = v1 = v2 because of the constant temperature. Hence, the conductance reads:

Cplasma OFF =
QNkBT
∆p

=
W
4
vSopen,neutrals. (2.23)

In the top of Figure 2.15, experimental upstream and downstream pressures are
plotted as a function of the argon volume flow rate. In the bottom subfigure, the
theoretical formula given by equation (2.23), with Troom = 293 K, is set equal to
the experimentally measured mean conductance of 70 l.s−1 to find the transmission
probability:

WplasmaOFF,Ar ≈ 0.45 (2.24)

This value of 0.45 is expected, in the molecular flow regime, for a cylindrical aper-
ture whose length equals the diameter (see Figure 4.37 in [126]), and in our con-
figuration, the grid is composed of thousands of holes with length and diameter of
1 mm (aspect ratio of 1).

The same analysis has been done with iodine and is presented in Figure 2.16,
with a temperature of injection set to Tinjection = 315 K. We still assume the prob-
lem to be isothermal. The upstream and downstream pressures are presented in
the top subfigure. The pressure difference between both chambers is slightly big-
ger with iodine than with argon meaning that the transmission probability of the
grid W is expected to be slightly smaller with iodine than with argon. This is con-
firmed by the bottom subfigure where the experimental conductance is compared
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Figure 2.15: Pressure measurements in argon when the plasma is OFF. (a) Upstream
and downstream pressures as a function of the argon flow rate [sccm]. (b) Conduc-
tance as a function of the argon flow rate. The experimental measurements are
indicated by black diamonds. An experimental mean value of 70 l.s−1 is found. The
theoretical formula of equation (2.23) is plotted in blue with W = 0.45, with an er-
rorbar of ± 10 %.

to equation (2.23) with

WplasmaOFF, I2
= 0.4. (2.25)

Several comments needs to be made here. First, the experimental values below
5 sccm need to be excluded from the discussion. In this low flux domain, the rela-
tionship between the flux delivered by the controller and the pressure is no longer
linear as already highlighted in Figure 2.13. Then, for QV ≥ 5 sccm, the agree-
ment between experiments and theory is not as good as observed with argon but
still acceptable. The discrepancy (non constant behavior) might be explained by
the isothermal assumption that might break down when the injected gas is hot-
ter than the room temperature, resulting in a temperature difference between both
chambers. Finally, the smaller transmission probability might be explained by the
contamination of the grid when iodine is injected.



2.3. PHYSICS OF THE ICP DISCHARGE 67

0

5

10

15

20

25

30

P
re

ss
u

re
[m

T
or

r]

Exp. PEGASES (Ch1)

Exp. Bubble (Ch2)

0 10 20 30 40 50

Iodine Flow Rate [sccm]

0

10

20

30

40

50

C
on

d
u

ct
an

ce
[l.

s−
1 ] W × 1

4vI2
Sopen, neutrals ± 10% (TI2

= 315 K, W = 0.4)

Exp. (Mean value = 25.4 l.s−1 for QV > 5 sccm)

Figure 2.16: Pressure measurements in iodine when the plasma is off. (a) Upstream
and downstream pressures as a function of the iodine flow rate [sccm]. (b) Con-
ductance as a function of the iodine flow rate. The experimental measurements are
indicated by black diamonds. The theoretical formula of equation (2.23) is plotted
in blue with W = 0.4, with an errorbar of ± 10 %.

2.3.3.4 Plasma ON: Estimation of the plasma temperature

When the plasma is ON, the former reasoning still holds but the isothermal
assumption breaks down. Each chamber has it own temperature T1 or T2 (see
Figure 2.17). Moreover, the nature of the gas (atomic or molecular) needs to be
taken into account because of dissociation.

Atomic gases

In the case of an atomic gas, equation (2.21) holds but three different temperatures
need to be taken into account: T1, T2 and Tinjection the temperature of injection. The
transmission probalities are once again assumed equals: W12 = W21 = W . One can
write:

QNkBTinjection =
W
4
Sopen,neutrals

(
p1v1

Tinjection

T1
− p2v2

Tinjection

T2

)
, (2.26)
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Ionization chamber (Ch1)

n1, p1, T1

Vacuum chamber (Ch2)

n2, p2, T2

QN

Pumping system

Figure 2.17: Schematics of the ionization and vacuum chambers separated by a grid
when a plasma is ON. The particle flow rate of injection is QN . Temperatures in
each in each chamber are different.

Then, assuming T2 = Tinjection = Troom = 293 K, one gets access to T1:

T1 =
(
p1

p2

)2
T2(

1 + 4QN kBT2
WSopen,neutralsp2v2

)2 (2.27)

In Figure 2.18, T1 is computed, by using the measured upstream and downstream
pressures when an argon plasma was running, and plotted against the volume flow
rate. The transmission probability being unknown, we computed T1 for several val-
ues of W (0.45, 0.6 and 0.75). The value of 0.45, found when the plasma was off, is
ruled out because it conveys T1 values lower than the room temperature, which is
not physical. In comparison with the absorption measurements performed within
PEGASES thruster running on argon and presented in Chapter 4, all the values be-
tween 0.6 and 0.8 are acceptable depending on the discharge power used. It seems
that the plasma increases the transmission probability of the grid, certainly by heat-
ing it up.

Molecular gases

With molecular gases, such as iodine, the situation is more complex and we will not
be able to go further using pressure measurements only. Indeed, as soon as a plasma
is on, a portion of the injected molecules are dissociated and the pressure inside the
thruster can be written as:

p1 = pneutrals = nI2
kBTI2

+nIkBTI, (2.28)

where TI2
and TI are not necessarily equal. Even if they were equal, the dissociation

fraction being unknown, it is impossible to relate nI and nI2
without making strong

assumptions or performing an additional diagnostic.
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Figure 2.18: Estimated temperature inside the thruster when an argon plasma is
running, according to equation (2.27), for 3 different values of the grid transmission
probability.

2.3.4 Wall temperature

Collision and dissociation processes inside a plasma directly induce an increase in
the neutral species temperature. In some operating conditions, the plasma becomes
much hotter than the room temperature. Moreover, when ions cross the sheath, they
acquire a lot of energy that will be transferred to the walls after the collision and
induce an increase in the temperature of the walls. In this section, we character-
ize the temperature of the walls when argon and iodine plasmas are run. Several
thermocouples were taped on the bottom wall of the ionization chamber, along the
thrust axis, to measure the wall temperature.

We start our investigation by recording the temporal evolution of the wall tem-
perature when argon plasmas are run in the quartz prototype (shown in Figure 2.9a)
for several operating conditions. Only one thermocouple was used here and located
at z = 6.5 cm away from the antenna. Results are presented in Figure 2.19. A steady
state is always reached 30 minutes after plasma ignition. The heating character-
istic time (obtained by fitting the profiles by an exponential law) is shown to be
mostly controlled by the absorbed power and independent of the neutral pressure
(approximately 6 minutes at 100 W and 9 minutes at 40 W). With this prototype,
the water-cooling system is not efficient enough and the wall temperature can be-
come very hot because of the poor thermal conductivity of quartz. When the dis-
charge power is increased, more ions are produced and cross the sheaths, increasing
the wall temperature. The effect of pressure is more subtle. For the same absorbed
power, a lower mass flow rate induces a higher wall temperature because decreasing
the pressure makes the electron temperature increase and thus increases the energy
gained by the ions crossing the sheath (the sheath potential drop is proportional to
the electron temperature at the first order). Because of the ozone production issue
already mentioned within the quartz prototype, no temporal evolution measure-
ments were conducted with iodine plasmas running. Still, by approaching the hand
to the quartz prototype when an iodine plasma is run for a few minutes only, the
wall temperature appears much higher with iodine than with argon (for the same
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operating conditions).
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Figure 2.19: Temporal evolution of the wall temperature when argon plasmas are
run in the PEGASES quartz prototype.

In what follows, wall temperature measurements were only conducted when
plasmas were running within the aluminum prototypes (anodized or not), in which
most of the experiments of the thesis were conducted. As previously observed, in-
creasing the discharge power heats the walls (see Figure 2.20). Once again, only
one thermocouple was used here and located at z = 6.5 cm away from the antenna.
Above 200 W of discharge power, with argon and iodine, the wall temperature ex-
ceeds 320K, which is clearly above the room temperature (around 293 K) but well
below the temperature reached with the quartz prototype, confirming the efficiency
of the water-cooling system with aluminum prototypes, which have a much better
thermal conductivity. No net difference is observed between argon and iodine. A
fitting power law is indicated in the figure. However, the effect of pressure on the
wall temperature appeared to be very limited, probably diminished by the cooling
system.

Finally, the influence of the water cooling system location is investigated. In
Figure 2.21, spatial profiles of the wall temperature were recorded over time when
an iodine plasma was ON at 200 W of discharge power with a gas injection flow
rate fixed to 18.8 sccm. Five thermocouples were located along the thruster axis.
Temporal characteristics already observed in Figure 2.19 are retrieved with a steady
state reached after 30 minutes. The sensor located at z = −0.5 cm was measuring the
temperature of the water cooling system which was more than 20 K colder than the
hottest location. Apart from the region near the water cooling system (z < 0.5 cm),
at steady state, the wall temperature is quite homogeneous along the thrust axis and
can be considered constant.



2.3. PHYSICS OF THE ICP DISCHARGE 71

0 50 100 150 200 250 300

Discharge Power [W]

290

300

310

320

330

340

W
al

l
T

em
p

er
at

u
re

[K
]

I2Ar

Twall = 293 + 0.261× P0.91
abs

Figure 2.20: Influence of the discharge power on the walls temperature. Measure-
ments were performed in argon and iodine using a thermocouple located on the
bottom wall of the ionization chamber (made of anodised aluminum) at z = 6.5 cm
from the antenna. A fitting power law is indicated in red.
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Figure 2.21: Spatial profiles of the walls temperature over time. Measurements were
performed when an iodine plasma was run with a fixed mass flow rate of 18.8 sccm
and a discharge power of 200 W inside the anodised aluminum prototype.
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2.4 The iodine cell

In addition to the thruster setup described so far, an other experimental setup has
been used to study iodine plasmas: the iodine cell. The main purpose of this ad-
ditional experimental setup was to develop optical diagnostics for iodine plasmas
in a more favorable environment (higher pressure and better optical access) before
applying them within the thruster. It will be used in Chapter 4 and Chapter 5.

Iodine plasmas are generated using an iodine cell coupled to an RF generator.
The quartz cell, without optical coatings, is sealed under vacuum and contains some
iodine crystals (shown in operation in Figure 2.22). It is a 25 cm long cylinder
(lcell = 0.25 m) with an internal diameter of 3 cm (rcell = 0.015 m). A 12 cm long
and around 1 cm of external diameter "cold finger" is attached to the main cylinder
as a reservoir of solid iodine. Temperature regulation of the finger, as long as it
remains below room temperature, makes it possible to set the pressure inside the
main cylinder. For that purpose, the finger is immersed in a 200 ml beaker, which is
temperature-regulated by a ministat 230 controller from Huber, with heat transfer
improved by a copper coil. The cooling liquid is a mixture of alcohol and water,
which makes it possible to regulate the temperature of the cold point from -10◦C to
20◦C.

Figure 2.22: The 25 cm long and 3 cm in-internal-diameter iodine cell. In this
example, the “cold finger” temperature is set at 2◦C and the cell is excited with an
input power of 20 W.

When no plasma is on, the pressure p0 as a function of temperature Tcold is de-
scribed in the literature by two empirical formulas that lead to similar values (see
equations (1.2) and (1.1)), with a difference that does not exceed 0.1 to 0.8 Pa over
the studied temperature range (see Figure 1.2). In this work, we decided to use the
average value provided by the two vapor-pressure laws. A thermometer is used to
monitor the temperature within the cold beaker and the initial pressure was varied
from 1.5 to 30 Pa (11.25 to 225 mTorr). The initial molecular density nI2,0 is deduced
from the ideal gas law at room temperature:

nI2,0 =
p0

kTroom
(2.29)



2.4. THE IODINE CELL 73

The room used for the iodine cell experiments was air-conditioned with Troom =
293 K leading to nI2,0 values between 3.7× 1020 m−3 and 7.4× 1021 m−3.

When the plasma is on, the pressure is not monitored but is expected to largely
increase because of dissociation and an increase in the gas temperature. If we in-
troduce the dissociation fraction η = 1 − nI2

/nI2,0, the only valid relation when the
plasma is on is:

2× η ×nI2,0 = nI3/2
+nI1/2

, (2.30)

with nI3/2
and nI1/2

the atomic densities introduced in Chapter 1 and where charged
species densities were assumed to be negligible.

Two 35 mm wide copper tape electrodes are placed on the outer surface of the
cell and spaced 15 cm apart. These electrodes are connected through an impedance
matching circuit to a 13.56 MHz RF generator from Sairem. The input and reflected
powers are measured by a Vigilant Monitor probe from Solayl. Once again, the RF
power is the difference between the incident and the reflected powers. Two prob-
lems can appear with this cell used to produce a plasma:

• The power must be limited not to generate a plasma in the "cold finger". In
such conditions, the temperature increases and it is no longer possible to con-
sider the discharge perfectly cylindrical.

• A high plasma power could make the cell opaque, certainly due to etching
on the internal walls. The optical transmission can be partially restored by
heating the cell with a heat gun. However, the initial optical quality, which
deteriorates with the operating time when a plasma is on, has never been fully
recovered.

Note that ozone production was also induced by the cell but it remained toler-
able because the emission lines below 240 nm were weaker than within the quartz
thruster (higher pressure and lower power with the cell).
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3.1 Introduction

This chapter presents the experimental diagnostics developed to measure the den-
sities and temperatures of charged species (electrons and ions) in iodine plasmas
along the main axis of the PEGASES thruster (z-axis).

The Langmuir probe technique is first presented (Section 3.2) and applied to
noble gas plasmas, used for electric propulsion (xenon, krypton and argon), in order
to validate the method.

In a second step (Section 3.3), the photodetachment technique is described in
view of its use to probe negative I− ions.

Section 3.4 compares the Langmuir probe results obtained with iodine and noble
gases, in the regime of interest for electric propulsion (low mass-flow rates and high
power density, 0.5-2.5 mTorr with our experimental setup).

The final section of results (Section 3.5) combines Langmuir probe and laser-
induced detachment measurements obtained in iodine plasmas for operating con-
ditions beyond the interest of space propulsion application alone (large range of
mass-flow rates and high power density, 0.5-15 mTorr with our experimental setup).
The quasi-neutrality assumption (satisfied within the discharge) gives access to the
density of positive species.

The main findings of the chapter are gathered in a summary at the end.
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3.2 Langmuir probe

In this section, the Langmuir probe diagnostics used to measure the electrons prop-
erties is presented. The Druyvesteyn method [127] has been preferred to the com-
monly used Langmuir method [128, 129] because recent works from Godyak [130,
131] evidenced some limits of the later procedure. Accuracy and repeatability of
the measurements are studied to estimate error bars. Finally, an application to no-
ble gases plasmas is presented to validate the method and collect experimental data
to further compare with numerical models.

3.2.1 Probe characteristics and data acquisition

The Langmuir probe design is presented in Figure 3.1a. It consists of two tungsten
wires of 100 µm diameter inserted in a bi-holed 15 cm long ceramic (or quartz) tube
with an external diameter of 1.5 mm. The first wire is used as the Measuring Probe
(MP) and the other wire is used as a Reference Probe (RP). The probes are 3.5 mm
long. The probe is mounted on a movable arm (see Figure 2.2) in order to scan the
axial position in a 10 cm range, from z = 1.5 cm to z = 11.5 cm. The alumina window
located in front of the inductive coil (antenna) is at z = 0 cm (see Figure 3.1b) while
the exhaust grid is located at z = 13 cm.

Data are acquired using the Multifunction Plasma Probe Analyser (MFPA) from
Plasma Sensors®. An example of the software user interface, taken during an ar-
gon measurement, is shown in Figure 3.2. The MFPA takes advantage of the RP
to compensate for plasma potential drifts or fluctuations. The probe is cleaned by
ion bombardment between each scan (a negative bias is imposed to the probe). The
Druyvesteyn method [127] is used to measure f (E), the Electron Energy Probability
Function (thereafter designated EEPF in [eV−3/2m−3]), by double differentiation of
the collected electronic current Ie(V ):

d2Ie
dV 2 =

e2Sp

4

√
2e
mV

F(E) =
e3Sp

2
√

2m
f (E) , (3.1)

where F(E) = E1/2f (E) is the Electron Energy Distribution Function (EEDF in
[eV−1m−3]) and Sp the probe surface. The electron density ne [m−3] and the ef-
fective electron temperature Te = 2

3 ⟨E⟩ [eV] are then obtained by integration of the
distribution over energy:

ne =
∫ +∞

0
E1/2f (E)dE , (3.2)

Te =
2
3
n−1
e

∫ +∞

0
E3/2f (E)dE . (3.3)

Note that the ion current has not been subtracted to the probe current because of
the issues underlined in [131, 132].

Probe signals were corrected using the procedure described by Godyak in [131]
and detailed in subsection 3.2.2.2. The correction modified the results up to +20%
for ne and -15% for Te in the highest pressures in iodine, where very strong spa-
tial gradients have been observed and contamination of the probe is expected to be
the greatest. Contamination of the discharge walls may also lower the conductive
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Figure 3.1: (a) Langmuir probe design and characteristics. (b) Insertion of the Lang-
muir probe inside the ICP chamber. The probe goes through the exhaust grid and
can scan the plasma from z = 1.5 cm to z = 11.5 cm, the axis origin being the alu-
mina plate location. Internal walls and the exhaust grid are grounded.

properties of the surfaces and affects the return current. Finally, the repeatability
of the Langmuir probe measurements has been checked by reproducing the same
plasma conditions with several probes on several experimental campaigns (over
several months), and the error in the measured electron density and temperature
was less than 15% (see subsection 3.2.2.3 for more details). Unless otherwise stated,
error bars will not be plotted in this section.

3.2.2 Accuracy and correction of the LP measurements

3.2.2.1 Electrical issues

Langmuir probe measurements were taken within two different thruster protoypes:
a conductor one and a dielectric one where walls are covered with anodized alu-
minium (see Section 2.2 for the description of different thruster prototypes). In
both cases, the exhaust grid was grounded.
Below 5 mTorr, both with noble gases and iodine, no difference was observed be-
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Figure 3.2: MFPA software user interface during an argon measurement at
2.5 mTorr for a discharge power of 100 W. The current (red curve) and its deriva-
tives (first order in green and second order in white) are plotted in absolute against
the absolute voltage. The EEPF is plotted on the right, with estimated ne and Te in
the top-right corner.

tween measurements in the conductor or dielectric configuration, the discrepancies
lying within the systematic error bars discussed in subsection 3.2.2.3.

However, when pressure was increased, the discrepancies became obvious. In
Figure 3.3, for a pressure of 15 mTorr in an iodine plasma, the electron density pro-
file clearly saturates for z ≤ 5 cm in the dielectric configuration but no saturation is
observed in the conductor case. An analog phenomenon is observed with the elec-
tron temperature. The measurements cannot be considered accurate in this case.
The antenna and the exhaust grid are materialized by vertical black lines (respec-
tively solid and dashed).

Physically, with the dielectric configuration, the only conductive surface of the
thruster is the exhaust grid. When the probe goes away from the grid and comes
closer to the antenna, the plasma resistance that ions undergo to escape the dis-
charge becomes bigger because the electron density decays towards the grid and
the plasma resistance is inversely proportional to ne [119]. In this case, the current
collected by the probe is limited and so does the reachable electron density. The
phenomenon is very important in iodine where the corrosive nature of the molecule
quickly deteriorates the conductive properties of the walls. Note that even with the
conductor configuration, accurate Langmuir probe measurements were impossible
to achieve near the antenna for pressures above 20 mTorr.

3.2.2.2 Correction of the measurements

Theoretically, the EEPF should increase all the way to E = 0. However, the exper-
imental EEPF is always depleted at very low energies and exhibits a maximum at
E > 0. The position of this maximum depends on the plasma noise suppression
and the acquisition rate of the full EEDF. The best measurements should minimize
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Figure 3.3: Langmuir probe measurements in a purely iodine plasma for a discharge
power of 200 W and a pressure of 15 mTorr. The measurements were conducted
within a conductor and a dielectric prototype of PEGASES thruster. A clear satura-
tion is observed with the dielectric configuration. (a) Spatial profiles of the electron
density ne [m−3] along the thrust axis. (b) Spatial profiles of the electron tempera-
ture Te [eV] along the thrust axis.

the energy at which the maximum occurs. The shift towards higher energies can
be greatly increased by the size of the probe and its holder, the circuit resistance,
the probe contamination and plasma potential fluctuations [130]. We will use the
same notation as used by Godyak [131] and note δE , the energy at which the EEPF
maximum is reached.

The first criterion to accurately measure the EEPF is therefore to correctly col-
lect the low energy electrons (electrons with energies below the mean energy ⟨E⟩).
These electrons are the major contributors to the electron density. Distortion in this
part of the EEPF significantly affects the accuracy of ne and Te deduced from the
EEPF. In reference [130] it is stated that the EEPF measurement is acceptable when
δE < Te and of high accuracy when δE ≤ (0.3 − 0.5) Te. In this work, all the iodine
measurements where such that 0.3 ≤ δE /Te ≤ 0.65, the worst case being for iodine
at the highest pressures (see Figure 3.4 where spatial effects on δE /Te appear above
5 mTorr). At the lowest pressures (where the electron temperature is the highest)
and with noble gases, the ratio δE /Te was around 0.2. In order to reach lower values
for this ratio (below 0.1 for instance), it would have been mandatory to design a tele-
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Figure 3.4: δE /Te ratio along the thruster axis in iodine plasmas for pressures from
0.5 mTorr to 15 mTorr and a discharge power of 200 W. The plotted values were
computed before applying the correction process detailed in the present subsection.

scopic Langmuir probe where the probe holder radius is progressively diminished
and much smaller than the one used in this work, as proposed by Godyak [132, 133]
or used by Bredin [123]. Nevertheless, the accuracy of the measurements has been
considered good enough to avoid such a care.

The second criterion for a correct EEPF measurement is to have a large enough
dynamic range (which is the ratio between the EEPF maximum and its minimal
values undistorted by noise [130]). This criterion is mandatory to correctly capture
electrons of high energy responsible for inelastic processes (such as excitation and
ionization). The fastest electrons are also those which escape to the walls because
they overcome the sheath potential. Measurements are considered of high accuracy
when the dynamic range exceeds 103 [130]. In what will be presented next, the
dynamic range has always been found between 2× 102 and 104.

To illustrate the above discussion, two experimental EEPFs are presented (blue
curves) in Figure 3.5. They were both measured in an iodine plasma but for dif-
ferent plasma conditions and at a different location inside the chamber. For the
best quality EEPF of Figure 3.5a, δE /Te ≈ 0.3 while for the worst quality EEPF of
Figure 3.5b, δE /Te ≈ 0.65. The resulting electron density and temperature using
equations (3.2) and (3.3) are given in the legend. By comparison to an extrapolation
explained below, it can be seen that the bad collection of low energy electrons leads
to an underestimation of the electron density and an overestimation of the effective
electron temperature. Obviously, the error is larger in the worst case.

We decided to correct our measurements using the procedure detailed by
Godyak in [131]. However, instead of defining E∗ as the first excitation energy,
we set E∗ = 3Te. This is because it is difficult to evaluate the exact composition of
iodine plasmas which varies both spatially and with the input power and the gas
pressure; the plasma can be either highly dissociated everywhere or partially dis-
sociated near the antenna and entirely molecular near the exhaust grid. As stated
by Godyak [131], when δE is not too large the measured EEPF may be extrapo-
lated from its Maxwellian part to the zero electron energy. This extrapolated EEPF
should be used to obtain the effective electron temperature Te = 2/3⟨E⟩ and the
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Figure 3.5: Electron Energy Probability Function (EEPF) in iodine plasmas (blue
curves). The EEPF, extrapolated at lower energies using the method detailed before,
is drawn in red. δE corresponds to the energy of the measured EEPF maximum and
E∗ is set to 3Te. Two very different EEPFs are presented to highlight the effect of
extrapolation. (a) 0.6 mTorr - 100 W - z = 6.5 cm: Almost no difference between
the measured and the extrapolated EEPF. (b) 10 mTorr - 200 W - z = 11.5 cm: The
extrapolation does affect ne and Te.

electron density. Practically, the linear extrapolation (in log-scale) was done using
experimental data whose energy lies within the interval [1.5 δE ; E∗]. With this pro-
cedure, as seen above, the corrected electron temperature is lower while the plasma
density is larger. In our experiments, distributions are not far from Maxwellian in
the energy range E < E∗ because the electron density is high, which favors electron
thermalisation [130–132].

Unless otherwise stated, the EEPFs obtained in this work have all been corrected
in the low energy range (see Figure 3.5 in dashed-red) and the corrected electron
density and temperature were obtained using equations (3.2) and (3.3) (see the val-
ues given in the legend). We can quantify the correction on ne and Te by introducing
relative errors on both quantities:

∆ne =
ncorrected
e −nmeasured

e

nmeasured
e

, (3.4)

∆Te =
T corrected
e − T measured

e

T measured
e

. (3.5)

The correction will always lead to positive ∆ne and negative ∆Te . In the example
shown in Figure 3.5a, the electron density and temperature are only slighty modi-
fied by the correction with ∆ne ≈ 0.03 and ∆Te ≈ −0.02. The correction in Figure 3.5b
is more significant but still acceptable, with ∆ne ≈ 0.14 and ∆Te ≈ −0.12.

For the entire data set presented in this manuscript, ∆ne varied between ∆min
ne =

2% and ∆max
ne = 20% and

∣∣∣∆Te

∣∣∣ between
∣∣∣∆min

Te

∣∣∣ = 1% and
∣∣∣∆min

Te

∣∣∣ = 15% for iodine.
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With noble gases, where contamination of the walls and the probe was not an issue,
the correction never exceeded 10% (∆max

ne =
∣∣∣∆max

Te

∣∣∣ = 10% and ∆min
ne =

∣∣∣∆min
Te

∣∣∣ = 1%).

3.2.2.3 Repeatability of the measurements

In order to properly estimate the systematic error of the Langmuir probe measure-
ments, we reproduced the same plasma conditions with several probes on different
experimental campaigns, over several months (see Figure 3.6). Note that this error
is due to the plasma behavior itself (walls contamination, discharge fluctuations)
and is completely independent of the previously described correction. The effect of
the different probe sizes has also been removed by correcting the measured electron
density values as follows:

ne,plotted = ne,measured ×
〈
Sprobe

〉
/Sprobe, (3.6)

with
〈
Sprobe

〉
the mean probe section value taken over the full dataset. The pro-

cedure has also been conducted with iodine to give the same results: a systematic
error of ±15% on the electron density and of ±10% on the electron temperature.
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Figure 3.6: Langmuir probe systematic error caracterization. Measurements were
taken in argon, over several months, in the center of the discharge (z = 6.5 cm) for
a pressure of 5 mTorr and a discharge power of 100 W. (a) The electron density
exhibits a systematic error of ± 15%. (b) The electron temperature exhibits a sys-
tematic error of ± 10%.
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To summarize the discussion on accuracy and repeatability of the Langmuir
probe measurements conducted in this work, we gathered the systematic and cor-
rection error bars. Over all the measurements taken within PEGASES thruster using
the MFPA software, if you do not apply the correction procedure, the final values
for ne and Te are given by:

• With noble gases:

ne = ne(MFPA)
+|(1+∆max

ne )×(1.15)−1|
−|(1+∆min

ne )×(0.85)−1| = ne(MFPA)+26.5%
−13.3% (3.7)

Te = Te(MFPA)
+
∣∣∣∣(1+∆min

Te
)×(1.10)−1

∣∣∣∣
−
∣∣∣∣(1+∆max

Te
)×(0.9)−1

∣∣∣∣ = Te(MFPA)+8.9%
−19% (3.8)

• With iodine:

ne = ne(MFPA)
+|(1+∆max

ne )×(1.15)−1|
−|(1+∆min

ne )×(0.85)−1| = ne(MFPA)+38%
−13.3% (3.9)

Te = Te(MFPA)
+
∣∣∣∣(1+∆min

Te
)×(1.10)−1

∣∣∣∣
−
∣∣∣∣(1+∆max

Te
)×(0.9)−1

∣∣∣∣ = Te(MFPA)+8.9%
−23.5% (3.10)

3.2.3 LP benchmark on noble gases

The Langmuir probe diagnostics has been first used on noble gases to validate the
procedure on plasmas much more studied than iodine ones. These first experimen-
tal results are critical to further validate plasma numerical models.

3.2.3.1 Influence of discharge power on the electrons

The goal of this subsection is to retrieve the classical results about the influence of
the discharge power on the electrons in an ICP discharge running with a noble gas
(xenon, krypton or argon).

In Figure 3.7, the effect of the discharge power on the electron density ne and
the electron temperature Te is studied along the thruster axis. Measurements were
taken in xenon plasmas for three different discharge powers (50, 100 and 200 W)
and a constant pressure of 3.5 mTorr. Doubling the discharge power roughly dou-
bles the electron density everywhere in the discharge but has almost no effect on the
electron temperature as already shown by Godyak [133] in the center of argon ICP
discharge. At this pressure, in xenon, the density profiles are not fully symmetric
within the discharge but tend to localize near the antenna. Spatial gradients are
clearly observed with a decrease of Te along the axis.

An increase of the discharge power "Maxwellianize" the EEPF as shown in Fig-
ure 3.8a and explained by Godyak in [133]. Measurements were taken in xenon
plasmas for a fixed pressure of 2.5 mTorr and two extreme discharge powers: 23 W
and 300 W. Physically, a high electron density (produced by a high discharge power)
favours electron-electron collisions that will equalize the distribution temperature
of low and middle energy electron groups. Increasing the discharge also limits the
fall in the inelastic energy range by favouring two-step ionization processes.



3.2. LANGMUIR PROBE 85

0

2

4

6

8

n
e

[ 1
017

m
−

3 ]

a
n
te

n
n

a

e
x
h

a
u

st
g
ri

d

(a)

0 2 4 6 8 10 12

Thruster Axis [cm]

0

1

2

3

4

T
e

[ e
V

]

(b)

a
n
te

n
n

a

e
x
h

a
u

st
g
ri

d

50 W

100 W

200 W

Figure 3.7: Langmuir probe measurements in xenon plasmas for a pressure of
3.5 mTorr and a discharge power of 50, 100 and 200 W. (a) Spatial profiles of the
electron density ne [m−3] along the thrust axis. (b) Spatial profiles of the electron
temperature Te [eV] along the thrust axis.

Finally, the electrons spatial uniformity is addressed in Figure 3.8b. The mea-
surements were taken in an argon discharge for a fixed pressure of 2.5 mTorr and
a fixed discharge power of 100 W on three different locations along the thrust axis:
z = 2 cm near the antenna, z = 6.5 cm in the middle of the discharge and z = 11 cm
near the exhaust grid. The analysis is analog to what Bredin did with the same setup
during his Ph.D. thesis [123]. The EEPF are less Maxwellian when the distance from
the antenna increases, with a significant depletion observed above the first excita-
tion energies. Whatever the position along the thrust axis, low energy electrons are
trapped in the bulk and isothermal (parallel slopes below 10 eV). However, far away
from the antenna, high energy electrons escape more easily to the walls inducing a
decrease of the effective electron temperature (see Figure 3.7(b)). The fall in the in-
elastic range seems to be well limited for z = 2 cm contrary to what is observed for
z = 11 cm: the power deposition is clearly non uniform in the discharge.

3.2.3.2 Influence of pressure on the electrons

The goal of this subsection is to retrieve the classical results about the influence
of pressure on the electrons in an ICP discharge running with a noble gas (xenon,
krypton or argon).
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Figure 3.8: (a) Electron Energy Probability Functions (EEPF) taken in xenon plas-
mas for two discharge powers: 23 and 300W. Measurements were taken at z = 6.5 cm
for a pressure of 2.5 mTorr. (b) Electron energy probability functions (EEPF) taken
in an argon plasma for a pressure of 2.5 mTorr and a discharge power of 100W
at three different location along the thruster axis: z = 2.0 cm, z = 6.5 cm and
z = 11.0 cm.

In Figure 3.9, spatial profiles of ne and Te are plotted for pressures from 0.3 to
3.5 mTorr in xenon plasmas where the discharge power has been fixed to 100 W. At
very low-pressure (0.3-0.5 mTorr), electrons are perfectly isothermal and the den-
sity profile exhibits a typical and symmetrical dome-like shape. However, when
pressure increases, the energy relaxation length [119], that was introduced and dis-
cussed in Chapter 1, becomes shorter and the electrons localize near the antenna.
Spatial gradients also appear in the electron temperature profiles. Overall, the max-
imum plasma density increases with increasing pressure but the values near the ex-
haust grid are close to 5×1016 m−3 whatever the pressure. Classically, the electron
temperature falls with an increase of pressure because of an increasing number of
collisions that will limit the ion losses at the wall for a given density.

The effect of pressure on the EEPF is studied in Figure 3.10. Argon EEPFs were
taken in the middle of the discharge (z = 6.5 cm) for pressures from 0.7 to 13 mTorr
and a discharge power of 100 W. At the lowest pressure (0.7 mTorr), the EEPF ex-
hibits a peak at low energy (below 5 eV), already observed by Godyak, and typical
of ICP discharges at low gas pressure [131, 133]: the EEPF has a three temperatures
profile. When pressure is increased, the peak disappears and the high energy tail is
more and more depleted: profiles tend to Maxwellianize as already observed [131,
133]. The Druveystein profile often observed when pressure or power is increased
is not always physical but may rather be due to a too large probe circuit resistance
whose effect increases with plasma density [133].

Finally, a comparison between noble gases electron properties is presented in
Figure 3.11. The electron densities and the electron temperatures measured in
xenon, krypton and argon plasmas for a discharge power of 100 W are plotted
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Figure 3.9: Langmuir probe measurements in xenon plasmas for a discharge power
of 50 W and pressures from 0.3 to 3.5 mTorr. (a) Spatial profiles of the electron den-
sity ne [m−3] along the thrust axis. (b) Spatial profiles of the electron temperature
Te [eV] along the thrust axis.

against the neutral pressure. Measurements were taken in the center of the dis-
charge (z = 6.5 cm). No correction has been applied to the plotted values but non-
symmetric error bars have been included using equations (3.7) and (3.8) to take all
errors into account (see subsection 3.2.2 for more details).

Previous results are retrieved: the electron density tends to increase with the
pressure while the electron temperature decreases. Moreover, the bigger the atom
the lower is the electron temperature which is expected since the ionization energies
of noble gases satisfy :

Eiz, Xe = 12.1 eV < Eiz, Kr = 14.0 eV < Eiz, Ar = 15.76 eV,

where the numerical values are taken from the NIST website [34]. The former rank-
ing on the ionization energies also explains why xenon allows to achieve higher
plasma densities than the two other noble gases for the same pressure.

3.2.3.3 Derivation of classical plasma physics parameters

Some classical plasma physics parameters can be inferred from the previous
electron density and temperature measurements. Let’s introduce some of them
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Figure 3.10: Electron energy probability functions (EEPF) taken in argon plasmas
for a discharge power of 100W and a pressure from 0.7 mTorr to 13 mTorr. Mea-
surements were taken at z = 6.5 cm.

before studying their values and variations in the discharge.

The electron thermal speed ve is the typical velocity of the thermal motion of
electrons in a plasma. It reads:

ve =

√
kBTe
me

. (3.11)

If the electrons in a plasma are displaced from a uniform background of ions,
electric fields will be built up in such a direction as to restore the neutrality of
the plasma by pulling the electrons back to their original positions. Because of their
inertia, the electrons will overshoot and oscillate around their equilibrium positions
with a characteristic frequency known as the plasma frequency (or electron plasma
frequency) ωpe [129]. This oscillation is so fast that the massive ions do not have
time to respond to the oscillating field and may be considered as fixed. The plasma
frequency reads:

ωpe =

√
nee2

ε0me
. (3.12)

The Debye length λDe is a characteristic distance over which ions and electrons
can be separated in a plasma [129] or over which the electrostatic fields are shown
to be screened [119]. It is a measure of how far into the plasma the potential of
an electrode or probe is observed and is equal to the ratio of the electron thermal



3.2. LANGMUIR PROBE 89

0

1

2

3

4

5

6

n
e

[1
017

m
−

3 ]

Xe

ArKr

(a)

0 2 4 6 8 10 12 14

Neutral pressure [mTorr]

0

2

4

6

8

10

T
e

[e
V

]

Xe

Ar

Kr

(b)

Figure 3.11: Langmuir probe measurements in xenon (Xe), krypton (Kr) and argon
(Ar) plasmas for a fixed discharge power of 100 W. Measurements were taken in
the center of the discharge for z = 6.5 cm. The effect of pressure is studied on the
available range for each gas. The plotted values (diamonds) are directly taken from
the MFPA software and the asymmetric error bars are given by equation (3.7) for
ne and equation (3.8) for Te. (a) The electron density ne [m−3] is plotted against the
neutral pressure [mTorr]. (b) The electron temperature Te [eV] is plotted against the
neutral pressure [mTorr].

velocity divided by the plasma frequency:

λDe =
ve
ωpe

=

√
ε0kBTe
nee2 , (3.13)

where ε0 is the permittivity of free space.

The electron inertial length (or skin depth) δe is a characteristic distance
over which evanescent electromagnetic waves in a non magnetized plasma dimin-
ish [119]. It is equal to the ratio of the speed of light divided by the plasma fre-
quency:

δe =
c

ωpe
=

√
me

µ0nee2 , (3.14)
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where µ0 is the vacuum permeability.

From the previous definitions, one infers:

δe
λDe

=
c
ve
≫ 1, (3.15)

meaning that electromagnetic waves have a much larger range of effect that
electrostatic fields in plasmas.

Then, with noble gases plasmas, only one positive ion species is dominant and
quasineutrality ensures ne = nX+ , with X in {Xe, Kr, Ar}. Thus, previous Langmuir
probe measurements give access to two additional plasma parameters.

The ion plasma frequency ωpi,X (depending on the atomic species X) is the typ-
ical frequency other which ions respond to an oscillating electric field:

ωpi,X =

√
nX+e2

ε0mX
. (3.16)

Note that the X+ ion plasma frequency is (mX/me)1/2 times lower than the electron
plasma frequency.

The Bohm speed uB,X (depending on the atomic species X) is derived from the
Bohm sheath criterion [129]. It says that for the sheath to form, ions must acquire a
velocity greater than the acoustic velocity or sound speed:

uB,X =

√
kBTe
mX

. (3.17)

Note that the Bohm speed for X+ ions is (mX/me)1/2 times lower than the electron
thermal speed.

The former defined plasma parameters are plotted against neutral pressure in
Figure 3.12 for xenon, krypton and argon plasmas. The parameters are derived from
ne and Te measurements presented in Figure 3.11. In Figure 3.13, spatial profiles of
λDe, ωpe, uB and ve are plotted along the thruster axis. Results are derived from
xenon measurements presented in Figure 3.9.

Within our experimental device, the Debye length λDe is always between 20 µm
and 100 µm, decreasing with pressure, the mass of the atom and is minimum where
the electron density is maximum. Such short values explain why it is mandatory
to build Langmuir probe as small as possible (with wire radius below 100 µm and
probe holder radius as small as possible) in order to perform accurate measure-
ments.

The skin depth δe is always between 0.5 cm and 3 cm, decreasing with pressure
and the atom mass. It has been computed using the density value in the middle
of the discharge (z = 6.5 cm), although the skin depth is probably governed by the
electron density value near the antenna.

Bohm and thermal speed values are typical of ICP discharge with respectively
magnitude around 3000 m.s−1 and 106 m.s−1. These values decrease with pressure
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Figure 3.12: Influence of pressure on some plasma physics parameters deduced
from Langmuir probe measurements in argon, krypton and xenon plasmas for a
fixed discharge power of 100 W. Measurements were taken in the center of the
discharge (z = 6.5 cm). (a) Debye length λDe [µm]. (b) Electron inertial length δe
[cm]. (c) Bohm speed uB [m.s−1]. (d) Electron thermal speed ve [m.s−1]. (e) Electron
plasma frequency ωpe [rad.s−1]. (f) Ion plasma frequency ωpi [rad.s−1].

(decreasing electron temperature), spatially constant (because Te is fairly constant)
and higher for a small atom.

Finally, the values for the ion and electron plasma frequency show that we are
operating in the intermediate-frequency domain [119]:

ωRF ≾ωpi≪ωpe, (3.18)

with ωRF ≈ 2.5× 107rad.s−1.
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Figure 3.13: Spatial profiles of some plasma physics parameters deduced from
Langmuir probe measurements in xenon plasmas for a fixed discharge power of
50 W. Measurements were taken along the thrust axis for pressures from 0.3 to
3.5 mTorr. (a) Debye length λDe [µm]. (b) Electron plasma frequency ωpe [rad.s−1].
(c) Bohm speed uB [m.s−1]. (d) Electron thermal speed ve [m.s−1].
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3.3 Laser-induced detachment

In this section, the laser-induced detachment technique, first proposed by Ba-
cal [134], is presented in details. It allows to measure the electronegativity which is
the ratio of the negative ion density over the electron density. Some limitations of
the procedure in our experimental setup are also discussed.

3.3.1 Principle and experimental setup

In our experimental conditions, I− is likely to be the dominant negative ion. It is
produced by dissociative attachement (DEA) on molecules:

I2 + e− −→ I− + I . (3.19)

Note that previous works in much higher pressure iodine discharges [26, 121, 135]
also detected I−3 and I−2 negative ions. The measurement of the electronegativity α,
defined as the ratio of the negative ion density nI− over the electron density ne, is
carried out using the laser-induced detachment technique, developed in hydrogen
plasmas by Bacal in the late 1970’s [134]. The technique is adapted here for iodine
plasmas. The experimental setup and typical signals are shown in Figures 3.14-3.15.

A Nd-YAG ns-laser from Quanta-Ray is tripled to obtain a laser beam at 355 nm
able to photo-detach the electrons from I− (photon energy: hν = 3.49 eV > εA =
3.0590463 eV, the electron affinity [78]), according to the following process:

I− + hν −→ I + e−. (3.20)

The optical setup used is presented in Figure 3.14b. Four mirrors from Opto4U with
a Rmax at 45◦ for wavelengths between 351 and 355 nm were used, and eliminated
residual light at 532 and 1064 nm. The laser energy was modified using a 25.4
mm diameter half-wave plate at 355 nm from Optoprim and a polarizer cube from
Lambda Research Optics (HPB-25-4U-355): in this way, the beam shape was not
modified when the energy was changed, which could occur if the pump prisms
had been handled to modify the laser energy. The laser energy was measured after
passing through the plasma chamber.

The newly created electrons are captured by using a 200 µm diameter and 3 mm-
long tungsten probe (see Figure 3.14a) which is biased above the plasma potential
and located at the center of the laser beam. The probe is inserted inside the plasma
and can move from z = 1 cm to z = 11 cm, along with the laser beam (by using a
movable mirror; see Figure 3.14b). However, due to limited optical access through
the lateral windows, the spatial scan was only done from z = 1 cm to z = 9.7 cm.

By using the electrical circuit shown in Figure 3.15a, the time-varying current
collected by the probe (triggered on the laser pulse) was separated from the DC
current to the probe. The typical time-varying signal is shown in Figure 3.15b.
After the laser pulse, a current pulse (due to photo-detached electrons) is collected
on the probe and lasts a few micro-seconds before the relaxation to equilibrium.
Bacal [134, 136] showed that the electronegativity is equal to the ratio of this current
pulse over the DC current. Given our electrical circuit, we have:

α =
∆jeAC

jeDC

=
47

(47× 50)/(47 + 50)

∆VeAC

VeDC

= 1.94
∆VeAC

VeDC

, (3.21)

where the voltages are measured on an oscilloscope.
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PROBES

Langmuir Probes

PD Probes

Tungstene wires 100 µm diameter

bi-holed ceramic tube : 1.5 mm external diameter
                                     0.25 mm internal diameter
                                     approx. 15 cm long

3.5 mm

3.5 mm
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Figure 3.14: (a) Photodetachment probe design and characteristics. The laser beam
is represented in blue. (b) Optical setup for the laser photodetachment with the
laser beam in red.

3.3.2 Saturation analyses

The photodetachment signal must saturate with both the laser beam energy and the
potential applied to the probe. The theoretical photodetachment fraction is a func-
tion of the photodetachment cross section σ and the laser energy ELaser, according
to

α = α0

(
1− exp

(
−σ
S
ELaser

hν

))
, (3.22)

where α0 is the electronegativity of the probed area (reached at saturation), and S
the laser beam surface [134, 136]. In our experiments, S ≈ 0.25 cm2 (circular laser
beam with a diameter of about 5.6 mm). Saturation with respect to the laser energy
is shown in Figure 3.16a for a fixed position (z = 9 cm) at 0.75 mTorr and 100 W,
and the probe biased at +40 V. The experimental data are fitted using equation
3.22, α0 and σ being the fitting parameters. A photodetachment cross section of 2×
10−17 cm2 is retrieved, in agreement with the measured value for I− at 3.49 eV [137],
which confirms our assumption on the dominant negative ion. However, note that
although the laser wavelength used here was larger than the threshold for I−3 (4.226
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Figure 3.15: (a) Electrical circuit used to separately collect the alternative and the di-
rect current from the photodetachement probe. (b) Typical alternative photodetach-
ment signal obtained for a pressure of 1.5 mTorr and a discharge power of 100 W at
z = 3 cm from the antenna. In this situation, ∆VeAC

= 0.36 V and VeDC
= 5.22 V: the

resulting electronegativity is close to 0.134.

eV threshold [138]), it was short enough to photodetach electrons from I−2 (2.524
eV threshold [79]). Consequently, even if we are confident that I− is the dominant
negative ion, we could not formally exclude the presence of I−3 which would not be
detected by our diagnostic.

The voltage applied to the probe has to be high enough to collect all the photo-
detached electrons. A saturation analysis with respect to the probe bias is presented
in Figure 3.16b. Data were acquired at z = 5 cm for a pressure of 0.65 mTorr and a
discharge power of 50 W. In this case, 35 V was enough to collect more than 95%
of the detached electrons. This voltage is significantly above the plasma potential
and the probe could therefore perturb the plasma. It was checked, by using a float-
ing probe located only a few millimeters away from the measuring probe, that the
floating potential was never significantly affected by this large bias.
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Figure 3.16: (a) Saturation analysis with the laser energy for a fixed bias voltage of
40 V. Experimental data were taken at z = 9 cm for a pressure of 0.75 mTorr and
a discharge power of 100 W. The saturated electronegativity α0 and the photode-
tachement cross section σ are inferred by fitting with equation (3.22). (b) Saturation
analysis with the bias voltage of the probe for a fixed laser energy of 40 mJ. Exper-
imental data were taken at z = 5 cm for a pressure of 0.65 mTorr and a discharge
power of 50 W. The plasma potential φplasma is indicated in red and measured using
the Langmuir probe.

The saturation analyses were done at each operating conditions that are reported
here. While a laser energy of 40 mJ was enough in all conditions, the bias voltage
had to be adjusted when pressure was increased because of the change in plasma
potential and the strong spatial gradients. For instance at pneutrals ≥ 10 mTorr, where
strong spatial gradients of the electron density were evidenced (see Figure 3.26) and
the electron density was greater than 1018 m−3 near the antenna, the bias voltage
had to be increased up to 55 V in order to reach saturation (see Figure 3.17 where
the influence of the probe location and the pressure on the bias voltage is studied).

Finally, photodetachment measurements were repeated several times over sev-
eral days and the observed variations in the electronegativity never exceeded ±10%.

3.3.3 Accuracy and limitations of the technique

In order to verify: (i) the absence of perturbation induced by the biased PD probe
and (ii) the correctness of the PD measurements, we performed some electrical
checks.

Fisrt, it is possible to retrieve classical current-voltage characteristics using the
electrical circuit described in Figure 3.15a. Indeed, one can plot the direct current
extracted from the PD probe jeDC

as a function of the bias voltage φbias. Such a curve,
taken from a 0.75 mTorr - 100 W iodine plasma at the location z = 9 cm, is plotted in
Figure 3.18. The classical Langmuir theory (see [129] for more details) is applicable
to estimate ne and Te. We found: ne = 3(±1.5)× 1017 m−3 and Te = 2.7(±0.5) eV. The
measured MFPA values, for the same conditions, were: ne = 1.63(±0.25)× 1017 m−3

and Te = 3.38(±0.34) eV which validates the method.
Then, instead of using the PD probe described in Figure 3.14a, we inserted the

Langmuir probe described in Figure 3.1a, biased the reference probe (RP) using the
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Figure 3.17: Normalized electronegativity as a function of the bias voltage φbias
[V]. (a) Measurements were taken in an iodine plasma for a pressure of 5 mTorr
and a discharge power of 200 W at two different locations: z = 2 cm near the an-
tenna where the electron density is maximum and z = 9.5 cm near the exhaust grid.
(b) Measurements were taken in an iodine plasma at a fixed location z = 2 cm and
fixed discharge power of 200 W for three different pressures: 1.5, 5 and 10 mTorr.

PD electrical circuit (see Figure 3.15a) and used the very close measuring probe
(RP) to measure the floating potential φf using a voltmeter. If the floating potential
measurements was influenced by the bias voltage, it would prove the PD technique
incorrect.The former procedure was performed in argon and iodine plasmas both
within the dielectric prototype and the fully conductor one. Results obtained in an
iodine plasma for a pressure of 15 mTorr and a discharge power of 160 W are pre-
sented in Figure 3.19. In each case, the bias voltage has taken the following values:
0 V, 10 V, 20 V, 30 V and 40 V. With the conductor walls, the floating potential was
very little influenced by the bias voltage. The discrepancies in the φf measurements
between a non-biased probe and a probe biased to +40 V never exceeded 3 V. How-
ever, with the dielectric walls, the conclusions are different. The floating potential
was strongly modified by the bias voltage and it is the reason why we performed
the photodetachment measurements only inside the thruster with conductor walls.
Physically, once again, the return current hardly flows and the plasma potential
increases everywhere and mostly where the plasma resistance is the largest. The
saturation occurs exactly at the same location as already observed while measuring
the electron density in Figure 3.3. It is also worth noticing that the floating potential
measurements are the same when φbias = 0 V, whatever the walls nature (identical
blue markers in subfigures (a) and (b)).

Independently from the previous measurements, it is possible to use the MFPA
software (see subsection 3.2.1) to measure the difference between the plasma poten-
tial and the floating potential: φplasma −φf. Finally, spatial profiles of the plasma
potential can be reconstructed by summing the two independent voltage measure-
ments: φplasma = φf + (φplasma − φf). Such plasma potential profiles are shown in
Figure 3.20. They were obtained in a 15 mTorr - 160 W iodine plasma both with
dielectric and conductor walls. The bias voltage was set to 40 V. With the dielec-
tric walls, the plasma potential is strictly equal to the bias voltage for z ≤ 6 cm
meaning that it is impossible to collect the newly created electrons after the laser
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Figure 3.18: Current - voltage characteristics (I-V curve) obtained, using the pho-
todetachment electrical circuit (see Figure 3.15a), by collecting the DC current while
increasing the bias voltage of the probe. Measurements were performed in an iodine
plasma, at the location z = 9 cm, for a pressure of 0.75 mTorr and a discharge power
of 100 W.

shoot. In this case, because the ionic return current is limited, the plasma potential
has to follow the bias voltage and the photodetachment technique cannot be ap-
plied: it is impossible to bias the probe above the plasma potential. Nevertheless,
with the conductor walls, the plasma potential stays well below the bias voltage
and the photodetachment diagnostics is applicable. Note, however, that when one
experiments for a long time in iodine, the walls are polluted and their conductive
properties deteriorate. In such conditions, the electrostatic diagnostics might give
erroneous results even if the walls were perfectly conductor at the beginning of the
experiments.
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Figure 3.19: Spatial profiles of the floating potential φf for various bias voltage in an
iodine plasma. The pressure is fixed at 15 mTorr and the discharge power at 160 W.
(a) Conductor walls. (b) Dielectric walls.
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Figure 3.20: Reconstructed plasma potential spatial profiles along the thrust axis in
a 15 mTorr - 160 W iodine plasma both for conductor and dielectric walls. The bias
voltage is set to 40 V.
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3.4 Iodine versus noble gases for electric propulsion
applications

In this section, iodine and noble gases plasma properties are compared in typical
operating conditions of electric propulsion (pressure below 3 mTorr and discharge
power of 100 W). Figure 3.21 shows the spatial variations of electron density and
electron temperature in iodine, xenon and krypton plasmas at 0.5 mTorr and a dis-
charge power of 100 W. For the three gases, the well-known features of very low-
pressure ICP discharges are retrieved: electrons are isothermal because of highly
non-local electron kinetics and the electron density profiles have a quite flat dome-
like shape [58]. It has also been found that doubling the discharge power roughly
doubles the electron density, and only weakly affects the electron temperature.
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Figure 3.21: Langmuir probe measurements in iodine, xenon and krypton plasmas
for a pressure of 0.5 mTorr and a discharge power of 100 W. (a) Spatial profiles of
the electron density ne [m−3] along the thrust axis. (b) Spatial profiles of the electron
temperature Te [eV] along the thrust axis.

As it can be seen, the electron density in iodine and xenon are very close with
a maximum around 1.5 × 1017 m−3. We note, however, that the density maxima
are not located at the same position, with a slight localisation near the antenna in
iodine (that will be observed more clearly at higher pressures). This observation
suggests that the energy relaxation length [119], is shorter in iodine, which could
be explained by the additional energy loss channels in a molecular plasma. The
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Figure 3.22: Measured EEPF at z = 6.5 cm during Langmuir probe measurements
in iodine, xenon and krypton plasmas for a pressure of 0.5 mTorr and a discharge
power of 100 W.

electron temperature is lower in iodine than in xenon which is expected since the
ionization energy of atomic and diatomic iodine (εiz, I = 10.45 eV, εiz, I2

= 9.31 eV)
are lower than that for xenon (εiz,Xe = 12.1 eV). Krypton electron density values are
at least twice lower than in xenon and iodine. This confirms that krypton is not
as efficient as xenon and/or iodine to achieve large plasma densities. The higher
ionization energy of krypton (εiz,Kr = 14.0 eV) explains this lower efficiency, as well
as the higher electron temperature of 6.5 eV. The ionization energies are taken from
the NIST website [34].

The EEPF recorded at z = 6.5 cm are shown in Figure 3.22. They are mostly
Maxwellian at low energies and a significant depletion is seen well above the first ex-
citation energies. As already reported in argon discharges [133], this is because the
major electron energy loss mechanism in the low-pressure (free fall) regime comes
from fast electrons escaping to the wall. The depletion in iodine arises at lower en-
ergy than with noble gases, both because the sheath potential is lower (because Te is
lower), and because the excitation energies are lower. Note that the EEPF in krypton
also exhibits a peak at low energy, already observed in argon, and typical in ICP at
low gas pressure [131, 133].

To summarize, at low pressure (0.5 mTorr) and sufficiently high discharge power,
iodine plasmas appear as efficient as xenon to achieve high density plasmas. In these
conditions, the iodine plasma is turquoise (see Figure 2.9b) and is probably highly
dissociated (nI2

≪ nI). A significant fraction of molecules would lead to a strong
emission in the range 500-600 nm (yellow color, see Figure 1.1a). The dominant
species are expected to be I+, e− and I. Since negative ions are produced by dissocia-
tive attachment, the negative ion density is expected to be low.

We now examine the results shown in Figure 3.23, obtained for the same dis-
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charge power of 100 W, but at the higher pressure of 2.5 mTorr. As before, the
electron density and the electron temperature are plotted versus the distance from
the antenna. The EEPF measured at z = 6.5 cm are shown in Figure 3.24. For these
plasma conditions, we add argon measurements to extend the comparison to addi-
tional alternative propellants.
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Figure 3.23: Langmuir probe measurements in iodine, xenon, krypton and argon
plasmas for a pressure of 2.5 mTorr and a discharge power of 100 W. (a) Spatial
profiles of the electron density ne [m−3] along the thrust axis. (b) Spatial profiles of
the electron temperature Te [eV] along the thrust axis.

Iodine and xenon electron density profiles are now significantly different. Near
the antenna, the electron density is about 2.5×1017 m−3 and the temperature about
3 eV in both gases. However, in the case of iodine, the density is maximal near
the antenna and falls off quickly, down to 0.5 × 1017 m−3 at z = 11.5 cm. On the
contrary, the electron density profile in xenon still exhibits a dome-like shape, but
with a maximum closer to the antenna at z = 5 cm (where ne ≈ 3 × 1017 m−3). The
density near the exhaust grid is three times higher than in iodine. The electron
temperature is almost constant in xenon, around 3 eV, while in iodine it decays as
the distance from the antenna increases. Overall, these results are consistent with
the conclusion drawn before; the energy relaxation length must be shorter in iodine,
leading to stronger localisation of the discharge where the RF power is deposited,
i.e. in the skin depth close to the antenna. The results in krypton and argon are
quite similar to that in xenon but with lower electron densities and higher electron
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Figure 3.24: Measured EEPF at z = 6.5 cm during Langmuir probe measurements
in iodine, xenon, krypton and argon plasmas for a pressure of 2.5 mTorr and a
discharge power of 100 W.

temperature, in agreement with the higher ionization potential of these noble gases
(Eiz, Ar = 15.76 eV [34]). The EEPFs are shown in Figure 3.24. The conclusions drawn
at 0.5 mTorr stay true but the low energy peak is less pronounced in krypton.

To summarize this comparison between iodine and noble gases and draw con-
clusions on the relative efficiency for electric propulsion applications, the electron
density measured in the center of the discharge (z = 6.5 cm) is plotted as a function
of the discharge power in Figure 3.25 for two pressures: 0.6 mTorr and 2.5 mTorr.
Efficiency of a plasma thruster may be defined in different ways. A way to evaluate
this is to calculate the thrust-to-power ratio, usually defined in the rocket engineer
community has the thrust in mN, divided by the power in kW. In a Gridded-Ion-
Thruster, the thrust is proportional to the ion flux, and therefore to the plasma den-
sity. The power is the sum of the thrust power and the power absorbed to generate
the plasma. It becomes then clear that to maximize the thrust-to-power ratio, ones
needs to reach the highest plasma density for the smallest power required to gener-
ate the plasma. Langmuir probe measurements indeed evaluate the plasma density
for a given absorbed power.

In light of the above, one could state the following: (i) at low pressure (and
therefore mass flow rates) and for a sufficient input power, iodine appears to be the
most efficient propellant, (ii) as soon as the pressure (and/or the mass flow rate)
increases, xenon appears more suitable. This could be expected and comes from the
electronegative and molecular nature of iodine. (iii) Because of a high ionization
energy and a lower mass, argon is not competitive. Krypton is less efficient than
xenon, but it could be a good compromise at large mass flow rates since it is less
expensive than xenon.
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Figure 3.25: Electron density ne [m−3] versus discharge power [W] in PEGASES
thruster operating with iodine, xenon, krypton or argon. Measurements were taken
at z = 6.5 cm using a Langmuir probe. (a) 0.6 mTorr. (b) 2.5 mTorr.
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3.5 Charged particles measurements in iodine plas-
mas

3.5.1 Electrons characterization

3.5.1.1 Density and temperature measurements

Iodine plasmas have been investigated in a larger parameter space, than what has
been presented so far, in order to better capture the transition to higher pressure
regimes, and construct a large data base for future comparisons with numerical sim-
ulations. Langmuir probe measurements have been performed at fixed discharge
power (200 W) and the pressure was varied from 0.5 mTorr to 15 mTorr. Results are
shown in Figure 3.26.
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Figure 3.26: Langmuir probe measurements in a purely iodine plasma for a dis-
charge power of 200 W and pressures from 0.5 mTorr to 15 mTorr. (a) Spatial pro-
files of the electron density ne [m−3] along the thrust axis. (b) Spatial profiles of the
electron temperature Te [eV] along the thrust axis.

The density peaks near the antenna as the pressure increases. At 15 mTorr, the
electron density reaches up to 1.5 × 1018 m−3 at z = 1.5 cm, and then strongly de-
creases down to 4 × 1016 m−3 at z = 11.5 cm. The plasma is almost stratified. In
the antenna region, the electron density increases with pressure, while in the ex-
traction region, typically for z > 6 cm, the electron density decreases with pressure.
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Figure 3.27: Langmuir probe measurements in a purely iodine plasma for a dis-
charge power of 200 W and pressures from 0.5 mTorr to 15 mTorr. Measured EEPFs
at: (a) z = 1.5 cm, (b) z = 6.5 cm, (c) z = 11.5 cm.

Increasing the pressure also introduces significant gradients in the electron temper-
ature. At 0.5 mTorr, the temperature drops by only 0.2 eV, with a mean of 4.5 eV.
At 15 mTorr, the temperature drop is nearly 1.2 eV for a mean temperature of 2 eV.
For completeness, the EEPFs are plotted in Figures 3.27a, 3.27b and 3.27c for three
different locations (z = 1.5 cm, z = 6.5 cm and z = 11.5 cm). The electron cooling
and density gradients are clearly seen, without drastic change in the distribution
shapes.

Finally, it is interesting to underline some key characteristics of the experimental
results in iodine for the comparison with models in Chapters 5 and 6. At very low
pressure (≤ 1 mTorr), the electron temperature is uniform and the electron density
gradients are modest. This regime is particularly adapted for global modeling. For
low-intermediate pressures (1 mTorr ≤ pplasma ≤ 3 mTorr), gradients become non
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negligible and global modeling is expected to partially fail. For higher pressures
(> 3 mTorr), gradients are too stiff and global modeling will not be appropriate but
fluid modeling or PIC simulations will. Results for pplasma ≥ 3 mTorr show that the
localized power deposition (in the skin depth) produces a stratified plasma. The
very high electron density near the antenna suggests that iodine is fully dissociated
near the antenna and only partially dissociated in the extraction region.

3.5.1.2 Plasma physics parameters with iodine

The study of plasma physics parameters, defined and presented for noble gases in
section 3.2.3.3, is extended to iodine. The Debye length λDe, the plasma frequency
ωpe and the electron thermal speed ve are plotted along the thruster axis using the
electron density and temperature values presented in Figure 3.26 and obtained in
iodine plasmas for a discharge power of 200 W. Because performed for a higher dis-
charge power, the Debye length appears shorter for iodine than what was presented
for noble gases. However, the order of magnitude is the same: a few tens of microns.
At 15 mTorr, near the antenna, the value is only of 10 µm.

Then, the calculated skin depth is around 1 cm for any pressure between 0.5 and
15 mTorr. Thus, since the power is deposited in a comparable way whatever the
pressure, the strong localisation near the antenna with pressure only results from
the fact that the relaxation length of the energy becomes shorter as the pressure
increases (the length is inversely proportional to the gas density, see equation (1.42)
or [119]).

Next, the plasma frequency and electron thermal speed follow respectively the
electron density and electron temperature profiles because of their definition (see
subsection 3.2.3.3). The values are typical of ICP discharge and appear bigger than
with noble gases (higher electron density and electron temperature).

Finally, note that the Bohm speed and the ion plasma frequency have not been
plotted because the positive ions composition of our iodine plasmas (both I+ and I+

2
are present) is not known at this point.

3.5.2 Negative ions characterization

3.5.2.1 Electronegativity measurements

Electronegativity spatial profiles are shown in Figure 3.29. Measurements were
taken for five different pressures from 0.5 to 15 mTorr and a discharge power of
200 W. At 0.5 mTorr, the electronegativity is very low with a maximum of 0.02 at
z = 5.5 cm. The profile presents a dome-like shape, although it is hardly seen in the
log-scale used in Figure 3.29. In these conditions (large power, very low pressure)
the plasma is fully dissociated and the negative ion production by dissociative at-
tachement is very weak (almost no molecules). The plasma is composed mainly of
iodine atoms, and is electropositive, which explains that in this case iodine behaves
pretty much like xenon (as observed in the previous subsection).

When the pressure is increased, strong gradients appear and the electronega-
tivity profiles always present a minimum in the antenna region. The localization
increases as the pressure increases. The electronegativity close to the antenna is
only a few percents but reaches almost α = 3 at 15 mTorr for z = 9.5 cm. The spatial
variation of the electronegativity does not follow that of electrons, and of the plasma
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Figure 3.28: Spatial profiles of some plasma physics parameters deduced from
Langmuir probe measurements in iodine plasmas for a fixed discharge power of
200 W. Measurements were taken along the thrust axis for pressures from 0.5 to
15 mTorr. (a) Debye length λDe [µm]. (b) Electron thermal speed ve [m.s−1]. (c) Elec-
tron plasma frequency ωpe [rad.s−1].

potential (see previous subsection). The negative ions therefore seem far from Boltz-
mann equilibrium; i.e. they remain where they are created (by dissociative attach-
ment of I2) and do not follow the plasma potential profile (see subsection 3.5.2.2).
This feature can be explained by a local balance between loss and creation processes
of negative ions. Near the antenna, I− are expected to be lost by ion recombination
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Figure 3.29: Spatial profiles of the electronegativity α for five different pressures
from 0.5 to 15 mTorr and a fixed discharge power of 200 W.

with positive ions I+ or by electron impact detachment. If we consider a recombi-
nation rate coefficient of about 5 × 10−14 m3.s−1, with ne ≈ nI+ ≈ 1018 m−3 near the
antenna, we get a loss frequency of 50 kHz. Assuming that negative ions drift at an
average velocity of 1000 m.s−1, one gets a mean travelling distance of 2 cm, that is
much shorter than the plasma size, which confirms the local balance assumption.

The influence of discharge power on the electronegativity is studied in Fig-
ure 3.30. The measurements are conducted at a constant pressure of 5 mTorr but for
two different discharge powers: 120 W and 200 W. The spatial profiles are presented
in subfigure (a). As expected, when the discharge power increases, the electronega-
tivity decreases (the electrons density increases and the I2 molecules are more dis-
sociated). This is observed at every position. However, subfigure (b) shows that
the electronegativity ratio (red diamonds) is strongly non-uniform while the elec-
tron density ratio (green stars) is almost independent of space. The negative ion
density profile is obtained by multiplying the measured electronegativity and elec-
tron density profiles. It turns out that increasing the discharge power by a factor
of 5/3 decreases the negative ion density by a factor of 4 at z = 3 cm, near the an-
tenna, but it barely affects the negative ion density near the exhaust grid. (see (c) in
Figure 3.30). This result strengthens the hypothesis of non-local power deposition,
leading to highly non-uniform dissociation processes.

To summarize the general idea: at higher pressure the dissociation is higher
near the antenna, where the power deposition is localized, leading to very small
electronegativity because negative ions are not efficiently produced via dissociative
attachment and efficiently destroyed by recombination or electron detachment (be-
cause the plasma density is high). Inversely, away from the antenna, the power
deposition is negligible, the electron density and temperature are low, and conse-
quently the dissociation is small. This leads to high electronegativity because disso-
ciative attachment becomes very efficient and negative ions destruction inefficient
due to lower plasma density.



110 CHAPTER 3. CHARGED-PARTICLES MEASUREMENTS

0.00

0.25

0.50

0.75

1.00

1.25

1.50

E
le

ct
ro

n
eg

at
iv

it
y
α

200 W

120 Wa
n
te

n
n

a

e
x
h

a
u

st
g
ri

d

(a)

0

2

4

6

8

10

12

α
ra

ti
o

α(120W)
α(200W)

a
n
te

n
n

a

e
x
h

a
u

st
g
ri

d

(b)

0 2 4 6 8 10 12

Thruster Axis [cm]

0.0

0.2

0.4

0.6

0.8

n
I−

[1
017

m
−

3 ]

(c)

200 W

120 W

a
n
te

n
n

a

e
x
h

a
u

st
g
ri

d
0

0.5

1.0

1.5

2.0

2.5

3.0

n
e

ra
ti

o

ne(200W)
ne(120W)

Figure 3.30: (a) Electronegativity spatial profiles along the thruster axis for a pres-
sure of 5 mTorr and two different discharge powers: 120 W and 200 W. (b) Ratios of
the electronegativity and electron density profiles at 5 mTorr and for two different
discharge powers: 120 W and 200 W. Note that the discharge power values have
been exchanged between α ratio and ne ratio. (c) I− density spatial profiles for two
different discharge powers: 120 W and 200 W.

3.5.2.2 Boltzmann Violation

Negative ions are often considered to be in Boltzmann equilibrium in low-pressure
electronegative discharges. When collisions and inertial terms are neglected, the
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momentum equations for electrons and negative ions read:

∇(neeTe) = −eneE, (3.23)
∇(nI−eTI−) = −enI−E, (3.24)

where temperatures are expressed in volts. In 1D and with the isothermal approxi-
mation, the system of equations becomes:

dφ
Te

=
dne
ne

, (3.25)

dφ
TI−

=
dnI−

nI−
. (3.26)

when the electric field is derived from a potential φ. Introducing the temperature
ratio γ = Te/TI− , the previous equations become:

γ
dne
ne

=
dnI−

nI−
. (3.27)

Finally, spatial integration gives the electronegativity as a function of the electron
density:

α(z) = α0
(
ne(z)

n0
e

)γ−1

, (3.28)

where n0
e and α0 are integration constants at z = z0.

The previous formula, computed using the electron density measurements, is com-
pared to electronegativity measurements at 0.5 mTorr and 15 mTorr for different
values of γ (see Figure 3.31). We chose z0 = 1.5 cm at 0.5 mTorr and z0 = 2 cm at
15 mTorr.

At very low pressure (subfigure (a)), there is a good agreement between the Boltz-
mann equilibrium approximation and the actual measurements when γ = 3. This
low value of γ requires that atoms and ions produced from molecular dissociation
are very energetic, resulting in temperatures around or above the electron-volt. This
seems quite extreme but confirmed by negative ions thermal speed measurements
presented in subsection 3.5.2.3. It is possible that the probe used to collected the
electron photo-detached current slightly perturbs the potential. However, negative
ions are probably near Boltzmann equilibrium and confined in high plasma poten-
tial regions.

However, at 15 mTorr (subfigure (b)), negative ions are clearly not in Boltzmann
equilibrium. Whatever the value of γ , the discrepancy between the measured elec-
tronegativity and the Boltzmann equilibrium theory exceeds two orders of magni-
tude near the exhaust grid even if Te = TI− . This indicates that negative ions are
destroyed by volume processes faster than they can drift in the electric field.

3.5.2.3 Ions thermal speed characterization

As first proposed by Devynck et al. [139], the laser-induced detachment technique
gives access to an estimation of the negative ion velocity. Indeed, the PD signal,
shown in Figure 3.32, exhibits a plateau region where the absolute collected electron
current is constant and maximum before starting decreasing. The time for which
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Figure 3.31: Electronegativity α measured and calculated using Boltzmann equilib-
rium theory for a discharge power of 200W. In the model, γ is the temperature ratio
Te/TI− . (a) 0.5 mTorr. (b) 15 mTorr.

the signal starts decreasing coincide with the arrival of the fastest negative ions in
the probe collection zone where they will progressively replace the photodetached
electrons (τI−, fast on Figure 3.32). Then, more and more negative ions are coming
back to the collection zone and the signal becomes null before its sign changes for
t = τI− , considered as the mean travel time. Finally, the signal reaches steady state
when the slowest negative ions are back at time τI−,slow.

The previously defined characteristic times give an estimation of three char-
acteristic velocities for I− ions because the travel distance is known, fixed at
RPD,beam − rPD,probe ≈ 2.7 mm :

vI−, fast =
RPD,beam − rPD,probe

τI−, fast
, (3.29)

vI− =
RPD,beam − rPD,probe

τI−
, (3.30)

vI−,slow =
RPD,beam − rPD,probe

τI−,slow
. (3.31)

vI−, fast is the fastest velocity reached by I− ions while vI−,slow is the slowest. vI− can
be considered as the drift velocity [140]. Finally, three estimated temperatures are
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Figure 3.32: Photodetachment signal obtained for a pressure of 1.5 mTorr and a
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derived:

TI−, fast =
π
8
mI

e
v2

I−, fast, (3.32)

T I− =
π
8
mI

e
v2

I− , (3.33)

TI−,slow =
π
8
mI

e
v2

I−,slow. (3.34)

The previously defined times, velocities and temperatures are calculated for the PD
signal shown in Figure 3.32 and gathered in Table 3.1.

Table 3.1: Characteristic times, velocities and temperatures of I− ions evaluated in a
1.5 mTorr - 100 W iodine plasma at z = 3 cm away from the antenna.

Fast Intermediate Slow

Time [µs] 0.8 1.9 6.1
Velocity [m.s−1] 3.4 ×103 1.5 ×103 4.6 ×102

Temperature [eV] 6.0 1.1 0.1

In the plasma conditions studied, the electron temperature was about 3.6 eV
which indicates that negative ions are three times less hot than the electrons but
much hotter than the surrounding neutral species. This may be due to the energy
gain during the dissociative attachment process, which produces hot fragments
because of the high electron affinity of iodine.

The effect of pressure on the I− motion is studied in Figure 3.33. The drift veloc-
ity vI− is plotted against the neutral pressure in subfigure (a). The velocity decreases
with pressure meaning that collisions play a role on the I− velocity (as evidenced for
H− ions by Devynck in [139]). The Bohm speeds (or ion accoustic velocities) for I+

and I+
2 ions are also plotted and it turns out that vI− is of the same order of mag-

nitude and always situated between both values. With an increasing pressure, it
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seems that the negative ion mean speed gets closer to the I+
2 Bohm speed which

is thought to be the dominant positive species at high pressure far away from the
antenna (z = 9.5 cm). Such a behavior was also observed in [136, 140], where the
H− mean speed was very close to the H+

3 Bohm speed, with H+
3 being the dominant

positive species. The negative ion temperature is plotted in subfigure (b), it is al-
ways between 3 or 5 times smaller than the electron temperature and exhibits the
same behavior against pressure. This value of the temperatures ratio is very close
to the one giving the best agreement between Boltzmann equilibrium theory and
experiments at low pressure in Figure 3.31.
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Figure 3.33: Influence of neutral pressure on negative ions motion properties. Mea-
surements where taken in iodine plasmas for a fixed discharge power of 200 W at
z = 9.5 cm. The error bars are ± 10%. (a) The mean velocity vI− is plotted as a
function of the neutral pressure. Bohm speed are also plotted for I+ and I+

2 ions us-
ing measured electron temperatures. (b) The mean temperature T I− is plotted as a
function of the neutral pressure. Electron temperatures are also plotted in the same
graph.

The effect of discharge power has also been investigated but no net influence on
the negative ion velocity was found. Concerning the effect of the probe location, the
negative ion mean temperature follows approximatively the electron temperature
spatial variations (see Figure 3.26), staying always in the range [1

5Te;
1
3Te].
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3.5.3 Synthesis on charged particle densities

The negative ion density nI− is derived from the measured electronegativity α and
electron density ne. Then, assuming quasineutrality, one gets the positive density
n+ by adding the electron density and the negative ion density. Here n+ accounts
for all the possible positive ions present in the iodine plasma. Figure 3.34 shows the
charged species density profiles on the same graph at 0.5 mTorr and 15 mTorr for a
discharge power of 200 W while Figure 3.35 shows the charged species density pro-
files (ne, nI− ,n+) on separate graphs with the same vertical axis for pressure between
0.5 mTorr and 15 mTorr.
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Figure 3.34: Electron density ne, negative ion I− density nI− and positive density n+
spatial profiles for a discharge power of 200 W. (a) 0.5 mTorr. (b) 15 mTorr.

At the lowest pressure of 0.5 mTorr, it is almost impossible to distinguish be-
tween ne and n+, i.e. the negative ion density is negligible. The dominant positive
ion species is likely to be I+, which would explain the similarity between iodine and
xenon plasmas for these operating conditions (high power, low pressure). Given the
rather low electron temperatures measured in this discharge, no doubly-charged
ions are expected to be found. The situation is different at 15 mTorr. Near the
antenna (and up to z = 3 cm), the negative ion density is negligible and ne ≈ n+.
However, while the electron density strongly decays away from the antenna, I− ions
gradually become the dominant negative species, with a density maximum around
z = 8 cm, where α > 2. The resulting positive ion density profile decays less abruptly
than the electron density profile, which partially explains the observed difference
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with the xenon plasma case. In this higher pressure case, it is difficult to infer what
would be the dominant positive ion. Both I+ and I+

2 are likely to be present, with
different spatial density profiles. However, the very low electronegativity measured
close to the antenna suggests a strongly dissociated plasma and thus that I+ prevails
over I+

2 in this region. In between these two extreme pressures, the transition is
smooth and negative ions start to play a significant role for pressures above 5 mTorr
only.
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Figure 3.35: Charged species density spatial profiles in iodine plasmas generated
for pressures from 0.5 to 15 mTorr with a discharge power of 200 W. (a) Electron
density ne. (b) I− negative ion density nI− . (c) Positive ions density n+ = ne +nI− .
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3.6 Chapter digest

In this chapter, charged-particles densities have been measured in low-
pressure iodine plasmas used for electric propulsion in the space industry.
Measurements were performed by using Langmuir probe and laser-induced
detachment techniques. Measurements were also carried out in xenon, kryp-
ton and argon, three noble gases either routinely used (xenon and krypton)
or considered as an alternative (argon) in electric propulsion. The main con-
clusions of this first investigation is that iodine is as good, if not better than,
xenon at low gas flow rates, i.e. at low gas pressures. This is because although
iodine is a molecular gas, molecules are easily dissociated and at the lowest
pressure the plasma is probably fully dissociated. The ionization potential of
iodine atoms is lower than that of xenon atoms, consequently the energy cost
for an electron–ion pair creation is lower in iodine than in xenon despite the
dissociation energy cost.
However, as pressure increases, the situation quickly reverses and iodine loses
its advantage. In our experiments, where the distance between the antenna
generating the plasma and the extracting grids is large, we found that the
high density plasma localizes near the antenna when the pressure increases,
and this effect is much more pronounced in iodine. This demonstrates that
the electron energy relaxation length becomes shorter in iodine, due to its
molecular nature. The ionization (or mass) efficiency becomes lower than that
of xenon at higher pressures. The phenomenon is further enhanced by the
electronegative nature of iodine. As the plasma transports away from the
antenna, electrons cool down, the dissociation degree decreases, and conse-
quently the dissociative electron attachment rate responsible for negative ion
generation drastically increases. As a consequence, it was found that the neg-
ative ion density is larger than the electron density in the extraction region for
pressures above 5 mTorr (note that these experiments are performed without
magnetic filter).
These results have been published in reference [1] and presented in several
international conferences (see Related publications in page xiii).
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4.1 Introduction

This chapter presents the optical diagnostics developed to probe neutral species
(atoms and molecules) in low-pressure iodine plasmas.

Section 4.2 describes the absorption and laser-induced fluorescence (LIF) tech-
niques and their application within the PEGASES thruster, on excited atomic
species only, to obtain temperature profiles along the thrust axis, with argon and
iodine.

Although measurements on excited states are useful for temperature measure-
ments, the population of these states is negligible compared to that of the ground
state (typically their density is three orders of magnitude lower) and no information
about the density of the ground state can be obtained by probing them. Besides, the
temperature of those excited states is often different from the ground state temper-
ature (depending on their lifetime and their creation process). More sophisticated
techniques are required to probe the ground state of a species. In Section 4.3, three
laser diagnostics are developed, refined and applied to the iodine cell where the op-
erating pressures provide strong optical signals and good confidence in the results.
Firstly, the rate of molecular dissociation is obtained using a laser absorption di-
agnostic at 488 nm. Secondly, the TALIF technique (Two-photon Absorption Laser
Induced Fluorescence) was developed during this thesis and is applied to obtain lo-
cal absolute temperature and relative density measurements for the atoms. Finally,
laser absorption at 1315 nm (developed by Marmuse [22]) is used to measure the
population difference between the first two atomic states (the ground state I(2Po

3/2)
and the first excited state I(2Po

1/2)). These latter measurements, coupled with dis-
sociation rate measurements, provide an absolute value of the density of the two
probed atomic levels.

Finally, Section 4.4 is an application to the PEGASES thruster of the three laser
diagnostics developed on the iodine cell. Difficulties related to low pressures had to
be overcome but essential information regarding the spatial distribution of neutral
species is obtained.

The main findings of the chapter are gathered in a summary at the end.
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4.2 Diagnostics of excited species

One of the difficulties encountered when developing optical diagnostics for the
study of plasmas is that the first excited levels (excluding peculiarities and exotic
levels) are generally of very high energy (above 6.77 eV in the case of iodine and
11.54 eV for argon) and difficult to access or even inaccessible from the ground
state by basic techniques such as absorption or Laser Induced Fluorescence (LIF).
Absolute measurement of the ground state density is sometimes impossible using
only these two diagnostics. The only solution is to develop more sophisticated tech-
niques such as Two-Photon Absorption Laser Induced Fluorescence (TALIF), which
gives access to transitions in the UV. Another solution, if one is only interested in
the absolute measurement of the ground state temperature, is to probe directly the
transitions between excited states (shorter in energy and therefore in the visible or
near-IR), preferably metastable, and to deduce properties of the ground level by
making more or less strong assumptions.

In this first section, the focus is on diagnostics, developed for both argon and
iodine, to measure excited state temperatures and population differences using ab-
sorption and LIF techniques.

4.2.1 Absorption spectroscopy and LIF diagnostics

The absorption and LIF techniques are described in this first subsection using ar-
gon as an example. Argon has its isotope 40 much more abundant than the others
(>99 %), so it will be considered that argon has no other isotopes. In addition, the
nuclear spin number of argon is 0, so no hyperfine structure needs to be taken into
account.

4.2.1.1 Absorption spectroscopy

Absorption spectroscopy is a powerful tool for measuring the temperature of the
species, as well as their population difference, involved in the transition being
probed. Although it only gives access to spatially integrated measurements, a lot
of information about neutral species can be obtained if the transition is correctly
chosen. A good transition has a high absorption (a few tens of per cent) and oc-
curs between metastable states whose lifetime is long enough to consider that their
temperature is in equilibrium with that of the ground state.

Optical setup

The optical setup used to perform absorption spectroscopy on argon inside the PE-
GASES thruster is shown in Figure 4.3, while the energy diagram of the probed
levels is given in Figure 4.2.

The absorption transition occurs between the metastable lower 4s[3/2]◦2 and the
upper 4p[3/2]1 states around 12943.50 cm−1 (772.376 nm), where we used Racah
notation for excited levels. The lower state is metastable with a lifetime of 38 s [141],
so we will assume that its temperature is in equilibrium with the temperature of
the atomic ground state. A grating-stabilised external cavity laser diode (Toptica
DFB#1200) is used to produce the beam between 772 and 773.87 nm. The wave-
length of the diode is varied by simultaneously sweeping the diode current and
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Figure 4.1: Schematics of the optical setup used for the argon absorption spec-
troscopy at 12943.50 cm−1 (772.376 nm). Mirrors and the absorption photodiode
are mounted on rails to perform measurements along the thruster axis.
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Figure 4.2: Energy diagram of the argon levels probed by using absorption spec-
troscopy at 12943.50 cm−1 (772.376 nm) and laser induced fluorescence (LIF) at
12096.59 cm−1 (826.452 nm) after an absorption at 12942.75 cm−1 (772.421 nm).

grating angle using a piezoelectric actuator. A wavemeter (High Finesse WSU, with
a measurement resolution of 5 MHz (FWHM) and an accuracy of 30 MHz) is used
for relative wavenumber measurement. The beam passes through the thruster once
(at z = Cst) and its intensity is monitored by an amplified Si photodiode placed be-



4.2. DIAGNOSTICS OF EXCITED SPECIES 123

hind a bandpass filter centered at 770 nm. The electrical signal is recorded by a
NI-DAQ USB system controlled by a LabVIEW program. A semi-reflective prism
is used to deflect the beam and record the reference signal I0. Before entering the
plasma, and to avoid any saturation phenomenon, the beam intensity is attenuated
with an optical density. The last mirror and the absorption photodiode are mounted
on rails in order to make measurements along the axis of the thruster, from z = 1 cm
to z = 9.9 cm.

Beer-Lambert law and spectral line profile

The absorption of the radiation can be described by the Beer-Lambert law:

I(ν̃) = I0(ν̃)e−σ (ν̃)∆n∗L. (4.1)

I0 and I are the beam intensities entering and leaving the plasma, L is the length of
the absorbing plasma, ∆n∗ is the average population difference of excited species
along the light of sight involving the degeneracies and σ (ν̃) is the cross section
of the transition. The product σ (ν̃)∆n∗ is often referred as the absorption coeffi-
cient κ(ν̃) while the product σ (ν̃)∆n∗L is the optical depth d(ν̃). Here, ν̃ [cm−1] is
the wavenumber and, to avoid any confusion, it is proportional to the frequency ν
[MHz] by using:

ν[MHz] =
c[m.s−1]

104 × ν̃[cm−1]. (4.2)

In equation (4.1), the cross section σ (ν̃)[m2] is proportional to the spectral line
profile g(ν̃)[cm] (whose intergral over ν̃ is 1), through the relation:

σ (ν̃) = σ0 × g(ν̃), (4.3)

with σ0 the wavenumber-integrated cross section in cm.

The spectral line profile g(ν̃) may have various shapes but, in a plasma, the
spectral broadening has mainly two origins: collisional broadening or Doppler
broadening.

• The collisional broadening is homogeneous, the resulting profile, including radia-
tive emission, has a Lorentzian shape:

L(ν̃) =
2

π∆L
× 1

1 +
(

2ν̃
∆L

)2 . (4.4)

The Lorentzian Full Width at Half Maximum (FWHM) is here denoted ∆L and can
be expressed as ∆L = A′ + γcol, where A′ = (A + Q)/2 accounts for the radiative (A)
and non-radiative de-excitation (quenching, Q) of the upper level and γcol for the
dephasing collisions.

• Doppler broadening, which is inhomogeneous, causes a Gaussian profile G(ν̃).
When atoms or molecules are moving, their velocity relative to the observer fol-
lows a Maxwell distribution, which is temperature dependent. Through Doppler
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effect, the velocity distribution induces a frequency distribution also depending on
temperature:

G(ν̃) =
2
∆G

√
ln(2)
π

exp

− ln(2)
(

2ν̃
∆G

)2 , (4.5)

with ∆G the Gaussian FWHM which can be expressed as

∆G =
ν̃0

c

√
8kBT
m

ln(2), (4.6)

where ν̃0 is the resonance wavenumber. In practice,

∆G
ν̃0

= 7.16× 10−7

√
T [K]

M[kg.mol−1]
. (4.7)

• Each of the broadening phenomenon described previously occurs simultaneously
in a plasma. Hence, spectral profiles cannot be considered perfectly Lorentzian or
Gaussian but a mix of both. Mathematically, the resulting Voigt profile V (ν) is the
convolution of a Gaussian and a Lorentzian:

V (ν̃) =

+∞∫
−∞

G(ν̃′)L(ν̃ − ν̃′)dν̃′. (4.8)

Doppler-free saturated absorption measurement

By performing a Doppler-free saturated absorption measurement using the experi-
mental set-up shown schematically in Figure 4.3, we are able to determine ∆G and
∆L. The setup used for the absorption spectroscopy has been modified. The laser
beam passes through a first λ/2 polarisation plate which is used to bring the beam
to a horizontal polarisation. In this polarised state, the beam passes unperturbed
through the cubic beam splitter and into the plasma. It is then directed to a quarter-
wave plate that transforms the light into circular polarisation, and then to an optical
density to attenuate the intensity before leaving again. The two passes through the
quarter-wave plate are equivalent to a half-wave plate and the objective is to gener-
ate a vertically polarised beam. Polarised vertically, the beam passes back through
the plasma and is then fully reflected by the beam splitter back to the photodiode.

The first laser is called the pump laser, and is used to saturate the transition,
while the second laser is called the probe laser. For atoms with a non-zero velocity,
a different Doppler shift for each laser is induced, preventing any coupling between
the pump and probe lasers except at certain crossing frequencies: the medium is
therefore not transparent and the probe laser is absorbed. If the two lasers are
placed so that the beam goes in opposite directions, the atoms with exactly zero
velocity are saturated by the pump, the medium is then transparent for the probe
laser. As a result, the absorption line of the pump laser is modified with a region of
transparency (whose profile is Lorentzian) caused by the zero-velocity atoms in the
middle of the Doppler-enhanced absorption line. Further information on Doppler-
free saturated absorption can be found for example in the work of Preston [142].
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Figure 4.3: Schematics of the optical setup used for the argon saturated absorption
spectroscopy at 12943.50 cm−1 (772.376 nm).

A measured Doppler-free saturated absorption signal is shown in Figure 4.4. The
Gaussian FWHM ∆G is about 0.04 cm−1 ≈ 1200 MHz, while the Lorentzian FWHM
∆L is about 0.003 cm−1 ≈ 90 MHz. For completeness, A′ = 5.18 MHz for the studied
transition according to Wiese et al. [143]. This means that the dephasing collisions,
γcol = ∆L − A′, are responsible for the majority of the homogeneous broadening,
as already observed in oxygen discharges [144]. Most of all, there is more than
one order of magnitude of difference between the two FWHMs, meaning that the
absorption signal can be fitted by a Gaussian without considering the Lorentzian
contribution; by simply using:

d(ν̃) = − ln
(
I(ν̃)
I0(ν̃)

)
= d0 exp

−mArc
2

2kBT

(
ν̃ − ν̃0

ν̃0

)2 , (4.9)

where the temperature T , the resonance wavenumber ν̃0 and the optical depth mag-
nitude

d0 =
σ0∆n

∗L
ν̃0

√
mArc2

2πkBT
, (4.10)

are the unknown fitting parameters.

Saturation analysis

The Beer-Lambert relation (equation (4.1)) is valid only if the transitions are not
optically saturated. A saturation analysis has thus to be performed. The results are
shown in Figure 4.5. In subfigure (a), the Gaussian fitted optical depth is plotted as a
function of the wavenumber for different laser powers. The optical depth decreases
with laser power when the power increases too much, showing a saturation effect
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Figure 4.4: Doppler-free saturated absorption signal taken in a 5 mTorr-100 W ar-
gon plasma @ 772.376 nm.

because of the equalization of the populations between the upper and lower level.
Reporting the maximum values as a function of laser power, in subfigure (b), a good
agreement with the saturation formula1:

d(P ) =
d0√

1 + P /Psat
, (4.11)

is retrieved, with d0 = 0.602 and Psat = 2 mW. In the following, the experiments
were all conducted with a laser power around 180 µW. For lower laser power, the
signal-to-noise ratio was not good enough to perform reliable measurements.

In subfigure (c), gas temperatures extracted from the Gaussian fit (using equa-
tion (4.9)) are plotted as a function of the laser power. Despite the saturation of
the optical depth, the measured temperature is very stable: the five measurements
lies within the value of 497.4±49 K. In the case of a purely inhomogeneous profile,
Delsart [145] showed that the temperature is independent of the saturation.

Excited species density measurement

Finally, one can deduce the population difference ∆n∗ by taking into account the
saturation and by reversing equation (4.10):

∆n∗ =
d0ν̃0

σ0L

√
2πkT
mArc2 , (4.12)

where σ0 can be linked to the absorption oscillator strength of the transition f12 =
0.0306, by using:

f12 =
2ε0mec

πe2 σ0, (4.13)

1To be exact, saturation depends on the intensity of the laser beam. In practice, the study has
been performed with laser power.
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Figure 4.5: Saturation analysis of the 772.376 nm transition in a 10 mTorr-140 W
argon plasma. (a) The Gaussian fitted optical depth is plotted for five different
laser powers. (b) The optical depth maxima are plotted as a function of the laser
power [µW]. Equation (4.11) allows for the determination of d0 and Psat. (c) Gas
temperature [K] as a function of the laser power [µW].

from [146]. Note that this last relation is only valid when the normalization integral
of the spectral line profile g is taken over ω [rad/s] (in this case, σ0 is expressed in
m2 rad.s−1).

The population of the upper level is often neglected as the energy difference
between the two states is around 12943.5 cm−1 ≈ 1.605 eV, and ∆n∗ = n∗1 −

g1
g2
n∗2 =



128 CHAPTER 4. NEUTRAL SPECIES MEASUREMENTS

n∗1−
5
3n
∗
2 simply becomes ∆n∗ = n∗1, with n∗1 the density of the lower metastable level.

As an example, taken from Figure 4.5 for a laser power of 180 µW, we find n∗1 of the
order of 6× 1016 m−3, about 0.3 % of the ground state density.

4.2.1.2 Laser Induced fluorescence

In the previous chapter (see Chapter 3), all measurements on the charged particles
were obtained along the thruster axis, in the middle of the discharge (x = 0, y = 0, z).
Diagnosis by absorption spectroscopy allows us to measure the temperature along
the thruster axis but with integrated values along the x̂-axis (< x >, y = 0, z). To ob-
tain local temperature information, it is possible to collect the fluorescence induced
by the absorption of 1 or 2 photons, respectively called LIF or TALIF. This type of
diagnostic offers locality but the fluorescent signal is often weak and the signal-to-
noise ratio is not as good as with absorption spectroscopy, mostly deteriorated by the
strong plasma emission. The collected fluorescence signal depends on the branch-
ing ratios of de-excitation and quenching, it is proportional to A/(

∑
iAi + Q). The

temperature determination is most of the times an easy task but an absolute mea-
surement of density is much more difficult as the photon detection must be properly
calibrated (accurate measurement of the solid angle of collection and exact transla-
tion of the amount of photons collected into electrical voltage).

With argon, the LIF diagnostic has been applied by collecting the fluorescence
light from the 4p’[1/2]1 level to the 4s’[1/2]◦1 level at 12096.59 cm−1 (826.452 nm)
following the absorption from the 4s’[1/2]◦0 level at 12942.75 cm−1 (772.421 nm), as
shown in Figure 4.2. Induced fluorescence by the absorption at 772.376 nm was also
investigated but no fluorescent signal was detected at 810.3693 nm, mostly because
of the strong plasma emission of light around 810 nm.

The chosen transition has been shown to saturate even for very weak laser power
but it has no impact on the measured temperature in the case of a purely inhomo-
geneous broadening as shown by Delsart [145]. It would be mandatory to choose
an other transition if we wanted to precisely measure the population difference be-
tween the two excited states but it is not the case, as the temperature is the only
relevant information we want to get from this diagnostic.

The LIF optical setup used with argon is shown in Figure 4.6. The absorption
wavelength being very close to the one used to perform absorption spectroscopy
(772.421 nm versus 772.376 nm), we used the same laser diode. Instead of going
directly to the plasma at a fixed z, the beam has been deviated to go through the
main vacuum chamber and through the centered hole of the exhaust grid, to finally
propagate inside the plasma along the thrust axis in the middle of the discharge.
Thus, the fluorescence can be perpendicularly collected, through the lateral win-
dows, by using a lens of focal length f = 5.2 cm and a photodiode located in the
2f − 2f configuration, behind a band-pass filter centered around 830 nm. The lens
and photodiode can move along the ẑ-axis. We used a 1500 Hz chopper and a lock-in
amplifier (SR830-DSP from Standford Research systems) to increase the sensibility
of the detection. To obtain a square temporal gate, we reduced the beam size (and
thus the transit time) by using a telescope and inserting the chopper at the waist.
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4.2.2 Absorption and LIF measurements in PEGASES running
with argon

4.2.2.1 Temperature

An example of typical signals obtained by performing absorption spectroscopy and
LIF diagnostics inside PEGASES thruster at the same location along the thrust axis
(z ≈ 6.5 cm) is given in Figure 4.7. In each case, the signal has been fitted by the
Gaussian profile of equation (4.9). As expected, the temperature in the discharge
center, measured by LIF, is much higher than the temperature, averaged along the
line of sight, measured by absorption. Roughly, the difference has always been mea-
sured between 100 K and 250 K (see Figure 4.10 for more details). The signal-to-
noise ratio is also better with absorption than with LIF inducing smaller 2-σ error
bars. Note that for z ≥ 8 cm, the LIF signal-to-noise ratio was close to 1 (very weak
signal because of the very low electron density in this region) and, most of the times,
no temperature could be properly fitted.
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Figure 4.7: Optical signals in a 15 mTorr-200 W argon plasma running in PEGASES
thruster at the location z ≈ 6.5 cm measured by using (a) absorption spectroscopy
and (b) LIF. The Gaussian fitted temperatures are given in legend.

The temperature spatial profiles are first investigated by using both absorption
and LIF. The effect of discharge power is studied for a fixed pressure of 15, 5 and
2.5 mTorr in Figure 4.8 while the effect of pressure is investigated for a fixed dis-
charge power of 200, 100 and 50 W in Figure 4.9. In each figure, on the left are
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plotted the temperatures measured by using absorption spectroscopy and on the
right are plotted the temperatures measured by using LIF.
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Figure 4.8: Spatial profiles of the gas temperature along the thruster axis measured
by using absorption (left) and LIF (right) diagnostics. In each plot, the influence of
power is studied for a fixed pressure (15 mTorr, 5 mTorr or 2.5 mTorr).

Both discharge power and pressure increase the temperature. By increasing the
discharge power, the electron density increases and more numerous elastic colli-
sions between neutrals and electrons heat the gas. Also, the ion flux bombarding the
walls increases and the newly created neutrals (by neutralization of the ions at the
walls) are hotter than the ones in the bulk, inducing an increase of the global tem-
perature. By doubling the discharge power, the temperature is roughly increased
by 100 K everywhere. The measured temperatures are in the range [300 K-600 K]
for absorption and [400 K-800 K] for LIF diagnostics. The spatial scans measured
by absorption appear much flatter than those measured by LIF, the latter showing a



132 CHAPTER 4. NEUTRAL SPECIES MEASUREMENTS

0.0 2.5 5.0 7.5 10.0 12.5

Thruster Axis [cm]

300

400

500

600

700

800

900

T
em

p
er

at
u

re
[K

]

15 mTorr

5 mTorr
2.5 mTorr

a
n
te

n
n

a

e
x
h

a
u

st
g
ri

d

Pabs = 50 W

0.0 2.5 5.0 7.5 10.0 12.5

Thruster Axis [cm]

15 mTorr

5 mTorr

2.5 mTorr

a
n
te

n
n

a

e
x
h

a
u

st
g
ri

d
Pabs = 50 W

300

400

500

600

700

800

900

T
em

p
er

at
u

re
[K

]

15 mTorr

5 mTorr

2.5 mTorr

a
n
te

n
n

a

e
x
h

a
u

st
g
ri

d

Pabs = 100 W

15 mTorr

5 mTorr

2.5 mTorr
a
n
te

n
n

a

e
x
h

a
u

st
g
ri

d

Pabs = 100 W

300

400

500

600

700

800

900
T

em
p

er
at

u
re

[K
]

15 mTorr

5 mTorr

a
n
te

n
n

a

e
x
h

a
u

st
g
ri

d

Pabs = 200 W

Absorption

15 mTorr

5 mTorra
n
te

n
n

a

e
x
h

a
u

st
g
ri

d

Pabs = 200 W

LIF

Figure 4.9: Spatial profiles of the gas temperature along the thruster axis measured
by using absorption (left) and LIF (right) diagnostics. In each plot, the influence of
pressure is studied for a fixed discharge power (200 W, 100 W or 50 W).

dome shape for any pressure. At 2.5 mTorr and 100 W, for example, the absorption
profile can be considered constant at 400 K which is not the case for the LIF pro-
file. With increasing pressure, the profiles (both with absorption and LIF) tend to
localise near the antenna, as already observed with the electron density profiles in
Chapter 3.

Furthermore, the temperature profiles clearly show a temperature jump at the
walls. Indeed, if we continuously extend the spatial profiles of absorption and LIF
until z = 0, the value reached Tedge is well above the temperature values at the
walls Twall plotted in Chapter 2 (see Figure 2.20). This phenomenon is classical
in plasma physics and has already been observed with other gases (with CF4 for
instance in [147]). The temperature jump at the antenna (∆Twall = Tedge − Twall)
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depends on both pressure and power and its value seems to exceed 100 K for the
majority of the experimental conditions studied.

In the following, we are interested in global behavior with pressure and power.
First, for each plasma operating conditions plotted in Figures 4.9 and 4.8, we
calculated the spatial average temperature, both for LIF (< TLIF >z) and absorp-
tion (< TABS >z) diagnostics. In Figure 4.10, are plotted the resulting tempera-
ture ratio < TLIF >z / < TABS >z (top subfigure) and the temperature difference
< TLIF >z − < TABS >z (bottom subfigure) as a function of the discharge power.
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Figure 4.10: (a) Ratio of the spatial-averaged temperature measured by LIF over the
spatial-averaged temperature measured by absorption as a function of the discharge
power for three pressures (2.5, 5 and 15 mTorr). (b) Difference between the spatial-
averaged temperature measured by LIF and the spatial-averaged temperature mea-
sured by absorption as a function of the discharge power for three pressures (2.5, 5
and 15 mTorr).

Increasing the discharge power decreases both the temperature ratio and the
temperature difference while for a fixed power, increasing the pressure increases
the temperature ratio and temperature difference. To summarize, at low power and
high pressure the temperature inside the thruster is inhomogeneous with strong
spatial gradients while at low pressure and high discharge power the profiles must
be flatter.

In addition, in the top subfigure of Figure 4.11, all the temperatures measured
by absorption spectroscopy, in the center of the discharge (z = 6.5 cm), at 50, 100
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and 200 W are gathered and plotted as a function of pressure. In subfigure (b),
the effect of discharge power is studied for five different pressures (2.5, 5, 12, 15
and 23 mTorr). A 2D-fitting analysis has been performed on the data plotted in
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Figure 4.11: Influence of (a) the gas pressure and (b) the discharge power, on the
gas temperature measured in the middle of the discharge (z = 6.5 cm) by using
absorption spectroscopy. The solid lines are plotted by using the fitting formula of
equation (4.14).

Figure 4.11 to retrieve a simple power law for the temperature depending on both
the gas pressure pgas [mTorr] and the discharge power Pabs [W]:

T(pgas, Pabs) = 293 + 3.97× p0.238
gas × P 0.701

abs . (4.14)

This formula has been plotted in Figure 4.11 for every operating condition.

4.2.2.2 Reconstruction of the transverse temperature profile

The following reasoning has been introduced by Marmuse [22].
So far, the Beer-Lambert formula (see equation (4.1)) has been written assuming

homogeneous spatial profiles of the temperature T and the density ∆n∗ along the
line of sight. In reality, both of these quantities are depending on the spatial coor-
dinates x ∈ [−L/2; L/2]. We propose to modify the law of absorption by introducing
the spatial dependence on x.
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Let’s set I(x, ν̃) the spectral radiance at a position x along the line of sight and
for the wavenumber ν̃. I(ν̃) = I(x = L/2, ν̃) is the radiance exiting the plasma and
I0(ν̃) = I(x = −L/2, ν̃) the entering radiance or the reference radiance. By considering
a small portion of light of length dx, the law of absorption reads:

dI(x, ν̃) = −κ(x, ν̃)I(x, ν̃)dx, (4.15)

where, by assuming the broadening to be locally Gaussian, the absorption coeffi-
cient κ(x, ν̃) can be written as:

κ(x, ν̃) = σ0∆n
∗(x)G(ν̃ − ν̃0,T (x)). (4.16)

Then, by integrating the local law of absorption along the line of sight, one gets:

L/2∫
−L/2

−dI(x, ν̃)
I(x, ν̃)

= σ0

L/2∫
−L/2

∆n∗(x)G(ν̃ − ν̃0,T (x))dx, (4.17)

and finally,

− ln
(
I(ν̃)
I0(ν̃)

)
=

σ0

ν̃0

√
mArc2

2πk

L/2∫
−L/2

∆n∗(x)√
T (x)

exp

− mArc
2

2kBT (x)

(
ν̃ − ν̃0

ν̃0

)2 dx. (4.18)

The density and temperature profiles, ∆n∗(x) and T (x), are unknown and to pro-
ceed further in the reasoning, they must be assumed.

The thruster can be considered as symmetrical with respect to the x = 0 plane
(or yz plane). This means that both T (x) and ∆n∗(x) are even functions of x. Besides,
the temperature is maximum in the center of the discharge (as observed with LIF
measurements) and because the simplest solution of the heat diffusion equation
(assuming a constant source term) is quadratic, we assume that it is the case:

T (x) = Tmax + (Tedge − Tmax)
(2x
L

)2
, (4.19)

where Tmax is the maximum temperature and Tedge = Twall +∆Twall is the wall tem-
perature once the temperature jump has been taken into account. Concerning the
density difference profile, ∆n∗(x) = n∗1(x)− 5

3n
∗
2(x), it is more difficult to make an as-

sumption. If we neglect n∗2, the profile of n∗1 is mainly influenced by two opposite
profiles 2: (i) the electron profile which reaches its maximum at x = 0 and tends to
0 in x = ±L/2, that could be assumed as a cosine profile, (ii) the neutrals ground
state profile which is proportional to 1/T(x), assuming an isobar plasma, and there-
fore depleted at the center with a minimum in x = 0. Without further experimental
information, it is difficult to say more and we assume that the ∆n∗(x) profile is con-
stant:

∆n∗(x) = ∆n∗. (4.20)

All things considered, the left hand-side of equation (4.18), obtained by absorption
spectroscopy, is fitted by the right-hand side where T (x) is given by equation (4.19)

and Tmax, ν̃0 and A = σ0
ν̃0

√
mArc2

2πkB
∆n∗ are the three fitting parameters. Tedge is fixed.

2The production term of n∗1 is proportional to nAr ×ne.
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In Figure 4.12, the reconstruction procedure is applied to two different plasma
conditions at the same location (z ≈ 4 cm). In subfigure (a), for an argon plasma
running at 15 mTorr and 200 W, the fitting procedure is able to reconcile the ab-
sorption and LIF measurements for Tedge ≈ 390 K. If Tedge is lower than 390 K, Tmax
is constrained to be bigger than TLIF. On the contrary, if Tedge is bigger than 390 K,
Tmax is constrained to be smaller than TLIF. The value of 390 K appears much big-
ger than Twall = 325 K measured on the outter surface of the thruster, as shown in
Figure 2.20, meaning that a temperature jump of about 65 K can be deduced.
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Figure 4.12: Reconstructed parabolic transverse temperature profiles (at z = 3.7 cm),
for different values of Tedge, assuming a constant density profile. (a) 15 mTorr -
200 W. (b) 15 mTorr - 50 W.

In subfigure (b), for an argon plasma running at 15 mTorr and 50 W, no matching
is found between Tmax and TLIF for a reasonable value of Tedge. Indeed, the assump-
tion of a parabola shape for the temperature does not allow to reconcile absorption
and LIF measurements. A temperature profile with stiffer gradients must be con-
sidered at low discharge power, which is in agreement with conclusions drawn from
the study of Figure 4.10. Even if there are no physical reason for it, one could think
of a temperature profile close to a Gaussian:

T (x) = T∞ + (Tmax − T∞)exp
[
−α

(2x
L

)2]
. (4.21)

In that case, Tmax and α will be the fitting parameters and T∞ an input. Tedge is
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finally equal to T (±L/2) = T∞ + (Tmax − T∞)e−α. In Figure 4.13, the reconstruction
procedure is applied, once again to the case 15 mTorr-50 W at z = 3.7 cm, but with
a transverse temperature gaussian profile, for different values of T∞. A very good
agreement is found for T∞ = 275 K. It results in Tedge = 327 K and a temperature
jump of about 25 K (by using the fitted formula of Figure 2.20).
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Figure 4.13: Reconstructed Gaussian transverse temperature profiles (at z = 3.7 cm,
15 mTorr and 50 W), for different values of T∞, assuming a constant density profile.

4.2.2.3 What about ground state density measurements?

Once again, the absorption diagnostic being non local, no direct information about
the argon atomic ground state density can be obtained without assuming spatial
profiles. However, by using the LIF measurements, and by assuming that the plasma
is everywhere isobar the absolute density measurements is derived from the equa-
tion of state of an ideal gas:

nAr(z) =
pplasma

kBTLIF(z)
. (4.22)

The same reasoning can also be applied to the transverse temperature profiles ob-
tained in the previous subsection:

nAr(x) =
pplasma

kBT (x)
. (4.23)

In Figure 4.14, the argon density profiles are plotted for a pressure of 15 mTorr
and two discharge powers: 50 and 200 W. In the top subfigure, the density values
along the thrust axis (z-axis) are directly calculated from LIF temperature measure-
ments, presented in Figure 4.8. In the bottom subfigure, the reconstructed temper-
ature profiles obtained in the last subsection at z = 3.7 cm are used to derive density
profiles along the transverse x-axis. When the plasma is on, the atomic density ap-
pears much smaller than without plasma. This is explained by the increase of the
exhaust velocity when the temperature increases.
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Figure 4.14: Ground state argon density spatial profiles at 15 mTorr and for two
discharge powers: 50 and 200 W, obtained by assuming an isobar plasma. The red
rectangle indicates the exact same position inside the discharge. (a) Spatial profile
along the thrust axis. Values are calculated by using temperatures measured by LIF.
(b) Spatial profiles along the transverse x-axis calculated by using the reconstructed
temperature transverse profiles.

4.2.3 Iodine absorption spectroscopy at 11036.528 cm−1

In this subsection, the implementation and results of an iodine plasma spectro-
scopic absorption diagnostic are presented. The temperature of an excited state of
iodine is measured and the effect of the experimental conditions (position, pressure
and discharge power) are studied. General conclusions on temperature measure-
ments of neutral species in iodine plasma will be given at the end of the section
when other optical diagnostics and their results will have been presented.

4.2.3.1 Optical setup and fitting procedure

The optical set-up used to perform absorption spectroscopy on iodine excited
species inside the PEGASES thruster is shown in Figure 4.15, while the energy dia-
gram of the probed levels was given in Figure 1.10.

The absorption transition occurs between the lower (3P2)6s 2[2]5/2 level and the
upper (3P2)6p 2[2]◦7/2 around 11036.528 cm−1 (∼905.8 nm). The setup is very similar
as that used for argon in the previous subsection. Only the laser diode (DL 100 from
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Figure 4.15: Schematics of the optical setup used for the iodine absorption spec-
troscopy at 11036.528 cm−1 (∼905.8 nm). Mirrors are mounted on rails to perform
measurements along the thruster axis. The photodiode has been displaced not to be
disturbed by the strong plasma emission.

Toptica for wavelengths between 896.7 and 940 nm) and the bandpass filter (900-
10 nm) have been changed to probe the chosen transition. Also, the photodiode has
been displaced not to be disturbed by the strong plasma emission.

With iodine, the hyperfine structure must be taken into account and the ab-
sorption profile can no longer be considered as a simple Gaussian. Indeed, the
transition probed occurs between the lower level of quantum number J = 5/2 and
thus composed of six hyperfine levels (F in {0,1,2,3,4,5}) and the upper level of
quantum number J = 7/2 also composed of six hyperfine levels (F in {1,2,3,4,5,6})
Thus, 16 transitions are allowed (∆F = 0,±1) between 11036.2085 cm−1 and
11036.7266 cm−1, where the energies of the levels are taken from [81] using the
equation (1.7) (with A = 47.27×10−3 cm−1 and B = −35.54×10−3 cm−1 for the lower
even level, and A = 19.57 × 10−3 cm−1 and B = −36.84 × 10−3 cm−1 for the upper
odd level). The complete structure is provided in Marmuse’s thesis [22] but since
the laser diode used could only scan a maximum of 0.13 cm−1 in a row, we decided
to work between 11036.36 and 11036.49 cm−1. In this interval, 3 transitions occur.
They are represented schematically in Figure 4.16a. The transition from F = 5 to
F′ = 6 (in red) occurs for a wavenumber ν̃0 which will be determined by the fit-
ting procedure. The two other transitions occur at ν̃1 = ν̃0 + δν̃1 (F = 4 → F′ = 4,
in green) and ν̃2 = ν̃0 + δν̃2 (F = 3→ F′ = 2, in brown) with δν̃1 = 0.020 cm−1 and
δν̃2 = 0.054 cm−1.

The absorption signal is fitted by assuming that each contribution is Gaussian at
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Figure 4.16: (a) Hyperfine structure of the 11036.46 cm−1 iodine transition. In this
work, only the F = 5→ F′ = 6, F = 4→ F′ = 4 and F = 3→ F′ = 2 transitions are
used. The energies and transitions values are taken from [81]. (b) Absorption signal
measured in an iodine plasma running in PEGASES thruster at 22.5 mTorr-200 W
(blue dots). The orange fitting curve, with a temperature 2001 ± 124 K (2-σ error
bars), has been obtained using equation (4.24), the three Gaussian components are
also plotted. The possible homogeneous broadening, not measured on this transi-
tion, is neglected.

the same temperature T . The fitting formula is:

d(ν̃) = − ln
(
I(ν̃)
I0(ν̃)

)
=

2∑
k=0

Dk exp

−mIc
2

2kBT

(
ν̃ − ν̃k
ν̃k

)2 , (4.24)
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with D0, D1, D2, ν̃0 and T the fitting parameters. Using Raccah algebra3, D0, D1, D2
are reduced to only one free parameter D, such that D0 = 0.796 D, D1 = 0.176 D and
D2 = 0.028 D. This relation is strictly valid if we neglect the homogeneous broaden-
ing, not measured on this transition. A typical signal, obtained at 22.5 mTorr-200 W,
is given in Figure 4.16b. The three Gaussian components, maximum at ν̃0, ν̃1 and
ν̃2, are represented as well as their sum (orange curve). As compared to [81] res-
onances values, a shift of about +0.01 cm−1 was noticed and could very well come
from a wrong calibration of the wavemeter. The fitted temperature is 2001± 124 K.
It is about three times what has been measured in argon for comparable plasma con-
ditions. Such a difference can be explained by the molecular nature of iodine where
atoms are essentially produced by dissociation processes that induce energetic frag-
ments. Note, however, that the lower level used for the transition is not metastable
but has a lifetime of 63 ns (de-excitation towards the ground state at 183.03 nm,
A = 1.6×107 s−1 [34]). Therefore, asserting that the measured temperature is that of
the iodine atom in its ground state would be a very strong assumption.

Finally, a saturation analysis has been conducted (similar to the one presented
with argon in Figure 4.5). Results are shown in Figure 4.17. In subfigure (a), the
fitted optical depths are plotted as a function of the wavenumber for several laser
powers. In subfigure (b), the optical depth maxima are plotted as a function of
the laser power. The fitted formula of equation (4.11) has been applied to find
d0 = 0.864 and Psat = 451 µW. The independence of the temperature measurement
with the laser power variation was again observed but not represented. In practice,
the experiments were conducted with a laser power of 15 µW.

4.2.3.2 Results

Let’s start the discussion by looking at the spatial profiles obtained for different
pressures (from 1.5 mTorr to 22.5 mTorr) and a discharge power fixed at 200 W,
shown in Figure 4.18. The temperature profiles are plotted in subfigure (a) while
the maximum of the absorption signals are presented in subfigure (b). Once again,
pressure increases temperature and gives rise to gradients. At 1.5 mTorr, the tem-
perature profile is rather flat (the maximum is around z = 7 cm) with values between
700 and 1000 K. At 5 and 15 mTorr, the temperature increases and the maximum of
the profile gets closer to the antenna: the maximum values reached are respectively
1300 K at z ≈ 5 cm and 1700 K at z ≈ 2.5 cm. Finally, at 22.5 mTorr, the tempera-
ture keeps increasing but the localization close to the antenna fades, transport phe-
nomena have appeared and induce a more symmetrical profile with a maximum,
of more than 2000 K, at z ≈ 4 cm and a temperature of 1300 K at z ≈ 10 cm. The
temperature jumps, already observed in argon, are again present and much more
pronounced here. By extrapolation of the temperature profiles to z = 0 cm, the tem-
perature jumps seem to reach several hundred Kelvin for the highest pressures. The
value Tedge ≈ 600 K seems a good approximation whatever the pressure. Note that
in this study, the temperatures must be slightly overestimated due to the neglect of

3The relative weight of hyperfine transitions is given by the 6j-coefficients [148]:

(2F′ + 1)
{

J J’ 1
F’ F I

}2

.
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Figure 4.17: Saturation analysis of the 11036.46 cm−1 transition in a 15 mTorr-
200 W iodine plasma. (a) The Gaussian fitted optical depth is plotted for five dif-
ferent laser powers. (b) The optical depth maxima are plotted as a function of the
laser power [µW]. Equation (4.11) allows for the determination of d0 and Psat.

homogeneous broadening.
The signal amplitude (subfigure (b)) increases with pressure everywhere in the

plasma. Except at 1.5 mTorr, where the profile has a dome-like shape centered
around z = 6 cm, the profiles are localized near the antenna with a maximum at
around z = 1.5 cm.

Finally, the effect of pressure and discharge power on temperature is studied in
Figure 4.19. In subfigure (a), the influence of pressure was performed for a fixed dis-
charge power of 200 W. As previously observed with the spatial profiles, increasing
the pressure strongly increases the temperature. The effect of the discharge power,
studied in subfigure (b), is less obvious. As we have already highlighted with Fig-
ure 2.12, the range of discharge power available to operate an iodine plasma in PE-
GASES is quite limited, especially for pressures above 2 mTorr. For instance, we are
not able to operate an iodine plasma below 120 W or above 220 W at 15 mTorr. At 5
and 15 mTorr, a very slight increase with discharge power is observed. At 1 mTorr,
the available range of discharge powers is wider but no clear effect is observed and
the signals are too noisy to draw any conclusion. Such an almost constant behavior
of the temperature with discharge power had already been observed by Marmuse in
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Figure 4.18: Spatial profiles obtained by using absorption spectroscopy around
11036.4 cm−1 in iodine plasmas generated in PEGASES thruster for pressures from
1.5 to 22.5 mTorr with a discharge power of 200 W. (a) Temperature of the excited
iodine atoms [K]. (b) Absorption signal amplitude [a.u.].

his thesis [22]. This is most likely one of the limitations of the line of sight integrated
absorption techniques: averaging strongly attenuates local gradients.
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Figure 4.19: Influence of (a) the neutral pressure and (b) the discharge power, on
the temperature of excited atoms measured, at z = 3.5 cm, by using absorption
spectroscopy on iodine plasmas at 11036.4 cm−1. The study with pressure was con-
ducted at a fixed discharge power of 200 W.
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4.3 Development of diagnostics for studying iodine
ground state species

In the previous section, atomic temperature measurements in iodine plasmas were
presented. However, they concerned a non-metastable excited atomic state with
a short lifetime, most likely not thermalized, and with a population that is neg-
ligible compared to that of the atomic ground state I3/2. In order to measure the
temperature and absolute density of the atomic ground state, we had to develop
more sophisticated diagnostics such as TALIF (to measure the atomic temperature
and relative density) or to take advantage of the degeneracy of the ground state by
studying, by laser absorption at 1315 nm, an optically forbidden transition (to ac-
cess the density difference between the two degenerate ground state levels). The ef-
fective absorption cross section of this transition was measured by Ha et al. [49] with
relative accuracy and the optical diagnostic already developed by Marmuse during
his thesis [22]. Concerning the molecules, the dissociation rate is obtained by tak-
ing advantage of the photo-dissociation of the iodine molecule beyond 20000 cm−1,
using a laser diode at 488 nm. A similar method had been developed by Marinov
et al. for chlorine plasmas [108] and used by Marmuse on iodine plasmas [22], but
with a broadband light source leading to a more difficult interpretation of the re-
sults, despite the very precise knowledge of the effective absorption cross section
(see [68] for iodine). The last two diagnostics lead to the absolute density of the
atomic ground state.

While the ultimate goal is obviously to measure these quantities within the PE-
GASES thruster, the low working pressures (0.04 - 4 Pa) are hardly compatible with
the development of efficient diagnostics and the obtaining of strong measurement
signals. This is why, in the first instance, we used the iodine cell (whose pressure,
before ignition of the plasma, is between 2 and 30 Pa), presented in Section 2.4 to
perfect the diagnostics and learn crucial information about iodine plasmas.

4.3.1 Molecular absorption and dissociation efficiency in iodine
plasma

In this first subsection, we take advantage of the purely dissociative part of the
molecular absorption cross section, beyond 20000cm−1, to directly measure the dis-
sociation rate in iodine plasmas. The relevant information for a good understanding
of what follows has been given in the subsection 1.2.3.2.

4.3.1.1 Laser for molecular absorption

The I2 molecule has a strong optical absorption cross section in the visible part of
the electromagnetic spectrum, with a purely dissociative part, beyond 20000cm−1

(i.e. below 500nm) (see Figure 1.5). To study the absorption and deduce the molec-
ular dissociation rate, we use the LBX-488 HPE diode-pumped blue laser from
Oxxius. This very compact continuous wave laser (40 × 40 × 100mm3) can emit
up to 1 watt at a wavelength centered around 488.9nm at its maximum power. The
central wavelength of emission was measured using a miniature low-resolution fi-
bre spectrometer (Flame from Ocean Optics) and was shown to shift towards the
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blue as the power is decreased by the electronic controller (see Figure 4.20). The
spectral profile is slightly asymmetric, with a FWHM of about 0.5 nm.
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Figure 4.20: (a) Spectrum of the Oxxius laser as a function of power, recorded
with a Flame spectrometer (Ocean Optics). (b) Power histogram (for a set point
of 494.8mW) recorded over 10 minutes with a 10 A powermeter (Ophir).

The laser beam is asymmetrical with a "top-hat" shape, and its dimensions are
6× 1mm2 at the center of the cell. The laser power is stabilised by an internal pho-
todiode. This stabilisation is important so that transmission measurements can be
compared without having to measure variations in input power. A power measure-
ment, recorded with an Ophir 10 A powermeter over a period of 10 minutes, is
shown in Figure 4.20.

4.3.1.2 Measurement procedure

With the precise knowledge of the absorption cross section (shown in Figure 1.5),
the measurement is straightforward. We record the power transmitted by the
@ 488.9 nm CW laser through the cell for different values of applied RF power
(see the experimental setup in Figure 4.21).

The plasma operating conditions can also be varied by changing the initial
molecular density. Two examples of measurements are shown in Figure 4.22. When
the plasma is switched off, the absorption is due to the density of the molecules
present and the transmission increases when they are dissociated by the plasma.
Two questions arise:

• A sharp increase in atomic temperature has been measured (and will be pre-
sented in subsection 4.3.2) as power and pressure increase. Does the effective
cross section, well known at room temperature and for an equilibrium gas,
remain the same in the plasma?

• The transmitted optical power seems to saturate as a function of plasma
power, especially at low pressure. Can we conclude that a molecular disso-
ciation rate of 100% is reached?
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Figure 4.21: Experimental setup schematics. The continuous laser beam used
for molecular photodissociation can be superimposed to the pulsed laser used for
TALIF.
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Figure 4.22: Optical transmission through the plasma cell as a function of the ex-
citation power of the plasma, for two initial pressures. The input laser power was
adjusted to get a transmitted power of about 400 mW when the plasma was OFF.

4.3.1.3 Variation of the absorption cross section with temperature

When the plasma is in operation, the temperature of the atoms can reach more than
1200 K (see subsection 4.3.2). In order to know the consequences of this heating on
the molecular absorption spectrum, we first assume that the translation tempera-
ture of the molecules and the vibration temperature are equal to those of the atoms.
In plasmas, other vibrational excitation mechanisms can occur through electron-
molecule collisions. However, recent calculations [28] have shown that the reaction
rates are negligible for the usual temperatures and electron densities (see discussion
in subsection 1.4.2.4).
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The values of the absorption cross sections are well known at room tempera-
ture [63], but change with temperature due to the change of the vibrational popu-
lation (cf. [108] as an example of calculation for Cl2). We propose to evaluate this
dependence in the case of iodine by an approximate calculation of the absorption in
the diffusive part of the spectrum, beyond 20000 cm−1.

According to the Franck-Condon principle [59, 60], the probability of a transi-
tion between the ground level and a repulsive potential V (r), is proportional to:

fv′′ |⟨ϵ′ |µ(r)|v′′⟩|2, (4.25)

where |v′′⟩ is the bound initial wave function of the vibrational level v′′, |ϵ′⟩ is the
free final function at continuum energy ϵ′, µ(R) the dipole moment function and
fv′′ the relative population. The energy ϵ′ depends on the excitation wavelength
according to :

ϵ′ = Ev′′ + hν, (4.26)

where Ev′′ is the energy of the v′′ level.
In a first approximation, the wave function of the excited repulsive state can

be replaced by a delta function, which is zero except at the classical turning point
re [149]. The effect of a changing potential slope appears in the normalisation of
the delta function, leading to a [V ′(re)]−1 factor [150, 151]. The electronic transition
probability becomes proportional to :

[V ′(re)]
−1fv′′µ(re)|φv′′ (re)|2, (4.27)

with re verifying the condition:

V (re) = Ev′′ + hν.

This assumption makes it possible to evaluate the transition probability without the
knowledge of the wave functions of the continuum. The dependence of the partial
absorption cross sections for each v′′ on the wavelength is given by equation (4.27)
and the sum of these partial cross sections is weighted, as a function of temperature,
by fv′′ given by the relation :

fv′′ =
exp(−Ev′′ /kBT )∑

v′′
exp(−Ev′′ /kBT )

. (4.28)

As an example, we represent on Figure 4.23 the contributions for the first 8
vibrational levels (from 0 to 7), for four temperatures (300, 600, 900 and 1200 K),
for the repulsive state 1Π(1u). As the temperature increases, the effective partial
cross section for v = 0 decreases sharply but is compensated by the increase of the
partial cross sections corresponding to the other vibrational levels. The absorption
efficiency also increases towards the blue, due to the more populated v-levels,
which have a radial wave function of larger spatial extension at short distances. The
effect of the partial cross section compensation will be enhanced with two excited
potentials.

To calculate the variation of the effective cross section as a function of temper-
ature and taking into account the two excited potentials 1Π(1u) and B3Π(0+

u), we
used the following assumptions:
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Figure 4.23: Partial absorption cross sections to the repulsive state 1Π(1u) for the
first 8 vibrational levels (from 0 to 7) of the molecular ground state and for four
temperatures (300, 600, 900 and 1200 K).

1. The vibrational levels of the ground state are described by a Morse potential
[52] whose wave functions are known analytically.

2. At short inter-nuclear distances, the excited potentials are represented as ex-
ponential polynomials with the parameters of the reference [42]. This repre-
sentation is usual for the 1Π(1u) state but less common for the B3Π(0+

u) state,
which has an attractive part at short distance. Nevertheless, since the inten-
sity of the transition is determined by the shape of the repulsive branch of the
potential in the Franck-Condon region, this potential can be described by a re-
pulsive branch if the shape of the deduced wave function is the same at short
range as that described by an attractive potential, such as a Morse potential.
It is even possible to "continuumize" the spectrum even in the dissociation
limit [152].

3. The dipole moments µ(r) of the 1Π(1u) and B3Π(0+
u) states vary linearly with

the internuclear distance [153].

4. Finally, to take into account the rotation, we calculate the spectrum for the



150 CHAPTER 4. NEUTRAL SPECIES MEASUREMENTS

single rotational transition J ′′ = Jav(T ), where Jav(T ) is the average J value for
the temperature [152].

We first compare our calculation with the experimental cross sections measured
at room temperature by multiplying our result by a scaling factor. The results
are presented in Figure 4.24. Despite the approximate model used, we repro-
duce the experimental cross section appropriately as a function of wavelength. We
also present in the same figure the effective cross sections for 4 different tempera-
tures. They vary very little at the wavelength used in the experiment (488.9 nm),
with a variation of less than 5% for the different temperatures studied, around
1.72×10−18 cm2. In the rest of our analysis, we will neglect this variation.
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Figure 4.24: Calculated absorption cross sections from the molecular ground state X
1Σ+

g to the 1Π(1u) and B3Π(0+
u) states for four different temperatures. A scaling fac-

tor has been applied to match our calculation and the experimental data from [68].
The vertical dashed line indicates the wavelength of our CW laser (488.9 nm). For
this particular wavelength, the temperature has almost no effect on the absorption
cross section and the value retained is 1.72×10−18 cm2.

4.3.1.4 Saturation: Are all molecules dissociated?

As the iodine cell is sealed, the transmission of the inner faces cannot be measured.
However, we can get rid of this data by varying, without plasma, the pressure in
the cell, by modifying the temperature of the "cold finger", and by verifying by
the Beer-Lambert law (see equation (4.1)) the evolution of the transmission as a
function of the pressure. In Figure 4.25 we plot the laser power either as a function
of the cold finger temperature or as a function of the density calculated by assuming
an ideal gas law and by using the empirical laws [50, 51] presented in Figure 1.2.
At 488.9 nm, using the experimental value of σ = 1.72 × 10−18 cm2, determined
previously, a very good agreement is found. We deduce a transmitted power of
Pref = 505.8 mW when the molecular density goes to zero. It can be seen as the
reference power laser value.

We now measure the dissociation rate for a given operating temperature of
1.8 ◦C. For this temperature, without plasma, the transmitted power is Poff =
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Figure 4.25: Transmitted laser power as a function of the "cold finger" temperature
(left) and the initial molecular density (right) when the plasma is off. A very good
agreement with the Beer-Lambert law is retrieved by using the previously deter-
mined absorption cross section of 1.72×10−18 cm2. If the cell was empty (nI2,0 = 0),
a maximal transmitted power Pref = 505.8 mW should be measured.

481 mW. We turn on the plasma for power values of 108 and 120 W, and record
transmitted powers Pon of (501 ± 1) mW and (502.1 ± 1.5) mW respectively. The
dissociation rate is defined as:

η = 1−
nI2

nI2,0
, (4.29)

with nI2,0 the initial molecular density (when the plasma is off) and nI2
the molecular

density when the plasma is on. By using Beer-Lambert law (equation (4.1)), one gets:

Pon

Pref
= exp(−σnI2

L), (4.30)

Poff
Pref

= exp(−σnI2,0L), (4.31)

and finally,

η = 1−
log(Pon/Pref)
log(Poff/Pref)

, (4.32)

of 81 and 85%. This measurement shows that the dissociation rate, even when the
transmitted power saturates with the plasma power, is less than 100%. The absorp-
tion measurement is an integrated measurement along the tube and there are still
undissociated molecules on both sides of the two copper electrodes. As we can see
in Figure 2.22, the plasma is often less bright in these regions.

Finally, the value of the density fixed by the "cold finger" temperature is quite
compatible with the empirical data. We can deduce from the transmission with-
out plasma a value of the initial laser power, by reversing the Beer-Lambert law.
The dissociation rate or the value of the molecular density can be determined for
different plasma conditions.
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4.3.1.5 Dissociation rate for different plasma conditions

In Figure 4.26, two sets of measurements of the relative density nI2
/nI2,0, are shown

as a function of the plasma RF power for different initial pressures. Unfortunately,
we could not compare all these pressures on the same graph because, due to the pol-
lution of the cell at high plasma power, we had to change the electrical connectors
and heat it strongly. Between these two series of recordings, the electrical coupling
is different as well as the properties of the internal surface, which can play an im-
portant role in the recombination processes and in fine, in the plasma efficiency.

Nevertheless, we observe that at lower pressure, a lower electrical power is nec-
essary to dissociate the molecules (even if the effect is not very strong). For example,
on the left of Figure 4.26, 50 % of dissociation is obtained at 12 W for an initial pres-
sure of 2.8 Pa whereas 26 W are necessary at 12.1 Pa of initial pressure. Note that,
whatever the initial pressure and whatever the set of measurements, for enough RF
power, the dissociation rate saturates and never exceeds 85 %.
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Figure 4.26: Measurements of the relative molecular density nI2
/nI2,0 = 1 − η as a

function of the plasma RF power for different initial pressures. Figures (a) and
(b) represent two distinct sets of measurements that cannot be compared because
the electrical configuration in each case was different.
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4.3.2 TALIF from the atomic ground state

The TALIF method was introduced in Chapter 1. We simply recall that the first
levels accessible by a two-photon odd-parity preserving transition, starting from
the 5s25p5 2Po

3/2 ground level of I, are those of the 5s25p4(3P2)6po electron config-
uration, located around 65000cm−1. Among these, we mainly applied excitation
towards the (3P2)6p2[1]o

3/2 level, with detection of the fluorescence at 804 nm. Oc-
casionally, we also excited the (3P2)6p2[3]o

7/2 level, which fluoresces only at 905 nm.
The reader can refer to Figure 1.11, where the energy diagram of the levels of atomic
iodine, with the two-photon absorption and infrared fluorescence transitions used
in the experiment are indicated.

4.3.2.1 Optical setup

The experimental scheme is shown in Figure 4.21. To produce the radiation around
300 nm, a commercial singlemode continuous titanium:sapphire (Ti:Sa) laser (Co-
herent MBR 110 pumped by a 10 W Verdi Nd:YAG laser) is used as the master
laser to injection-seed a home-built nanosecond pulsed Ti:Sa (slave) laser [144].
The frequency of the seed laser (operating around 900 nm) was monitored by a
wave-meter (Ångstrom WSU from High Finesse, with a measurement resolution of
5 MHz FWHM and a precision of 30 MHz) calibrated daily with a 133Cs saturated-
absorption stabilized diode laser. Reliability of the calibration process could be
checked measuring the wavenumber of the other Cs D line, as explained in more de-
tails in Appendix D. The slave laser comprised a Ti:Sa crystal pumped at 532 nm by
a 20 Hz frequency-doubled Nd:YAG laser (Quantel CFR200). The laser line-width,
in the Fourier-transform limited regime, i.e. only limited by the finite duration
of the pulse (about 6 ns), was about 25 MHz FWHM. The pulsed laser delivered
10 mJ pulses in the near infrared, which, after a stage of frequency doubling in
a 5 × 5 × 10 mm3 AR-coated BBO crystal (θ = 25.6◦, φ = 0◦), produced radiation
around 450 nm with an energy of about 2 mJ. Summation of the primary and sec-
ondary radiations in a 4 × 4 × 10 mm3 AR-coated BBO crystal (θ = 38.3◦, φ = 90◦)
produced 300 nm pulses with an energy of about 1 mJ.

The generated beams were spatially separated using a fused-silica Pellin-Broca
prism and the UV light was reflected by dielectric mirrors coated for the UV. In
the cell, the size of the ultraviolet beam, as imaged by a UV camera beam profiler
(Thorlab - BC106N-UV/M), was 1.28× 1.15mm2 (figures are for radii at 1/e2 times
the peak intensity). At the output, the energy was recorded for each laser shot with
a PC-interfaced laser energy meter (Pulsar from Ophir).

Fluorescence at 804 nm emitted perpendicularly to the laser beam was collected
by a lens with a 50 mm focal length (2f/2f configuration), imaged onto a horizon-
tal slit, passed through an interference filter (with a central wavelength of 800 nm
and a 40 nm FWHM) to attenuate the background due to plasma emission, and de-
tected with a red-enhanced photomultiplier (PM) (Hamamatsu R3896), with a gated
voltage-divider circuit (Hamamatsu C1392-56) to avoid saturation by plasma emis-
sion. To compare the fluorescence between 804 and 905 nm, another PM was used
(Hamamatsu R5108) with another interference filter (with a central wavelength of
905 nm, 10 nm FWHM). The fluorescence signal was observed with an oscilloscope
(Lecroy 6100A) and recorded through a boxcar integrator (Stanford SR 280), with
integration over a 200 ns temporal gate for each laser shot. A Labview™ program



154 CHAPTER 4. NEUTRAL SPECIES MEASUREMENTS

was used to record the fluorescence intensity, the ultraviolet pulse energy and the
seed laser wavelength.

4.3.2.2 Atoms produced by photodissociation

In subsection 4.3.1, we used a 488 nm laser to measure the rate of molecular dis-
sociation. This laser has the advantage to also produce pairs of atoms by photodis-
sociation. We will use these atoms to measure the lifetime of the (3P2)6p2[1]o

3/2
level (see below), in addition to the measurement in a plasma. Indeed, beyond
20000 cm−1, light absorption in the diffusive part of the molecular spectrum leads
to formation of atom pairs in states I (2Po

3/2) + I(2Po
3/2) or I (2Po

3/2)+I(2Po
1/2) [43], with

a proportion of atoms in each level that depends on the wavelength [44, 45]. At
the pressures used however (and because the plasma is off), the population in the
I(2Po

1/2) level remains negligible, due to quenching by collisions with molecules (at
rate Q = Kquench, I2−I1/2

× nI2
with Kquench, I2−I1/2

the quenching coefficient and nI2
the

molecular density), which leads to fast de-excitation of the I(2Po
1/2) level towards

the equilibrium population with the ground state, at Tgas. For I2, the value of coeffi-
cient Kquench, I2−I1/2

, 3.23×10−17 m3 s−1 (see subsection 1.4.4.2), leads to de-excitation
rates ranging from 1.5× 104 to 3× 105 s−1.

For atoms in the ground state, losses are dominated by wall recombination pro-
cesses, the rate of which Kwall, I makes wall removal of I atoms more important,
for the pressures used, than three-body recombination, the rate of which is about
4×10−42 m6 s−1 at 23◦C [154]. The steady-state density nI of iodine atoms produced
is thus given by: nI = 2σφnI2

/Kwall, I, where σ is the I2 absorption cross section and
φ the photon flux [118].
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Figure 4.27: Frequency-integrated area of the TALIF signal at resonance towards the
(3P2)6p2[1]o

3/2 level (σ = 3 × 11176.9940cm−1) recorded following molecular pho-
todissociation. (a) As a function of CW laser power, for a pressure of 28.4 Pa, an
energy of the pulsed laser of 320µJ and a detection voltage VPM = 0.65 kV. (b) As a
function of pressure, for a CW power of 1 W, an energy of the pulsed laser of 160µJ
and a detection voltage VPM=0.7 kV. The signals were averaged over 10 shots.

The photodissociation laser (which is the same than the one used to determine
the dissociation rate in the previous subsection) is superimposed on the TALIF laser
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(see Figure 4.21), with the last dichroic miroir, Rmax around 300 nm, allowing the
wavelength 488 nm to pass (cf. Figure 4.21). We detected the photodissociation-
produced ground state atoms by TALIF following 2Po

3/2→ (3P2)6p2[1]o
3/2 excitation.

Figure 4.27 shows the evolution of the TALIF signal area as a function of the power
of the photodissociation laser or of pressure, i.e. the molecular density. In both
cases, the linear variation of the signal confirms that the dominant term for atom
loss is the Kwall, I term.

4.3.2.3 Atomic spectroscopy and temperature measurements

The temperature of the ground state atoms can be measured by TALIF spectroscopy
using the Doppler broadening of the observed absorption profile. For this appli-
cation iodine has two disadvantages: it is a heavy atom, the spectroscopic lines of
which thus undergo relatively little Doppler broadening, and it has multiple tran-
sitions due to its hyperfine structure (linked to the nuclear spin I = 5/2 of the only
naturally occurring isotope 127I). One must thus disentangle the hyperfine struc-
ture from the Doppler-broadened profiles, in order to get unbiased temperature
measurements. As a preliminary matter, the use of a high-resolution pulsed laser
makes it possible to check the hyperfine structure quantitatively, both as concerns
the positions and the relative intensities of the hyperfine components, by Doppler-
free two-photon spectroscopy.

Doppler-free two-photon spectroscopy

When a gaseous sample is illuminated by two counter-propagating beams produced
by the same laser, absorption of one photon from each beam leads to excitation with
fully balanced 1st-order Doppler broadening, with all velocity classes contributing
simultaneously, thus giving rise to a narrow resonance, the width of which reduces
to the natural width [155]. In a plasma, this Doppler-free homogeneous bandwidth
can be increased, however, by collisional dephasing, as observed, for example, in an
oxygen glow discharge [144] or demonstrated with argon in the previous section.

The Doppler-free resonance signal appears superimposed on the ordinary
Doppler-broadened profile that corresponds to absorption of two photons from the
same beam. Figure 4.28 shows two Doppler-free spectra centered around the res-
onances from 5s25p5 2Po

3/2 to (3P2)6p2[1]o
3/2 and (3P2)6p2[3]o

7/2 levels, respectively.
To record these Doppler-free spectra, a mirror was placed at the exit of the tube in
order to reflect the beam along its original path.

The Doppler-free spectrum that we observe for the (3P2)6p2[1]o
3/2 and

(3P2)6p2[3]o
7/2 levels are found to agree with the literature as concerns the hyperfine

structure (within 0.002cm−1). A systematic shift of the barycenters by −0.169cm−1

(i.e. towards lower energies) with respect to the figures of the NIST atomic spectra
database [34] appears, however, the precision of which must be evaluated carefully.
We therefore recommend a correction −0.169(11)cm−1. For the interested reader,
the explanation is given in Appendix D or in [2] and comes from an absolute mispo-
sitioning in energy of the excited levels with respect to the 5s25p5 2Po

1/2 level which
had itself been inaccurately positioned. Such a shift could have been estimated from
the literature.
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Figure 4.28: Fluorescence spectra in Doppler-free configuration. (a) (3P2)6p2[1]o
3/2

level of I around 67062.130cm−1. The atoms are produced in a plasma excited by
a power of 20 W with an initial pressure of 5 Pa and detected with an R3896 PMT.
The data points are fitted by the sum (continuous line) of a Doppler-free and a
Doppler-broadened hyperfine multiplet, the former with a homogeneous linewidth
of 0.0082 cm−1 and the latter assuming a translational temperature of 530 K. Rela-
tive weights of the hyperfine transitions are given in [2]. (b) Fluorescence following
two-photon excitation of the (3P2)6p2[3]o

7/2 level of I around 65669.988cm−1. The
atoms are produced in a plasma excited by a power of 40 W with an initial pressure
of 25 Pa and detected with an RR5108 PMT. The black vertical segments show the
positions of the hyperfine transitions, with a height proportional to the change ∆F
of total angular momentum, in the [-2, +2] interval. In both cases, the hyperfine
multiplet experimentally appears globally red-shifted by -0.169 cm−1 , with respect
to the position given by the NIST atomic spectra database [34, 81].

Temperature measurement and relative density

For temperature measurements, we have probed the most favorable transition for
two-photon excitation reachable with our laser system, to the level (3P2)6p2[1]o

3/2.
We also checked the quadratic dependence of the TALIF signal on the laser intensity
in the perturbative regime, with an energy not exceeding 400µJ and using a colli-
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mated beam. Focusing the laser beam with a 200 mm lens makes higher-order non-
linear phenomena appear, like amplified spontaneous emission or photo-ionization,
as well as a TALIF signal even in the absence of plasma excitation, due to molecular
photo-dissociation. In the latter condition, the dependence of the TALIF signal on
energy saturates.
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Figure 4.29: TALIF profile of the I 5p5 2Po
3/2→ (3P2)6p2[1]o

3/2 line at an initial pres-
sure p0 = 6.2Pa and with an RF power discharge of 40 W. The raw spectrum is
shown together with a multi-peak Gaussian fit. The determined temperature is
T = 567 ± 15K. The contributions of the different hyperfine-structure components
is also represented, with their respective weight. The red dashed line is the position
of the barycenter of the transition, as given by [81].

An example of TALIF profile is given on Figure 4.29. The temperature is de-
termined by a multi-peak Gaussian fit taking the different hyperfine components
into account. Evolution of the temperature and of the relative density of I atoms
in the ground 2Po

3/2 level are shown in Figure 4.30, as functions of the excitation
power and for different pressures. The temperature increases with the RF power,
and this increase is all the more important as the pressure is high. It can go up to
1250 K due to the kinetic energy that atoms acquire during molecular dissociation,
as already observed in Cl2 [156] and confirmed by infrared laser absorption (see
subsection 4.3.3). A measure of the relative ground state atomic density is given by
the area of the TALIF signal. To compare the evolution of the density for different
operating conditions, a scaling factor is applied to have the same slope at the ori-
gin, because the collection efficiency of the optical detection or the electronic gains
can change from day to day. Moreover, we have not corrected the measurements by
quenching, which can depend on temperature, and thus on power.

For different pressures, the ground state atom densities saturate with the RF
power what must undoubtedly account for the saturation of molecular dissociation
in the plasma. In any case, the decrease of the signal area explains why temperature
measurements at high power are less accurate. The signal area saturates and the
width of the Gaussian becomes wider and wider. Thus, the signal maximum de-
creases even more. In addition, the background noise, caused by plasma emission,
also increases with the applied RF power.
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Figure 4.30: (a) Atomic gas temperature as a function of RF power for different
pressures. (b) Relative area from TALIF signal as a function of RF power for different
initial pressures.

I (2Po
1/2) detection

The population of atoms in the ground state saturates with RF power (cf. Fig-
ure 4.30), but in addition to the saturation of molecular dissociation (observed in
subsection 4.3.1), it could be that the atoms are excited in the fine-structure excited
2Po

1/2 level by electron collisions.
We have therefore tried to probe this level, taking the reduction of the excitation

energy by the fine structure, numerically 7602.970(5)cm−1, into account. Within
the limits of the wavelengths accessible to our laser system, we tried different exci-
tation schemes (towards the (3P1)6p2[1]o

1/2,
(3P2)7p2[2]o

3/2 and (3P1)6p2[2]o
3/2 levels), taking care to adapt the detection settings

to each possible fluorescence scheme (which concerns both the filter and detector).
We did not observe any signal, although we will show (in subsection 4.3.3) that
this population is not negligible, which certainly means that the probed transition
probabilities are very weak.

4.3.2.4 Measurement of the radiative lifetime of the (3P2)6p2[1]o
3/2 level

In order to measure the lifetime of the (3P2)6p2[1]o
3/2 states, we could produce atoms

excited to that level either in a plasma or by photodissociation, and actually took ad-
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vantage of the availability of these two methods. In a plasma, the number of atoms
can be larger, so the TALIF response is bigger, but the signal is noisier (due to radio
frequency excitation), with a larger background due to the electronic excitation of
atoms followed by fluorescence. Moreover, as the RF power applied to the plasma
increases, the gas heats up, the dissociation rate changes and the quenching coeffi-
cient gets modified because it depends on the molecular density. We have therefore
limited plasma excitation to very low RF powers (between 2 and 8 watts). When
atoms are produced by photodissociation, the signal is not noisy but weaker, be-
cause the density of neutral atoms produced is smaller, which limits the pressure
range that can be used to above 8 Pa.
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Figure 4.31: (a) TALIF signal recorded for a pressure of 19.1 Pa, with a photodisso-
ciation laser power of 1 W and a detection voltage VPM = 0.7 kV. Numerical fitting
gives a decay time of 30.95±0.04 ns. (b) Dependence of the decay time on the initial
delay of the interpolation. Eliminating the last point (at about 33 ns), the interpola-
tion result gives a value for τ of 30.84ns with an uncertainty of 2σstat = 0.1ns.

Figure 4.31 shows an example of a TALIF signal record and the way it can be fit-
ted with an exponential decay curve, taking into account both the detector fall time
(2.2 × 1.5ns) and the transit time spread (1.2ns). A first term, in the uncertainty
budget of the lifetime measurement, comes from the dependence of the output on
the domain over which fitting is performed. The corresponding uncertainty is such
that 2σstat = 0.1ns in the example shown on Figure 4.31. A second term in the un-
certainty budget appears, due to long term fluctuations that produce a systematic
shift of each short term measurement, when the lifetime measurement gets repeated
under identical conditions. The statistics of these more systematic fluctuations con-
tribute another 2σsyst = 0.4ns.

Figure 4.32 shows a Stern-Volmer plot, i.e. the de-excitation rate of the TALIF
signals as a function of pressure p0, when atoms are produced either in a plasma
or by photodissociation. The intercept at p0 = 0 determines the radiative lifetime
(τ = 1/A) of the (3P2)6p2[1]o

3/2 states, as being 35.5 ± 0.9 ns. The linear variation
of the de-excitation rate as a function of pressure gives the value of the quenching
coefficient: kQ = (9.0± 1.3)× 10−10 cm3 s−1.

The lifetime of the (3P2)6p2[1]o
3/2 state has already been measured and calcu-

lated. Kono et al. [50] measured a value of 39+4
−8 ns, with large possible systematic
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Figure 4.32: Stern–Volmer plot: de-excitation rate of the (3P2)6p2[1]o
3/2 TALIF signal

against the pressure. The measurement points are obtained with a plasma (blue
square) or by photodissociation (red point). The error on the pressure is determined
by the error on the temperature of the "cold finger", estimated at 0.5◦C. The error on
the lifetime, represented at 2σ , is the sum of the statistic and systematic error. We
have not represented the error on the slope, which is ± 7 %.

errors. Recently, new calculations of probabilities for some atomic iodine transitions
yielded a τ value of 32.5 ± 1.2ns [30]. While coming closer to calculation than the
former measurement, our result shows a slight discrepancy of theory with respect
to experiment, which can open the way to more precise investigations.

4.3.3 Atomic absorption at 7602.970 cm−1 (1315 nm)

The transition 5s25p5 2P◦3/2 → 5s25p5 2P◦1/2 in atomic iodine at 7602.970 cm−1 is
used to measure the line of sight averaged density and temperature of the iodine I
atom by absorption spectroscopy. This transition and its six hyperfine components
have been presented in subsection 1.3.2.1. The total integrated absorption cross sec-
tion, G =

∫
ν̃
ν̃−1 σ (ν̃) dν̃ = (1050±250) fm2, was measured by diode laser absorption

spectroscopy [49], as well as the relative strength Q(F,F′), for the transition F′← F,
of the different hyperfine components. This experiment was proposed and imple-
mented by Marmuse [22] on the PEGASES thruster but the neglect of the upper
level population has led to a misinterpretation of the results that we wish to rectify.

4.3.3.1 Optical setup

The absorption spectroscopy optical setup is represented Figure 4.33. An grating-
stabilized external cavity diode laser (Toptica DL100) is used to produce the near-IR
beam around 1.315 µm. The diode wavelength is varied by simultaneously scan-
ning the diode current and the grating angle through a piezo-actuator. An in-
frared wavemeter (High Finesse WS-U IR) allows the relative measurement of the
wavenumber. The beam passes through the cell once and its intensity is monitored
by an amplified InGaAs photodiode placed behind an IR band-pass filter. The elec-
trical signal is recorded through a NI-DAQ USB system controlled though a Lab-
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VIEW™ program. To avoid any saturation (which was checked), only a reflection
of the incident beam passes through the cell.

Figure 4.33: 1315 nm absorption spectroscopy setup used with the iodine cell.

4.3.3.2 Absorption spectra

Due to the limited scan range of the laser, the peaks had to be acquired in different
records. With the interval of the position of the peaks and the relative strength
of the transitions, the identification is easy. Then, to increase the sampling of the
recorded points, we can limit the scan to one transition. Generally, we used the 3←
4 transition which presents the most intense absorption (Q(4,3) = 0.375 from [49]).
An example of recording and fitting is shown in Figure 4.34.

The absolute position of the resonance is shifted towards the blue by about
0.1 cm−1 because we do not have a reference wavelength source in the IR for ab-
solute calibration. The transmitted intensity, apart from absorption, varies linearly
due to the change in diode current for scanning, which results in a power varia-
tion of about 5%. The signal is normalized by turning off the laser to measure any
background noise caused by the plasma emission, and by setting a transmission of 1
to the wavenumber corresponding to the resonance position. Here, to avoid satura-
tion, only 4 % of the laser beam is directed to the iodine cell, while 96 % of the beam
is sent to the lambdameter to minimise acquisition time. We have not carried out
a systematic study of Isat (as shown in Figures 4.5 and 4.17), in particular because
the signal is rather weak, only of a few %. Nevertheless, for a plasma with an RF
power of 23 W and an initial pressure p0 = 27.25 Pa, decreasing the laser intensity
(20 mW/cm2) by a factor of 3 did not change the absorption signal.

4.3.3.3 Temperature and population difference density

During the operation of the plasma, the population of the 2P◦1/2 is expected not to
be negligible because the energy gap between both levels is only of 0.9426 eV, with
an estimated electron temperature between 1 and 5 eV. Under these conditions, the
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Figure 4.34: Measured absorption profile for the 2P◦3/2 (F = 4) to 2P◦1/2 (F′ = 3) hyper-
fine transition as a function of the laser wavenumber, for a typical signal and for the
signal with the minimum recorded absorption. The dashed-lines represent a fit of
the experimental data. For the initial pressure of 24.5 Pa and a RF power of 26.8 W,
the temperature is 774 ± 18 K and the population difference density ∆n =7.6× 1014

at/cm3. For the minimal recorded absorption, with an initial pressure of 4.6 Pa and
a RF power of 1.5 W, the temperature is 306 ± 24 K and the population difference
density is 4.6× 1013 at/cm3.

averaged population difference along the line of sight is defined as:

∆n = nI3/2
−
gI3/2

gI1/2

nI1/2
= nI3/2

− 2nI1/2
, (4.33)

with notations introduced in Chapter 1. Then, we recall that

d(ν̃) = σ (ν̃)∆nL, (4.34)

and the reference [49] gives the integrated absorption cross section:

G =
∫
ν̃
ν̃−1 σ (ν̃) dν̃. (4.35)

Therefore, after dividing the relation (4.34) by ν̃, and neglecting the variation of
wavenumber across the transition (ν̃0 ≈ ν̃, with ν̃0 the central wavenumber of the
transition), one gets:

ν̃0
−1

∫
ν̃
d(ν̃) dν̃ = G∆nL. (4.36)

In our case, only one transition is considered (3 ← 4) and the absorption peak is
modeled as a Doppler-broadened peak, similar to what we did for argon with equa-
tion (4.9):

d(ν̃) = − ln
(
I(ν̃)
I0(ν̃)

)
= d0 exp

− mIc
2

2kBTI

(
ν̃ − ν̃0

ν̃0

)2 . (4.37)
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The peak width is determined only by Doppler broadening if we can neglect the one
due to the collision. This spectral broadening is inverse to the relaxation time of the
coherences, τ2, which depends on τ1, the excited-state decay, and the collisional
dephasing rate γcol as: 1/τ2 = 1/(2τ1) + γcol. 1/τ1 depends on the quenching rate
Q = nI2

× kQ (with kQ the quenching coefficient) and spontaneous emission by the
Einstein coefficient A: 1

τ1
= A+Q. At the pressures used (from 1.5 to 30 Pa), 1/τ1 can

reach a maximum of 0.2 MHz [113]. The determination of γcol is more difficult, but
can be done by Doppler-free spectroscopy with a spectraly narrow laser. To fix an
order of magnitude, it has been shown that in an oxygen plasma (and with pressure
of 67 Pa) that the decay time of the coherence is about 16 times shorter than the
decay time of the population because of electronic, atomic and molecular collisions
in the plasma [144]. Taking this order of magnitude (similar to what we found with
argon in Section 4.2), we obtain for 1/τ2 a width of about 3.2 MHz, well below what
can be expected as Doppler broadening (FWHM ≃ 250 MHz at 300 K).

In practice, the optical depth maximum d0 and the temperature TI, deduced from
the Gaussian fitted signal, gives the population difference density ∆n by combining
equations (4.37) and (4.36):

∆n =
d0

Q(4,3)GL

√
2πkBTI

mIc2 , (4.38)

where Q(4,3) is introduced because we only fitted the 3← 4 trasition peak of the
full spectrum.

4.3.3.4 Relative ground state population

In the example of Figure 4.34, the plasma power was PRF = 26.8 W and the ini-
tial molecular density was nI2,0 = 6.05 × 1021 m−3 (p0 = 24.5 Pa). Interpolation
by the Beer-Lambert law yields a temperature of 774 K and a population differ-
ence density of 7.6 × 1020 m−3. While the temperature is close to what was mea-
sured with TALIF (see next subsection for a more detailed comparison between
both methods) the density value is relatively small as compared to nI2,0 and in-
dicates that the population in the 2P◦1/2 upper level could be significant. Indeed,
under very similar plasma conditions, we recorded a dissociation rate η of 61% (cf.
Figure 4.25). If all the atomic density was in the 2P◦3/2 state, the value of ∆n would
be: nI3/2

= 2ηnI2,0 = 7.38 × 1021 m−3. There is a factor 10 of difference between the
two results and the discrepancy probably comes from the population of the 2P◦1/2
level.

However, we can combine the 2 distinct measurements to have access to the rela-
tive density populations, noted nI3/2

for 2P◦3/2 and nI1/2
for 2P◦1/2. The measurements

are linked such that:

2η nI2,0 = nI3/2
+nI1/2

, (4.39)

∆n = nI3/2
− 2nI1/2

, (4.40)

which leads to the populations:

nI3/2
=

4
3
η nI2,0 +

1
3
∆n, (4.41)

nI1/2
=

2
3
η nI2,0 −

1
3
∆n. (4.42)
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Continuing with the same example, we find nI3/2
= 5.17×1021 m−3 and nI1/2

= 2.21×
1021 m−3, so there are 29.9 % of atoms in the 2P◦1/2 level in these plasma conditions.

To conclude, the influence of the error bar on the experimental determination of
G (1050 ± 250 fm2 [49]), must be evaluated. In Table 4.1, we detail what would be
the results on the same example but for different values of G.

Table 4.1: Influence of the integrated absorption cross section G on the measured
densities.

G [fm2] ∆n [1021 m−3] nI3/2
[1021 m−3] nI1/2

[1021 m−3] nI1/2
/(nI1/2

+nI3/2
)

800 1.00 5.26 2.13 28.8 %
1050 0.76 5.17 2.21 29.9 %
1300 0.62 5.13 2.25 30.5 %

While the effect on ∆n is direct and substantial through equation (4.38), the
effect on the densities is minor (only a few percent for nI3/2

and no more than 5%
for nI1/2

and its relative atomic population) because in the example studied, η = 0.61
so that η × nI2,0 ≫ ∆n. In this case, the densities values are mostly determined by
the term η ×nI2,0 in equations (4.41) and (4.42). However, for very low dissociation
rates, η × nI2,0 might be comparable to ∆n. In that case, an error on G directly
induces an error on the densities.

4.3.3.5 Measurements in the plasma

The results of the combined atomic absorption at 1315 nm (to measure the atomic
temperature TI and the average population difference along the line of sight ∆n)
and the molecular absorption at 488 nm (to measure the dissociation rate η) are
gathered in Figure 4.35. The effect of the RF power is studied for three different
pressures: 24.5 Pa, 11.9 Pa and 4.6 Pa. The dissociation rate values are extracted
from measurements presented in Figure 4.26. The initial operating pressure are
not exactly the same between both measurements but still very close so considered
equal.

In subfigure (a), the temperature increases with both pressure and power. The
behaviors are very similar to what was measured by using TALIF and presented
in Figure 4.30. However, TALIF temperatures are always hotter than the tempera-
tures measured by absorption. At 11.9 Pa, for instance, the absorption temperature
reaches around 725 K while more than 900 K was measured by using TALIF for
a similar initial pressure. The discrepancy is explained by the non-local and inte-
grated measurement of the absorption while the TALIF signal emanates from the
center of the discharge, where the temperature is higher. A saturation is reached for
a sufficient high RF power, probably coming from the increase of the iodine thermal
conductivity when the temperature increases (see Chapter 5 for the expression of
the thermal conductivity).

The measured average population differences along the line of sight ∆n are plot-
ted in subfigure (b). Both pressure and RF power make ∆n increase. The densities
nI3/2

(full markers) and nI1/2
(open markers) are plotted in subfigure (c) and exhibit

the same behavior with power and pressure. As expected, the population in the
upper level is smaller than in the lower level population but not negligible at all.
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Figure 4.35: Combined results of the absorption at 1315 nm and the molecular
absorption at 488.9 nm. The effect of the RF power is studied for three different
pressures: 24.5 Pa, 11.9 Pa and 4.6 Pa. (a) Atomic temperature [K]. (b) Average pop-
ulation difference along the line of sight ∆n [m−3]. (c) Densities nI3/2

(full markers)
and nI1/2

(open markers) [m−3]. (d) Relative atomic population of nI3/2
(full markers)

and nI1/2
(open markers).

In subfigure (d), the relative atomic densities are plotted and shown to be indepen-
dent of pressure and RF power. Except at very low power, there is always more than
25 % in the upper level and less than 75% in the lower level (which means that the
ratio nI1/2

/nI3/2
is close to 33 %). This observation suggests that the loss and creation

processes of the I1/2 are almost independent of pressure, probably meaning that the
quenching of excited states by molecules is negligible. As the electronic tempera-
ture in the cell was not measured, it is impossible to calculate what the population
ratio would be if the Boltzmann equilibrium at Te was satisfied. Nevertheless, it
is common to find Te between 2 and 5 eV in this type of discharge. This gives a
population ratio nI1/2

/nI3/2
between 19.5 % and 31.2 %.

4.3.4 Summary of optical measurements on the iodine cell

Table 4.2 provides a summary of the optical measurements made on the iodine cell.
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4.4 Diagnostics of iodine ground state species within
PEGASES thruster

4.4.1 TALIF

In order to make local measurements along the thruster axis of the atomic
ground state, we used TALIF on the most efficient transition (from 5s25p5 2Po

3/2 to
(3P2)6p2[1]o

3/2). Due to logistical problems, the laser used on the test cell was not
available and we used a dye laser whose spectral width prevents the determination
of the atomic temperature but relative density measurements were obtained and are
presented in the following.

4.4.1.1 Optical setup and basic verifications

The schematic of the optical setup is shown in Figure 4.36 in top and side views. To
probe the desired transition (around 298.2 nm), a nanosecond dye laser from Sirah
pumped by a doubled Nd: YAG laser (532 nm) was used. A frequency doubling crys-
tal at the output of the laser and the use of Rhodamine 110 as a dye allowed to obtain
an output wavelength between 294 and 307 nm with an laser energy up to 4 mJ. To-
tal reflection prisms (not shown) were used to hold the achromatic flux. The laser
enters the thruster through a side window and the signal is collected perpendicu-
larly through the window on the top. TALIF signal detection is enabled by a lens
(in 2f/2f configuration), an adjustable slit, an interference filter (800±20 nm) and
a red-enhanced photomultiplier (Hamamatsu R3896), with a gated voltage-divider
circuit (Hamamatsu C1392-56) to avoid saturation by plasma emission. The laser
energy was recorded at the output for each laser shot with a PC-interfaced laser
energy meter (Pulsar from Ophir). The final mirror and detection elements were in-
dependently movable to allow measurements along the thrust axis, from z ≈ 1.5 cm
to z ≈ 7.5 cm.

By changing the dye to pyridine 1, we were able to generate laser shots for
wavelengths between 334 and 360 nm, allowing us to probe the transition from the
5s25p5 2Po

1/2 to the (3P2)6p2[1]o
3/2 levels, with the advantage of reaching the same

upper level and therefore not having to modify the detection. However, once again,
no signal was detected, even at the highest pressure.

In Figure 4.37, a signal recorded in a 5 mTorr - 200 W plasma while varying the
laser wavenumber is shown. The signal-to-noise ratio is typical of TALIF measure-
ments made on the thruster. Contrary to absorption measurements presented next,
signals have been detected for working pressures characteristic of space propulsion
(around 1 mTorr), which makes TALIF the diagnostic of choice for characterising
the operation of electric thrusters.

In Figure 4.38, the TALIF signal has been recorded as a function of the laser
energy. As expected with the two-photon absorption, an E2-law is retrieved, this
comes from the fact that the density signal is proportional to the square of the pho-
ton flux which is proportional to the laser energy (nI ∝ φ2 ∝ E2).
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Figure 4.36: Optical setup used to perform TALIF on the PEGASES thruster (left:
view from above, right: view from the side). The pulsed laser beam coming out of
the dye laser is represented by a dashed purple line, it enters the thruster through
a lateral windows (purple point on the side view). The fluorescence is collected
perpendicularly through the window situated on the top of the thruster.

4.4.1.2 Measurements within PEGASES

Spatial profiles

As we have done with each diagnostic within the thruster, we begin our investiga-
tion by studying the spatial variations. In Figure 4.39, the relative atomic density
profiles obtained for pressures of 5, 10 and 15 mTorr and a discharge power of
200 W are plotted. To obtain the signal amplitude, we positioned the laser at res-
onance and recorded the maximum 4. In the bottom subfigure, the background
signal is plotted and can be interpreted as the signal emitted by the plasma around
800 nm. The TALIF signal was always smaller than the background signal and in-
creases with pressure (more than 25 times smaller at z = 2 cm for a pressure of
5 mTorr but only twice smaller at z = 7.5 cm for a pressure of 15 mTorr).

4The large spectral width of the laser allows to use the maximum rather than the integral.
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Figure 4.37: TALIF signal intensity [arb. units] as a function of laser wavenumber
[cm−1]. Measurements are taken at z = 5 cm in a 5 mTorr-150 W iodine plasma.
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Figure 4.38: TALIF signal intensity [arb. units] as a function of laser pulse energy.
Measurements are taken at z = 5 cm in a 5 mTorr-200 W iodine plasma, at resonance
(16770.5 cm−1).

The atomic density spatial profiles are minimum around z = 2 cm and increase
with z. Gradients are more pronounced at higher pressure. In the last chapter
we understood that as the pressure increases, the relaxation length of the energy
becomes shorter and shorter and the electron profiles localise closer and closer to
the antenna. This means that the power is most efficiently deposited close to the
antenna and dissociation is maximum there. One would have expected to find a
maximum atomic density profile close to the antenna but the opposite is observed.
This can be explained by a very strong increase in the atomic temperature near
the antenna, expected due to the exothermic nature of dissociation, which leads to
a depletion of neutral species to maintain an isobaric pressure within the plasma.
This is confirmed by the spatial profiles of temperatures of excited species presented
in Figure 4.18, even if the measurements were line of sight integrated.

This result demonstrates the importance of neutrals transport in iodine plasmas
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Figure 4.39: (a) Spatial profiles of the TALIF signal at resonance [mV] along the
thrust axis for three pressures (5, 10 and 15 mTorr) and a discharge power of 200 W.
(b) Spatial profiles of the background signal in the same operating conditions.

and is one of the main findings of the thesis, as it exhibits the multidimensional na-
ture of the discharge and the impossibility of considering it as homogeneous when
pressure rises.

Discharge power and pressure influence

In a second step, we studied the influence of discharge power and pressure at a fixed
position (z=5 cm).

In Figure 4.40, for 3 different pressures (1, 5 and 15 mTorr), the area of the
TALIF signals, recorded when varying the laser wavenumber, is plotted as a func-
tion of the discharge power. A decay is observed as the power increases, regardless
of the pressure. Taking into account the previously observed spatial patterns, this
was expected. Indeed, as the power increases, the gas temperature increases and the
center of the plasma becomes devoid of atoms. Although the atoms are massively
produced in the core of the plasma, close to the exciter antenna, they are trans-
ported towards the walls in all three directions. Along the transverse x and y axes,
the ground state atomic spatial profiles probably exhibit the same minimum in the
center of the discharge.

In Figure 4.41, the influence of pressure is studied for a fixed discharge power
of 200 W. The TALIF area signal increases with pressure as already observed pre-
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Figure 4.40: TALIF signal area [arb. units] as a function of the discharge power
[W] for three different pressures (1, 5 and 15 mTorr). Measurements are taken at
z = 5 cm.

viously. At this plasma location, the data are well fitted by a power law with an
exponent of 0.71.
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Figure 4.41: TALIF signal area [arb. units] as a function of the pressure [mTorr].
Measurements are taken at z = 5 cm for a discharge power of 200 W.

4.4.2 Molecular absorption

The molecular absorption @ 488 nm, performed on the iodine cell and presented in
subsection 4.3.1, has been conducted on the thruster. Nevertheless, the smallness of
the absorption signals forced us to study the transmitted power signals temporally.
For pressure above 10 mTorr, we were able to measure the line of sight averaged
molecular density and the dissociation rate.
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4.4.2.1 Optical setup and measurement procedure

Setup and validation of the method without plasma

By using photodissociation within the iodine cell makes it possible to obtain a differ-
ence in transmitted power with and without plasma (Pon−Poff) of several tens of mW
for the highest pressures, which allows simple interpretation of the signals. On the
other hand, the cell has the great disadvantage of not being able to be emptied and
therefore does not give direct access to the reference transmitted power Pref. Only
an extrapolation with Beer Lambert’s law gives access to this data (see Figure 4.25).

With the thruster, Pref is simply obtained by measuring the transmitted power
as the laser passes through the empty discharge. Pon is obtained when the plasma
is running and Poff, when the gas is injected but the RF excitation is off. The only
difficulty comes from the weak signals, due to the low working pressures, and from
the accuracy of the measuring device.

The optical setup is presented in Figure 4.42. The CW laser from Oxxius sim-
ply passes through the cell once at a fixed z position along the thrust axis. The
transmitted power is recorded over time by using a Labview™ program.
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Figure 4.42: Optical setup used to perform molecular absorption within PEGASES
thruster.

To check that the measurements will be interpretable despite the low working
pressures, we first operate without plasma. Using equation (4.31), we can optically
measure the pressure inside the discharge and compare it to the value measured by
the pressure gauge. Without plasma, the optical pressure reads:

pI2,0 = −
kBTI2,0

σL
log

(
Poff
Pref

)
, (4.43)

with TI2,0 the temperature of the injected iodine, L = 13 cm and σ = 1.72×10−18 cm2.
In Figure 4.43, the optical signal converted to pressure is compared to the pressure
measured by the gauge with TI2,0 = 315 K. Several interesting conclusions can be
drawn from this comparison. The overall agreement between both pressures is
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Figure 4.43: Comparison between the pressure measured by the gauge and the op-
tical signal converted to pressure, deduced from equation (4.43) as a function of the
iodine injection mass flow rate.

rather good and we can be confident that the photodissociation measurements will
be correct within the thruster. Nevertheless, nothing really meaningful can be
measured below 2 mTorr where the precision of the measuring device ±0.1 mW is
bigger than the expected signals. Finally, at low mass flow rates (between 3 and 12
sccm), the pressure from optical absorption seems to be slightly smaller than the
pressure measured by the gauge and at high mass flow rates (above 15 sccm) it is
the opposite. This comes from the assumption that the temperature of injection
is constant whatever the mass flow rate. Indeed, if we take TI2,0 = 300 K, the
agreement is excellent at high mass flow rates (around 20 sccm) and for low mass
flow rates (below 12 sccm) TI2,0 = 330 K gives the better agreement. In conclusion,
the temperature of injection slightly seems to decrease with mass flow rate, which
was not expected.

Measurement procedure with plasma

The measurement procedure, within an iodine plasma, follows three steps identified
in Figure 4.44, where the transmitted power signal was recorded over time when the
laser passed trough an iodine plasma running at 10 mTorr and 200 W:

• Step 1: the plasma is on and stable, Pon is measured (green zone).

• Step 2: the RF excitation is switched off but the iodine gas is still injected, after
a few seconds the transmitted power reaches a minimum and Poff is obtained
(orange zone).

• Step 3: the gas injection is stopped by closing the valve, after a few seconds
Pref is measured (blue zone).

In order to limit the disturbance caused by the cooling of the discharge, once the
RF is switched off, step 2 must not last more than a few seconds. Also, because the
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Figure 4.44: (a) Temporal evolution of the transmitted CW laser power during a
molecular absorption experiment at 488 nm. (b) Temporal evolution of the line of
sight integrated molecular density obtained by applying equation (4.30) with the
transmitted power temporal signal, L = 13 cm, σ = 1.72 × 10−18 cm2 and the value
Pref = 279.1 mW. The red vertical line indicates the time when the RF excitation is
switched off and the blue vertical line, the time when the gas valve is closed.

plasma cannot be switched on instantaneously, we measured the reference trans-
mitted power at the end.

In subfigure (a), the transmitted power is plotted as a function of time. The
red vertical line indicates when the RF is switched off and the blue line when the
injection valve is closed. Poff and Pref are generally obtained with an error bar of
±0.1 mW coming from the measurement accuracy of the powermeter.

In subfigure (b), the transmitted power signal is converted into the line of sight
integrated molecular density nI2

by using Beer-Lambert law (equation (4.30)), with
L = 13 cm, σ = 1.72 × 10−18 cm2 and the value Pref = 279.1 mW. Depending on
the value chosen for Pref (between 279.0 mW and 279.2 mW) , we find nI2

between
8.02× 1019 m−3 and 1.12× 1020 m−3.

Because of the low working pressures, the jumps in transmitted powers between
each step (of a few mWs) are very small compared to the transmitted powers of
around 280 mW. This allows to simplify the dissociation rate expression (equa-
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tion (4.32)), by using the approximation log(1 + x) ≈
x≪1

x :

η = 1−
log

(
1 + Pon−Pref

Pref

)
log

(
1 + Poff−Pref

Pref

) ≈ 1− Pon − Pref

Poff − Pref
≈ Pon − Poff

Pref − Poff
(4.44)

With the example of Figure 4.44, a dissociation rate between 61.1 % and 70.6 % is
measured.

Correction of the disturbances

Most of the time, the transmitted power signal did not look like the one presented
in Figure 4.44 but was similar to the one presented in Figure 4.45. When the plasma
is off after reaching a minimum value, the transmitted power starts to increase be-
cause the discharge cools down and the optical transmission of the windows evolve
rapidly. This effect was very pronounced for low pressures (≤ 5 mTorr). Thus, when
the gas is turned off, the reference transmitted power is recorded within a discharge
that is no longer in the same state as when the plasma was on. This clearly affects
the measured density and dissociation rate.
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Figure 4.45: Typical signal of the temporal evolution of the transmitted CW laser
power during a molecular absorption experiment at 488 nm. The red vertical line
indicates the time when the RF excitation is switched off and the blue vertical line,
the time when the gas valve is closed. Poff,1 and Poff,2 are introduced because within
just a few seconds after switching off the RF excitation, the transmitted power has
been significantly modified by the cooling of the discharge and the optical trans-
mission of the windows has changed.

We propose to correct the measurement procedure by introducing Poff,1 and Poff,2.
Poff,1 is the transmitted power minimum value obtained just after the stopping of
the RF excitation and Poff,2 is the transmitted power value obtained just before the
injection valve is closed. Then, we introduce the corrected reference transmitted
power

P ′ref = Pref − (Poff,2 − Poff,1). (4.45)
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P ′ref can be seen as the reference transmitted power that we would get if we imme-
diately went from "plasma ON" to "Gas OFF". The molecular densities expressions
(equations (4.30) and (4.31)) are thus modified into:

nI2
= − 1

σL
log

(
Pon

P ′ref

)
, (4.46)

nI2,0 = − 1
σL

log
(
Poff,2

Pref

)
. (4.47)

The expression retained for nI2,0 could have been − log
(
Poff,1/P

′
ref

)/
(σL) but the error

between both formulas does not exceed 0.5 % given the amplitude of the absorption
signals. Finally, the dissociation rate is modified into:

η =
PrefPon − P ′refPoff,2

P ′refPref − P ′refPoff,2
. (4.48)

4.4.2.2 Measurements within PEGASES

The smallness and perturbations of the absorption signals prevented us from con-
ducting a conclusive study for pressures less than or equal to 5 mTorr. Spatial scans
along the thrust axis were obtained at 10 and 15 mTorr for a discharge power of
200 W. Results are presented in Figure 4.46.

In the top subfigure, the line of sight averaged molecular density is plotted. The
molecular density profiles are minimum around z = 2 cm and tend to increase with
increasing z. Spatial gradients are also increased with pressure. At 15 mTorr, the
ratio of the density measured at z = 9 cm over the density measured at z = 2 cm is
around 2. These profiles tend to indicate a hotter plasma near the antenna, as shown
by absorption measurement of iodine excited atomic species (see Figure 4.18). It
also confirms the idea, detailed in Chapter 3, that the negative ions, produced by
dissociative attachment of the molecule, are mostly created near the grid. They
are fully consistent with the TALIF measurements (presented in Figure 4.39) and
confirm the neutrals transport. At z = 8 cm, measurements were also conducted for
pressures of 5 mTorr and 22.5 mTorr. At 5 mTorr, signals are hard to interpret and
error bars significant, the dissociation rate could only be estimated between 60%
and 97.5%.

In the bottom subfigure, the dissociation rate is plotted. For 10 mTorr and
15 mTorr, the spatial profiles are very similar with dissociation rate values slightly
bigger at the lower pressure. The rates are maximum near the antenna (with a value
around 80 %) and slightly decrease with z. The error bars are significant but the
line of sight integrated dissociation rate inside the discharge can be situated be-
tween 60 % and 80 %, with an expected fully dissociated plasma in the center of the
discharge.

The effect of the discharge power on the dissociation rate has also been studied.
For a fixed pressure (10, 15 and 22.5 mTorr) and at two different positions (z = 2 and
z = 8 cm), the discharge power was varied between 125 W and 250 W. Surprisingly,
no net influence of the discharge power was observed as if the maximum line of sight
integrated dissociation rate was already obtained at 125 W. While we believe that
the plasma is 100 % dissociated at the center of the discharge and that the spatial
profiles are modified by a net increase in power, this result shows the limitations
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Figure 4.46: Spatial profiles of (a) the line of sight averaged molecular density and
(b) the dissociation rate, along the thrust axis obtained by performing molecular
absorption at 488 nm at 10 mTorr and 15 mTorr. At z = 8 cm, measurements were
also performed for pressures of 5 mTorr and 22.5 mTorr. The vertical error bars take
into account all the uncertainties on the determination of the different transmitted
powers: Pref, Pon, Poff,1 and Poff,2.

of non-local absorption measurements. Still, we gathered the mean values of this
study in Table 4.3. As already observed with the spatial profiles, there is no clear
effect of the pressure at a fixed position but the dissociation rate at z = 8 cm appears
around 5% smaller than at z = 2 cm.

Table 4.3: Dissociation rate (%) measured within PEGASES thruster for several pres-
sures at two positions along the thrust axis. The measurements were performed for
discharge power values between 125 W and 250 W. The error bars take into account
the standard deviation and the uncertainty of each measurement.

η (%) 10 mTorr 15 mTorr 22.5 mTorr

z = 2 cm 80.5± 14.1 77.2± 10.8 80.6± 6.8
z = 8 cm 73.6± 6.4 72.9± 7.2 76.3± 7.6
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4.4.3 Absorption at 1315 nm

The atomic absorption at 1315 nm, conducted on the iodine cell and presented in
subsection 4.3.3, is now applied to the thruster. This experiment had already been
conducted by Marmuse during his thesis [22] but in what follows, a spatial study
has been added and the I1/2 level population is taken into account.

4.4.3.1 Optical setup and measurement procedure

The optical setup used to perform atomic absorption at 7602.970 cm−1 (1315 nm)
within the thruster is presented in Figure 4.47. The optical material used is the same
as the one described in subsection 4.3.3.1. The beam is passed seven times through
the plasma to increase the absorption path length. Brewster angles windows were
added on each side of the thruster to avoid internal reflections of the beam when
the beam goes through a window. Because of the Brewster windows, the absorption
length per path is now 19.5 cm (it was 12 cm with the classical windows). In order to
study the behavior along the thrust axis, the beam was moved back and forth over
the shortest possible distance of about 2.3 cm. Four positions were thus probed:
between 0.8 cm and 3.1 cm centered around z1 = 1.95 cm, between 3.1 and 5.4 cm
centered around z2 = 4.25 cm, between 4.8 and 7.2 cm centered around z3 = 6 cm
and between 6.5 and 8.8 cm centered around z4 = 7.65 cm.

The measurement procedure is the same as the one presented in subsec-
tion 4.3.3.1 where the 2P◦3/2 (F = 4) to 2P◦1/2 (F′ = 3) hyperfine transition is probed (a
shift of 0.23 cm−1 has been observed between the measurements inside the thruster
and inside the cell which is expected to come from the non-calibrated wavemeter
used). The best transmission signal is presented in Figure 4.48 (less than 2 % of ab-
sorption despite 7 passes, evidencing the difficulty of this experiment for very low
pressures) as a function of the laser wavenumber, it was recorded around the loca-
tion z = z4 = 7.65 cm in a 30 mTorr-200 W iodine plasma. The profile has been fitted
by a Gaussian profile (see equation (4.37)) and gives a temperature of 1393 ± 19 K
and a line of sight averaged difference of population ∆n = 7.99+2.50

−1.54 × 1019 m−3 (the
error bars on the density come from the uncertainty on the measurement of the total
integrated cross section of absorption, G = 1050± 250 fm2 from Ha et al. [49]). This
value of ∆n is one order of magnitude smaller than the molecular density injected to
run a 30 mTorr iodine plasma which indicates that the population of the 2P◦1/2 level
is, once again, not negligible. In the best case, the signal-to-noise ratio was around
2 but for most of the measurements, it was much smaller than 1 and no tempera-
ture could be fitted properly. One could only obtain the difference of population by
direct integration of the absorption signal using equation (4.36).

4.4.3.2 Measurements within PEGASES

Spatial profiles of the line of sight averaged difference of population ∆n measured
for five different pressures (from 5 mTorr to 30 mTorr) are plotted in Figure 4.49.
As previsouly mentioned, the values were obtained by direct integration of the ab-
sorption signals which could not be properly fitted by a Gaussian profile. No tem-
perature spatial profiles could be properly obtained, even at 30 mTorr.

Whatever the pressure, ∆n spatial profiles increase with z and the values are one
order of magnitude smaller than the injected molecular density values: the pop-
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Figure 4.47: Optical setup for the atomic absorption experiment at 7602.970 cm−1

(1315 nm) within the PEGASES thruster. The laser is passed seven times through
the plasma, to increase the absorption path length.

ulation in the 2P◦1/2 level is not negligible. The profiles are consistent with TALIF
measurements as gradients increase with pressure and the atomic density is mini-
mum near the antenna because of gas heating.

The biggest and best signals were recorded around the location z4 = 7.65 cm and
a study with pressure has been conducted at that location. Temperatures could be
fitted for pressures between 3 mTorr and 30 mTorr with error bars strongly decreas-
ing with pressure. Measurements are presented in Figure 4.50. In the top subfig-
ure, the Gaussian fitted temperatures are plotted against pressure (black diamonds).
The temperature increases with pressure to go from 811.9 ± 212 K at 3 mTorr to
1393 ± 29 K at 30 mTorr. To extend the discussion, we add on this graph the tem-
perature values obtained by performing absorption measurements at 905.8 nm on
iodine atomic excited species at the same location (red crosses). The values are ex-
tracted from measurements performed between 6.5 cm and 9 cm, at 1.5, 5, 15 and
22.5 mTorr of pressure and presented in Figure 4.18. The error bars indicate the
minimum and maximum values measured on this spatial interval (including error
bars). The trends with pressure are very similar but temperatures of the excited
states are between 100 and 300 K hotter than the temperatures of the atomic ground
state species. It should not be forgotten that the homogeneous broadening has been
neglected when measuring the temperature of the excited state and that it is quite
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Figure 4.48: Best transmission profile for the 2P◦3/2 (F = 4) to 2P◦1/2 (F′ = 3) hy-
perfine transition as a function of the laser wavenumber, measured for a pressure
of 30 mTorr and a discharge power of 200 W around the location z4 = 7.65 cm.
The red line represents a Gaussian fit of the experimental data which gives a
temperature of 1393 ± 29 K and a line of sight averaged difference of population
∆n = 7.99+2.50

−1.54 × 1019 m−3.
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Figure 4.49: Spatial scans of the line of sight averaged difference of population ∆n
along the thrust axis for five different pressures (5, 10, 15, 22.5 and 30 mTorr) and
a discharge power of 200 W. The horizontal error bars indicate the spatial interval
over which the laser was moving back and forth to cross the plasma seven times,
centered on z1, z2, z3 and z4 (see text). The asymmetric vertical error bars take into
account the uncertainty on the measurement of the total integrated cross section of
absorption, G = 1050± 250 fm2 from Ha et al. [49].

possible that taking it into account will lead to a decrease in the measured temper-
ature of about 10%, which would make it possible to reconcile the two absorption
measurements.

In the bottom subfigure, the line of sight averaged difference of population ∆n
shows a linear behavior with pressure, indicating that the quenching of the upper
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Figure 4.50: Influence of the pressure on the 1315 nm absorption measurements
(black diamonds). The back and forth laser beam was centered around z4 = 7.65 cm
and the discharge power fixed to 200 W. (a) Temperature deduced from a Gaus-
sian fitted profile, the error bars represent 2-σ . The red crosses are the values
obtained by performing absorption measurements at 905.8 nm on iodine atomic
excited species at the same location (where the homogeneous broadening has been
neglected). The values are extracted from measurements performed between 6.5 cm
and 9 cm, at 1.5, 5, 15 and 22.5 mTorr of pressure, presented in Figure 4.18. The
error bars indicate the mimimum and maximum values measured on this spatial
interval (including error bars). (b) line of sight averaged difference of population
∆n. The asymmetric vertical error bars take into account the uncertainty on the
measurement of the total integrated cross section of absorption, G = 1050±250 fm2

from Ha et al. [49].

level by the molecule might be negligible in the operating conditions of the thruster.

4.4.3.3 Determination of nI3/2
and nI1/2

Similar to what was done with the iodine cell, we combine the results of the atomic
absorption measurements at 1315 nm with the results of the molecular absorption
measurements at 488 nm to derive absolute line of sight integrated density mea-
surements of the 2P◦3/2 and 2P◦1/2 levels, respectively < nI3/2

>x,L and < nI1/2
>x,L.

However, because of the Brewster windows used to perform atomic absorption at
1315 nm, the absorption length is not the same in both absorption experiments.
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The definitions of the measured line of sight integrated dissociation rate and differ-
ence of population are:

< η >x,L =
1
L

L/2∫
−L/2

η(x)dx =
1
L

L/2∫
−L/2

(
(1−

nI2
(x)

nI2,0

)
dx = 1−

< nI2
>x,L

nI2,0
, (4.49)

< ∆n >x,L′ =
1
L′

L′/2∫
−L′/2

∆n(x)dx, (4.50)

with L = 13 cm and L′ = 19.5 cm. By taking L = L′ and using the abusive notation
f = < f >x,L, one gets back the equations (4.41) and (4.42) used with the iodine cell.

In equation (4.50), the integral takes into account the atoms present within the
Brewster windows and need to be evaluated. The simplest solution is to assume that
no plasma (no atoms) is present inside the windows but only molecules (∆n(x) = 0
for x ∈ [±L/2;±L′/2]). This is the assumption made in the following:

< ∆n >x,L′ =
1
L′

L/2∫
−L/2

∆n(x)dx =
L
L′

< ∆n >x,L . (4.51)

The system of equations to solve is:

L′

L
< ∆n >x,L′ = < nI3/2

>x,L −2 < nI1/2
>x,L, (4.52)

2nI2,0 < η >x,L = < nI3/2
>x,L + < nI1/2

>x,L′ , (4.53)

which gives:

< nI3/2
>x,L =

4
3
nI2,0 < η >x,L +

1
3
L′

L
< ∆n >x,L′ , (4.54)

< nI1/2
>x,L =

2
3
nI2,0 < η >x,L −

1
3
L′

L
< ∆n >x,L′ . (4.55)

We take the case 15 mTorr-200 W at the location z ≈ 8 cm, as an example and
use results presented in Figure 4.49 and Figure 4.46. For that plasma operating
condition, the pressure when the plasma is off is pI2,0 ≈ 12.5 mTorr which conveys:

nI2,0 =
pI2,0

kBTI2,0
≈ 3.83× 1020 m−3, (4.56)

the dissociation rate is < η >x,L= 67± 7 % and the line of sight integrated difference
of population < ∆n >x,L′= 4.15+1.26

−0.77 ×1019 m−3. The resulting line of sight integrated
atomic densities are:

< nI3/2
>x,L = 3.63+0.42

−0.38 × 1020 m−3, (4.57)

< nI1/2
>x,L = 1.50+0.12

−0.15 × 1020 m−3. (4.58)

Spatial measurements of < η >x,L and < ∆n >x,L′ , at 10 and 15 mTorr, presented
in Figure 4.49 and Figure 4.46, are used to obtain the spatial profiles of < nI3/2

>x,L
and < nI1/2

>x,L. The results are presented in Figure 4.51.
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Figure 4.51: line of sight integrated density measurements of the 2P◦3/2 and 2P◦1/2
iodine levels (< nI3/2

>x,L and < nI1/2
>x,L respectively) along the thrust axis at 10 and

15 mTorr for a discharge power of 200 W.

The spatial profiles are almost flat for < nI3/2
>x,L and slightly decreasing for

< nI1/2
>x,L. Once again, the absorption technique masks the gradients and gives

flat spatial profiles while at the center of the discharge, the profiles are clearly
minimum near the antenna and increasing with z (cf TALIF results in Figure 4.39).

Finally, the relative population between the excited and the ground state can
be questioned. Without considering any other process than excitation and de-
excitation (see Chapter 5 for the full equation), the balance between both levels
is given by:

Kex1, I3/2
nenI3/2

= Kde−ex, I1/2
nenI1/2

⇐⇒
nI1/2

nI3/2

=
Kex1, I3/2

Kde−ex, I1/2

. (4.59)

In the case of Maxwellian electrons, the ratio of the reaction rates can be expressed
as a function of the electron temperature to give:

nI1/2

nI3/2

=
1
2

exp
(−Eex1, I3/2

Te

)
, (4.60)

known as the Boltzmann equilibrium, with Eex1, I3/2
= 0.9426 eV.

In Figure 4.52, are plotted the ratios of the excited population over the ground
state population at 10 mTorr along the thrust axis, measured via absorption and
calculated at Boltzmann equilibrium by using the measured electron temperature
presented in Figure 3.26.

The trend is well reproduced but the agreement is not satisfactory. The discrep-
ancy observed may potentially come from terms neglected when approximating a
Boltzmann equilibrium, i.e. recombination at the walls of the ground state atoms
or creation of the excited state via dissociation processes (knowing that the dissoci-
ation is maximal in this region). The main difference certainly comes from the fact
that we are comparing local measurements with line of sight averaged measure-
ments. In any case, the population of the excited state I(2P◦1/2) is never negligible in
our experimental conditions.
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Figure 4.52: Ratio of the excited population over the ground state population at
10 mTorr along the thrust axis determined by absorption measurements and calcu-
lated at Boltzmann equilibrium using the measured electron temperature.

4.4.4 Summary of iodine optical measurements on PEGASES

Table 4.4 provides a summary of the optical measurements made on the PEGASES
thruster running with iodine.
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4.5 Chapter digest

In this chapter, several optical diagnostics were presented and applied to io-
dine plasmas to probe neutral species (atoms and molecules). Despite our
ultimate interest in measuring the temperature and density of the fundamen-
tal levels, we first presented absorption techniques for probing excited states
which revealed, above 5 mTorr, very clear heating near the antenna and strong
spatial temperature gradients, but also the presence of strong temperature
jumps near the walls whatever the pressure.
Prior to a thruster application, the techniques for probing the fundamental
levels were perfected using a second device: an iodine cell where the working
pressures are more favourable for optical diagnostics. By exploiting the struc-
ture of the iodine molecule, absorption at 488 nm allowed direct measure-
ment of the molecular dissociation rate and absorption at 1315 nm allowed
measurement of the population difference between the first two atomic levels
of iodine (2P◦3/2 and 2P◦1/2), as well as the atomic temperature. The combina-
tion of these two techniques allowed us to obtain an absolute measurement
of the density of the two atomic species, with the major conclusions being the
non-negligible population of the first excited state and most likely the total
dissociation at the center of the two discharges.
Nevertheless, the absorption techniques, whose results are integrated along
the line of sight, showed their limits in the thruster and the quest for a local
diagnostic naturally led to the development of the TALIF method. Absolute
temperature measurements were obtained within the iodine cell and relative
measurements of the atomic ground state density were performed in the cell
and in the thruster along the thrust axis. Down to 1 mTorr, the TALIF method
has proven to work well, making it the diagnostic of choice for electric propul-
sion. Above 5 mTorr, the strong heating near the antenna leads to a depletion
of the atoms in this region (where they are massively produced) and a multi-
dimensional transport of neutrals.
Some of the previous results have been submitted (see [2]) or presented in
several international conferences (see Related publications in page xiii).
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5.1 Introduction

In the low-temperature plasma community, 0D volume-averaged models (also
called global models) have rapidly become indispensable tools. These fast-solving
and easy-to-use models are based on the temporal resolution of continuity equations
coupled with a power balance equation in order to determine the different densi-
ties and the electronic temperature. They can be very accurate with the inclusion
of metastable species and a very detailed chemistry. These models are relevant as
long as spatial gradients are negligible and the isothermal assumption holds for the
electrons. We will not make an exhaustive bibliography here, but we can cite the
works at low-pressure on argon [157, 158], chlorine [95, 159–161], oxygen [92] and
mixtures of those gases (same references).

In 2012, building on Goebel’s early work [162, 163], Chabert et al. proposed
a self-consistent global model of a gridded-ion thruster [114]. The power transfer
from the RF generator to the plasma was included as well as the heating of the gas.
The model allowed for the calculation of the densities and temperatures of the gas
(xenon) and electrons. Grondein et al. adapted this model to iodine by introducing
the first detailed chemistry of an iodine plasma [13, 85]. The species considered
were:

I, I2, I+, I+
2 , I−, e−,

no electronic or vibrational excitation of the iodine molecule was taken into ac-
count. Plasma properties and thruster performances were determined for a wide
range of typical operating conditions, and the iodine results had been compared to
those for xenon under the same conditions and thruster configuration. The model
demonstrated that iodine gives similar behavior and performances, and could lead
to higher efficiencies than xenon for propellant mass flow rates below a certain
value.

More recently, the particle balance equations of the iodine 0D model were
slightly modified by Lucken [21, 86] and Marmuse [22] by adding some new cal-
culated cross-sections (see Chapter 1). These models were still devoid of any con-
sideration of excited states for the iodine molecule. Besides, Marmuse and Lucken
did not use the self-consistent calculation of the absorbed power nor the equation
for the gas temperature which was thus considered constant.

The first preliminary comparisons between experimental measurements, and 0D
models were done by Marmuse [22], during his thesis. The comparisons between
model and the experiments, performed within the PEGASES thruster and mostly for
pressures between 1 and 5 Pa, revealed that most of the trends were captured, except
for the evolution of central I2 density with pressure. The agreement in absolute
values was acceptable but largely perfectible. The discrepancies were assumed to
come from an incomplete description of the electron power losses.

Very recently, Grondein’s model was acceptably validated by measurements of
electron density, electron temperature and electronegativity at very low pressure
only (below 3 mTorr) presented in Chapter 3 of this manuscript, where the isother-
mal assumption still holds for the electrons (see also Esteves et al. [1]). The compar-
ison also revealed weaknesses of the model that needed to be improved. The most
obvious improvement was an update of the neutral gas heating model because the
calculated gas temperature was underestimated. A direct consequence was that the
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model underestimated the electron temperature, which in turns impacts all the par-
ticle balance equations. The gas heating only resulted from elastic collisions with
charged-particles in the plasma volume. However, we believe that atoms gain en-
ergy in the dissociation reaction and that this term should be included. This also
pleads for a model that solves independently for the atomic and molecular tem-
peratures. Second, at the lowest pressure investigated, there could also be a strong
contribution of fast neutrals generated at the wall by the neutralization of the ion
flux. The neutralization of the ion flux term was included in the neutral particle
balance equation but not in the neutral energy balance equation. However, even
if neutrals are reflected back into the plasma with a small fraction of the ion en-
ergy gained in the sheath, the energy flux transferred to the neutral gas might be
significant.

In this chapter, we propose to update Grondein’s global model1 by taking into
account the newly available cross-sections presented in Chapter 1, as well as the re-
marks detailed above concerning the heating of neutral species. In order to compare
our experimental results (presented in Chapter 3 and Chapter 4) with the model, the
latter will be adaptable to both the thruster and the iodine cell geometries and will
take into account the following species:

I3/2, I1/2, I2, I+, I+
2 , I−, e−,

where I3/2 and I1/2 respectively refers to the I(2P◦3/2) and I(2P◦1/2) atomic levels.
In a first subsection, the iodine reaction set, the geometrical and physical char-

acteristics and the equations of the model will be detailed. Then, the model will
be adapted to both thruster and iodine cell geometries and compared to the experi-
mental measurements. The main findings of the chapter are gathered in a summary
at the end.

1Just before the submission of this thesis, Lafleur et al. [17] updated Grondein’s global model by
taking into account the iodine cross-sections from Ambalampitiya et al. [28], including I2+ ions but
treating neutrals as isothermal. Their model was validated using ion beam and propellant utilisation
efficiency measurements. The majority of this chapter was written before the article was published
and therefore no reference will be made to it.
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5.2 General description

5.2.1 Reaction set

Unless otherwise stated, the reaction set is shown in Table 5.1. The various reactions
and notations were all introduced in Section 1.4 of Chapter 1. Seven species are
followed: I3/2, I1/2, I2, I+, I+

2 , I− and e−, where I3/2 and I1/2 respectively refer to the
I(2P◦3/2) and I(2P◦1/2) atomic levels.

Reaction Rate [m3.s−1] Threshold energy More details
Electron impact on I3/2 Subsection 1.4.1
I3/2 + e−−→ I3/2 + e− Kel, I3/2

0. eV
I3/2 + e−−→ I+ + 2 e− Kiz, I3/2

Eiz, I3/2
= 10.45 eV

I3/2 + e−−→ I1/2 + e− Kex1, I3/2
Eex1, I3/2

= 0.9426 eV
I3/2 + e−−→ I∗b2

+ e− Kex2, I3/2
Eex2, I3/2

= 6.7736 eV
I3/2 + e−−→ I∗b3

+ e− Kex3, I3/2
Eex3, I3/2

= 8.0473 eV
I3/2 + e−−→ I∗b4

+ e− Kex4, I3/2
Eex4, I3/2

= 8.1848 eV
Electron impact on I1/2 Subsection 1.4.1
I1/2 + e−−→ I1/2 + e− Kel, I1/2

0. eV
I1/2 + e−−→ I∗b2

+ e− Kex2, I1/2
Eex2, I1/2

= 5.8310 eV
I1/2 + e−−→ I∗b3

+ e− Kex3, I1/2
Eex3, I1/2

= 7.1047 eV
I1/2 + e−−→ I∗b4

+ e− Kex4, I1/2
Eex4, I1/2

= 7.2422 eV
I1/2 + e−−→ I3/2 + e− Kde−ex, I1/2

0. eV
Electron impact on I2 Subsection 1.4.2
I2 + e−−→ I2 + e− Kel, I2

, Kelm, I2
0. eV

I2 + e−−→ I+
2 + 2 e− Kiz, I2

Eiz, I3/2
= 9.31 eV

I2 + e−−→ 2 I3/2 + e− Kdiss, I2
Ediss, I2

= 1.542 eV
I2 + e−−→ I+ + I3/2 + 2 e− Kdiss.iz, I2

Ediss.iz, I2
= 11.94 eV

I2 + e−−→ I− + I1/2 Kdiss.att, I2
0. eV

I2 + e−−→ I2
∗ + e− Kex, I2

Eex, I2
= 2.18 eV

I2(v = 0) + e−−→ I2(v = 1, ...,10) + e− Kvibr, I2
Evibr, I2

= 0.02575 eV
Electron impact on ions Subsection 1.4.3
I+
2 + e−−→ I+ + I3/2 + e− Kdiss, I+

2
Ediss, I+

2
= 2.18 eV

I− + e−−→ I3/2 + 2 e− Kdet, I− Edet, I− = 3.059 eV
Ions Recombination Subsection 1.4.3
I− + I+

2−→ 3 I3/2 Krec, I+
2−I− 0. eV

I− + I+−→ 2 I3/2 Krec, I+−I− 0. eV
Quenching Subsection 1.4.4
I2 + I1/2 −→ I2 + I3/2 Kquench, I2−I1/2

0. eV
Charge Transfer Subsection 1.4.5
I2 + I+−→ I+

2 + I3/2 Kch.ex, I2−I+ 0. eV
Surface recombination Subsection 1.4.6
I3/2 −→ 1

2 I2 Kwall, I3/2
[s−1] 0. eV

I1/2 −→ 1
2 I2 Kwall, I1/2

[s−1] 0. eV

Table 5.1: List of the reactions and notations used in the iodine global model. The
7 followed species are: I3/2, I1/2, I2, I+, I+

2 , I− and e−, where I3/2 and I1/2 respectively
refers to the I(2P◦3/2) and I(2P◦1/2) atomic levels.

5.2.2 Geometry

The model consists of a cylindrical chamber with an inner radius R and a length
L. We let S1 = πR2 and S2 = 2πRL be the surface areas of a closed cylinder. The
plasma volume is V = πR2L and the total surface is S = 2πR2 + 2πRL. The neutral
molecular gas is injected at a fixed particle flow rate QN . The exhaust grid has an
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adjustable but constant transparency βneutrals for neutral species and βions for ions.
Generally, because of optical focusing effects, βneutrals ≤ βions.

S1

S1 = Sgrid, ions + Sopen, ions

= Sgrid,neutrals + Sopen,neutrals

S = 2× S1 + S2

S2 = 2πRL

Figure 5.1: Schematics of the cylindrical chamber

Let’s define the relevant particle loss areas of the chamber:

• Sopen, ions = S1βions = πR2βions and Sopen,neutrals = S1βneutrals = πR2βneutrals are
the effective open areas across which ions and neutrals escape the chamber.

• Sgrid, ions = S1 − Sopen, ions = πR2(1− βions) and Sgrid,neutrals = S1 − Sopen,neutrals =
πR2(1 − βneutrals) are the effective loss areas of the grids for ions and neutral
species.

• Srec = S1 +S2 +Sgrid,neutrals = πR2(2−βneutrals)+2πRL is the area for atomic wall
losses and production of molecules by wall recombination.

In order to consider the loss and neutralization of charged particles at the walls,
one needs to introduce the edge-to-center plasma density ratios hL and hR, which
accounts for the plasma density profile inside the thruster. Taking into account the
influence of the negative ions, according to [164], they read:

hL = 0.86

3 +
L

2λin
+ 0.2 (1 +α)1/2 Tions

Te

(
L
λin

)2−1/2 (
1
γ

+
γ − 1

γ(1 +α)2

)1/2

, (5.1)

hR = 0.80

4 +
R
λin

+ 0.41 (1 +α)1/2 Tions

Te

(
R
λin

)2−1/2 (
1
γ

+
γ − 1

γ(1 +α)2

)1/2

. (5.2)

In the former expressions, λin =
[
(nI3/2

+nI1/2
+nI2

)σin

]−1
is the mean-free-path for

ion-neutral scattering and charge exchange collisions with σin = 10−18 m2, the ion-
neutral elastic collision cross-section. Tions is the temperature of the positive ions
(assumed equal for all positive species TI+ = TI+

2
), α = nI−/ne the electronegativity

and γ = Te/TI− the ratio of negative species temperatures. We set Tions = 0.1 eV and
based on the observation made in Chapter 3, we choose γ = 4.

We also introduce a global density ratio h which reads:

h =
2S1hL + S2hR

S
=

2πR(RhL +LhR)
S

. (5.3)
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Positive ions and electrons are thus lost at the walls on the effective area hS while
positive ions are neutralized on the effective area hSneutr, ions defined as:

hSneutr, ions = hS − hLSopen, ions = hS

(
1− hL

h

Sopen, ions

S

)
. (5.4)

5.2.3 Set of equations

In this subsection, the set of temporal equations is presented. In consists in particle
balance equations for each species, an electron power balance equation and two
neutral power balance equations: one for the atoms and one for the molecules. In
the following, the temperatures are expressed in eV, the conversion formula to SI
units is:

eTe [eV] = kBTe [K]. (5.5)

5.2.3.1 Particle balance

A particle balance equation is written for each species of the model. Time varia-
tions of the densities in these balance equations are described as the net result of
the production and destruction of electrons, positive, and negative ions, and neu-
trals. Each source term has been written on a single line for ease of reading and its
physical meaning is indicated alongside.

I2 molecules

dnI2

dt
= +

QN

V
I2 injection

−Kdiss, I2
nenI2

Dissociation

−Kdiss.att, I2
nenI2

Dissociative attachment

−Kdiss.iz, I2
nenI2

Dissociative ionization

−Kiz, I2
nenI2

Molecular ionization

−Kch.ex, I2−I+nI+nI2
I2-I+ charge exchange

+
1
2
Kwall, I3/2

nI3/2
I3/2 surface recombination

+
1
2
Kwall, I1/2

nI1/2
I1/2 surface recombination

+ ΓI+
2

Sneutr, ions

V
I+
2 wall neutralization

− ΓI2

Sopen,neutrals

V
. I2 exhaust (5.6)
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I3/2 atoms

dnI3/2

dt
= + 2Kdiss, I2

nenI2
Dissociation

+ 3Krec, I+
2−I−nI+

2
nI− I+

2-I− recombination

+ 2Krec, I+−I−nI+nI− I+-I− recombination
+Kdiss.iz, I2

nenI2
Dissociative ionization

+Kdet, I−nenI− Detachment
+Kch.ex, I2−I+nI+nI2

I2-I+ charge exchange

+Kquench, I2−I1/2
nI1/2

nI2
I1/2 quenching by I2

+Kde−ex, I1/2
nenI1/2

Electronic de-excitation

−Kiz, I3/2
nenI3/2

Atomic ionization

−Kex1, I3/2
nenI3/2

Electronic excitation from I3/2

−Kwall, I3/2
nI3/2

I3/2 surface recombination

+ ΓI+
Sneutr, ions

V
I+ wall neutralization

− ΓI3/2

Sopen,neutrals

V
. I3/2 exhaust (5.7)

I1/2 atoms

dnI1/2

dt
= +Kex1, I3/2

nenI3/2
Electronic excitation from I3/2

+Kdiss.att, I2
nenI2

Dissociative attachment

−Kquench, I2−I1/2
nI1/2

nI2
I1/2 quenching by I2

−Kde−ex, I1/2
nenI1/2

Electronic de-excitation

−Kwall, I1/2
nI1/2

I1/2 surface recombination

− ΓI1/2

Sopen,neutrals

V
. I1/2 exhaust (5.8)

Electrons

dne
dt

= +Kiz, I3/2
nenI3/2

Atomic ionization

+Kiz, I2
nenI2

Molecular ionization

+Kdiss.iz, I2
nenI2

Dissociative ionization

+Kdet, I−nenI− Detachment
−Kdiss.att, I2

nenI2
Dissociative attachment

− Γe
S
V
. e− flux to the walls

(5.9)
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I− ions

dnI−

dt
= +Kdiss.att, I2

nenI2
Dissociative attachment

−Krec, I+
2−I−nI+

2
nI− I+

2-I− recombination

−Krec, I+−I−nI+nI− I+-I− recombination
−Kdet, I−nenI− . Detachment

(5.10)

I+ ions

dnI+

dt
= +Kiz, I3/2

nenI3/2
Atomic ionization

+Kdiss.iz, I2
nenI2

Dissociative ionization

−Kch.ex, I2−I+nI+nI2
I2-I+ charge exchange

−Krec, I+−I−nI+nI− I+-I− recombination

− ΓI+
S
V
. I+ flux to the walls (5.11)

I+
2 ions

dnI+
2

dt
= +Kiz, I2

nenI2
Molecular ionization

+Kch.ex, I2−I+nI+nI2
I2-I+ charge exchange

−Krec, I+
2−I−nI+

2
nI− I+

2-I− recombination

− ΓI+
2

S
V
. I+

2 flux to the walls (5.12)

The expressions for the fluxes to the walls are:

ΓI3/2
=

1
4
nI3/2

vI3/2
, (5.13)

ΓI1/2
=

1
4
nI1/2

vI1/2
, (5.14)

ΓI2
=

1
4
nI2

vI2
, (5.15)

ΓI+ = hnI+uB,I+ , (5.16)
ΓI+

2
= hnI+

2
uB,I+

2
, (5.17)

ΓI− = 0 , (5.18)
Γe = ΓI+

2
+ ΓI+ , (5.19)

with vP =
(

8eTP
πmP

)1/2
and uB,P+ =

(
eTe
mP

)1/2
the mean speed and the Bohm speed 2 of the

particle P ∈ {I, I2} respectively. There are no losses of negative ions on the chamber
walls, they are assumed to be confined by the sheaths.

2Despite the presence of negative ions, we use the classical Bohm speed formula [164].
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5.2.3.2 Electron power balance

The plasma power balance, detailed in several works [13, 58, 114, 119, 157, 165],
expresses that the power injected in the plasma - the absorbed power Pabs - is either
used to heat up electrons, or lost during collision processes in the plasma and at the
plasma boundaries:

d
dt

(3
2
neeTe

)
= pabs − ploss, (5.20)

where pabs [W.m−3] is the power absorbed by the electrons and ploss [W.m−3] is the
total electron power loss per unit volume:

ploss = + Ediss, I2
Kdiss, I2

nenI2
Dissociation

+ Ediss.iz, I2
Kdiss.iz, I2

nenI2
Dissociative ionization

+ Eiz, I2
Kiz, I2

nenI2
Molecular ionization

+ Eex, I2
Kex, I2

nenI2
Electronic excitation

+ Evibr, I2
Kvibr, I2

nenI2
Vibrational excitation

+ Edet, I−Kdet, I−nenI− Detachment
−Eex1, I3/2

Kde−ex, I1/2
nenI1/2

Electronic de-excitation (gain)

+ Eiz, I3/2
Kiz, I3/2

nenI3/2
Atomic ionization

+
4∑

j=1

Eexj, I3/2
Kexj, I3/2

nenI3/2
Electronic excitation from I3/2

+
4∑

j=2

Eexj, I1/2
Kexj, I1/2

nenI1/2
Electronic excitation from I1/2

+ 3
me

mI
e(Te − TI3/2

)nenI3/2
Kel, I3/2

I3/2-e− elastic collision

+ 3
me

mI
e(Te − TI1/2

)nenI1/2
Kel, I1/2

I1/2-e− elastic collision

+ 3
me

mI2

e(Te − TI2
)nenI2

Kel, I2
I2-e− elastic collision

+ < Ekin >I2
0 Γe

S1hL + S2hR
V

Energy losses to the walls

+ < Ekin >I2
βions

Γe
Sgrid, ionshL

V
. Energy losses to the grid (5.21)

The function < Ekin > represents the mean kinetic energy lost per electron leav-
ing the discharge. The subscript βions

indicates that the mean kinetic energy depends
on the transparency of the walls for ions, and the superscript I2 indicates the work-
ing gas. From [13],

< Ekin > =
5
2
eTe + eφsheath, (5.22)

where φsheath [eV] is the sheath potential. The sheath potential can be calculated
using the current balance between the positive ions that are accelerated through the
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sheath and the thermal flux of electrons. Since the flux of negative ions that leave
the plasma is negligible (virtually zero),

< Ekin >I2
βions

= eTe

5
2
− ln

 1
1− βions

√
πme

mI

√
2nI+ +nI+

2

nI+ +nI+
2


 . (5.23)

The formula depends on the ion grid transparency βions, and that we take βions = 0
when the surface considered does not contain a grid (i.e chamber walls). The func-
tion also depends on the ion densities which is not the case for an electropositive
gas. For instance, < Ekin >I2

0 varies between 7.76 eTe when only I+ is present and
8.1 eTe when only I+

2 is present.

The absorbed power depends on the arrangement used to excite the plasma.
One possibility is to fix pabs without dealing with the details of the power delivery.
However, we prefer to adopt a self-consistent method of calculating the absorbed
power for both the iodine cell and the thruster. Concerning the thruster, the physics
of the plasma generation will be treated, following the work of Chabert et al. [114].

In practice, the equation (5.20) is written so as to isolate the temporal derivative
of Te:

dTe
dt

=
2
3
pabs − ploss

ene
− Te
ne

dne
dt

. (5.24)
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5.2.3.3 Gas Heating

As already mentioned, we treat separately the atomic and molecular temperatures
(TI , TI2

) but all the atomic species temperatures are considered equal (TI3/2
= TI1/2

=
TI). The energy gained by the atoms in the dissociation processes is accounted for.
Molecular dissociation by electron impact is assumed to create atoms with an energy
excess of ∆Ediss = 0.5 eV for each atom, while dissociative attachment produces an
atom with an energy excess of ∆Ediss.att = 5 eV. These mean energy values comes
from ab initio calculations and private discussions with the team of N. Sisourat
at LCPMR. Moreover, ions are reflected back into the plasma as neutrals with a
small fraction of the ion energy gained in the sheath estimated at skeep, ions × 5eTe
where we take skeep, ions = skeep, I+ = skeep, I+

2
= 0.045. This value was obtained by

performing a statistical study with Molecular Dynamic simulations of an energetic
ions impacting perpendicularly a Si surface. The code was developped in thesis
works of C.F. Abrams [166] and the code was made available to us by E. Despiau-
Pujo [167].

Atoms Temperature

The atomic power balance equation is:

d
dt

(
3
2

(nI3/2
+nI1/2

)eTI

)
= (5.25)

+ 3
me

mI
e(Te − TI)ne

(
nI3/2

Kel, I3/2
+nI1/2

Kel, I1/2

)
e− - atoms elastic collisions

+ σin

(
ΓI3/2

+ ΓI1/2

)(
nI+

2
mI2

u2
B,I+

2
+nI+mIu

2
B,I+

)
I+, I+

2 - atoms elastic collisions

−κI
e
kB

(
TI − Tedge

Λ0

)
S
V

Atomic heat flux

− 16
3

mII2

mI +mI2

e(TI − TI2
)nI3/2

nI2
Ω

(1,1)
I3/2I2

I3/2 - I2 elastic collisions

− 16
3

mII2

mI +mI2

e(TI − TI2
)nI1/2

nI2
Ω

(1,1)
I1/2I2

I1/2 - I2 elastic collisions

+∆Ediss.att, I2
Kdiss.att, I2

nenI2
Energy gain via Diss. attachment

+ 2∆Ediss, I2
Kdiss, I2

nenI2
Energy gain via Dissociation

+ skeep, I+ × (5eTe)× ΓI+
Sneutr, ions

V
, Wall neutralization of the I+ flux

(5.26)

with κI the atomic iodine thermal conductivity, fitted as a function of the atomic
temperature, from [168]:

κI = 6.32× 10−5
(
e
kB

TI

)0.768

, (5.27)

Λ0 the heat diffusion length given by equation (1.36), Tedge the edge temperature
(the wall temperature taking into account the temperature jump at the walls due to
thermal accommodation). mII2

and Ω
(1,1)
I3/2I2

are respectively the reduced mass of the
system I-I2 and the Chapman-Cowling integral of the elastic collision between I1/2
and I2, whose expressions are given in Chapter 1 or in Appendix C.
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Molecules Temperature

The power balance equation for molecules reads:

d
dt

(
3
2
nI2

eTI2

)
=

+ 3
me

mI2

e(Te − TI2
)nenI2

Kel, I2
e− - I2 elastic collisions

+ σinΓI2

(
nI+

2
mI2

u2
B,I+

2
+nI+mIu

2
B,I+

)
I+, I+

2 - I2 elastic collisions

−κI2

e
kB

(
TI2
− Tedge

Λ0

)
S
V

Molecular heat flux

− 16
3

mII2

mI +mI2

e(TI2
− TI)nI3/2

nI2
Ω

(1,1)
I3/2I2

I3/2 - I2 elastic collisions

− 16
3

mII2

mI +mI2

e(TI2
− TI)nI1/2

nI2
Ω

(1,1)
I1/2I2

I1/2 - I2 elastic collisions

+ skeep, I+
2
× (5eTe)× ΓI+

2

Sneutr, ions

V
, Wall neutralization of the I+

2 flux (5.28)

with κI2
the molecular iodine thermal conductivity, fitted as a function of the atomic

temperature, from [168]:

κI2
= 2.42× 10−5

(
e
kB

TI2

)0.849

. (5.29)

5.2.3.4 Numerical resolution

The code has been fully written in Python language by Marmuse [22] but greatly
expanded and automated during this thesis. The differential equations are solved
using the "integrate.solve_ivp" function from the Scipy library. The 5th order "BDF"
method has been applied with an adaptive time step. The equations are solved until
steady-state conditions are obtained which typically occurs after a simulation time
of a few milliseconds.
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5.3 Global modeling of the iodine cell

In this section, the 0D model is adapted and applied to the iodine cell. A compar-
ison with the experimental results presented in Chapter 4 will allow to validate or
invalidate various hypotheses of the model. We will also look at the predictions of
the model for physical quantities that could not be measured in the cell (tempera-
ture and electron density, electronegativity, etc.)

5.3.1 Adaptation of the model to the iodine cell

5.3.1.1 Geometrical considerations and initialization

The calculated length of the cell is reduced to the zone located between the elec-
trodes: L = 15 cm (while the cell length is 25 cm). The radius is kept identical
to the experiments: R = 1.5 cm. No flow is needed (QN = 0 s−1) nor any grid
(βneutrals = βions = 0). The initial density of molecules is nI2,0

. All other species
densities are set to 0 at t = 0. The edge temperature is set to 300 K.

5.3.1.2 Self-consistent calculation of the absorbed power

The absorbed power is calculated from the equation introduced in Chapter 2:

Pabs =
1
2
Rind,cellI

2
0 , (5.30)

with I0 the RF signal amplitude and

Rind,cell =
V

σcellS2 =
meνm

nee2
V

S2 , (5.31)

the inductive resistance of the plasma [119]. The electron-neutral momentum trans-
fer collision frequency has been given in equation (1.39). The RF power is plotted as
a function of the RF signal amplitude I0 in Figure 5.2. The experimental measure-
ments (taken for an initial pressure of 11.9 Pa) are compared to the simulation re-
sults with νm calculated using the atomic iodine elastic cross-section. As discussed
in Chapter 1, the accuracy of this cross section is under investigation, so we also
present, in Figure 5.2, results using the elastic cross section of xenon (atom with
almost the same mass, see Table 1.10 for the mean value of the iodine and xenon
elastic cross-sections on the interval [1 eV ; 10 eV]). The trend is well reproduced
but the model systematically overestimates the power (a factor 3 with the xenon
cross-section and almost 6 with the iodine cross-section). Equation (5.31), has been
derived considering a constant electron density profile, which is certainly a too sim-
ple approximation.

The overestimation of the power for a given current has no impact on the results
presented in the following since the electron-neutral elastic collisions do not come
into play in the continuity equations and are negligible in the energy equations.

5.3.2 Results

Experimentally, the absorbed power has not been calculated and the only available
quantity is the RF power delivered by the generator. Thorsteinsson [95] assumed
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Figure 5.2: Evolution of the RF power (with Pabs = 0.75 PRF in the simulations)
as a function of the current amplitude. The experimental data are compared to
the simulations obtained with νm calculated by considering either the elastic cross-
section of atomic iodine or xenon.

the absorbed power to be a fraction of the RF power and we do the same here and
we choose:

Pabs = 0.75 PRF. (5.32)

This assumption has been used to generate Figure 5.2. To be exact, the ratio of Pabs
over PRF is the power transfer efficiency (PTE) that depends on the pressure and the
input power but without further experimental data we assumed a constant value
for all the operating conditions.

5.3.2.1 Procedure to compare measurements and simulations (p0 = 11.9 Pa)

In Chapter 4, we measured for three different initial pressures p0 (4.5 Pa, 11.9 Pa
and 24.5 Pa) the molecular dissociation fraction η, the atomic temperature TI and
the population difference ∆n = nI3/2

− 2nI1/2
, as a function of the RF power. We

will use these experimental measurements to fix the last unknown of the problem,
namely the wall sticking probability γwall and to evaluate the relevance of some
assumptions (for instance concerning the value of the quenching rate).

Experimentally, the dissociation fraction was shown to saturate at a value be-
tween 85% and 90% (see Figure 4.26). However, we only model the positive column
(volume between the electrodes) where the dissociation fraction is expected to be
almost 100 % for sufficient input power. At high power, the remaining molecules
(detected by absorption) are assumed to be located outside the volume between the
electrodes. This volume represents 3/25 = 12 % of the cell volume. Thus, the mea-
sured dissociation fractions are artificially multiplied by 100/88 to suppress the
contribution of the molecules located outside of the inter-electrode region.

In what follows, we take the experimental results obtained for an initial pressure
of 11.9 Pa as an example to describe the procedure. The results are presented in
Figure 5.3.
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Figure 5.3: Comparison between experimental measurements and simulation re-
sults of the iodine cell for an initial pressure of 11.9 Pa. The simulations were
performed taking into account the quenching of the atomic species excited by the
molecules (dotted line) or not (solid line) and γwall = 0.003. Four physical quantities
are plotted as a function of the RF power (with Pabs = 0.75 PRF in the simulations).
(a) dissociation fraction η = 1−nI2

/nI2,0
. (b) Atomic (TI) and molecular (TI2

) temper-
atures. (c) Degeneracy weighted population difference ∆n = nI3/2

−2nI1/2
. (d) Atomic

(nI3/2
and nI1/2

) and molecular (nI2
) densities.

The first step is to choose the γwall value. To do this, we use the evolution of
the dissociation fraction with RF power and look for the γwall value that minimises
the difference between the measurements and the simulation. In sub-figure (a), we
see that the agreement is excellent for γwall = 0.003. This value may seem low but
similar values (and even lower) have already been measured in oxygen plasmas gen-
erated in quartz cells [169]. In a second step, we can compare the other measured
quantities starting with the atomic temperature in sub-figure (b). The evolution of
the atomic temperature with power is well reproduced with notably a saturation at
high power, resulting partly from the dependence of the thermal conductivity to the
temperature (see equation (5.27)). The higher discrepancies at low power may be
due to an overestimation of the power transfer efficiency (in Figure 2.11, the PTE is
increasing with the current). Note that, the molecular temperature is almost equal
to the atomic temperature. Then, the behavior of the ∆n population difference is
studied in sub-figure (c). The experimental values, presented in Figure 4.35, have
been multiplied by 25/15 to fit the simulated optical length. We see that the effect of
quenching (dashed lines) is predominant and that the agreement is better (though
not perfect) when we neglect it (solid lines), which will be the case in the follow-
ing of this section. Indeed, the selected reaction rate for quenching, presented in
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Chapter 1, seems to be largely overestimated for an iodine plasma. Finally, in sub-
figure (d), the densities of the neutral species are plotted and compared with those
obtained by combining the absorption measurements at 488 nm and 1315 nm (pre-
sented in Chapter 4). Neglecting quenching, the agreement is very satisfactory. The
absence or not of quenching has no effect on the molecular density, as was the case
for the dissociation fraction.

Although not studied in iodine plasmas, the quenching of the excited state by
the molecule has been intensively studied by using photodissociation and although
there may be doubts about the value of the reaction rate taken in this thesis, it seems
surprising that it has to be cancelled out to reconcile experiments and simulations.
It is possible that the addition of a term for the direct production of the excited
atomic state via molecular dissociation would help, but we do not have cross sec-
tions for such a process (see Chapter 1).

5.3.2.2 Further experimental comparisons (p0 = 4.6 Pa to p0 = 24.5 Pa)

To further compare the model and the experiments, we apply the procedure detailed
in the previous subsection for additional initial pressures of 4.6 and 24.5 Pa. The
results, as well as those already presented for an initial pressure of 11.9 Pa, are
shown in Figure 5.4.

The value of γwall was adjusted to best approximate the dissociation fraction
curve (sub-figure (a)). The values retained are γwall = 0.007 at 4.6 Pa, γwall = 0.003
at 11.9 Pa and γwall = 0.0015 at 24.5 Pa. Note that the agreement is not optimal and
that there is no reason for γwall to be independent of RF power (since the wall tem-
perature increases with power, which was not considered neither), but it is common
to see a growth of gamma with the dissociation fraction [95], and so a higher γwall
at lower pressure for the same power.

Then, the trend for the ∆n density difference between the atomic levels is well
reproduced by the model but the simulated values are systematically overestimated
which may reveal missing terms in the continuity equation for I1/2. Note that the
agreement is less good at high pressure where the model also overestimates the
temperature.

Indeed and finally, while the trend in atomic temperature is captured regardless
of pressure (especially the saturation at high power), the values only rarely agree
with experiments. If we evaluate the importance of the heating terms in the energy
equation for the atoms, we find that the main contribution (>75 %) comes from the
collisions between the I+

2 ions and the atoms:

σin

(
ΓI3/2

+ ΓI1/2

)
nI+

2
mI2

u2
B,I+

2
. (5.33)

However, this term is only an average estimate which in reality should depend on
the pressure. At high pressure, the use of the Bohm speed in the expression seems
exaggerated and it would probably be more correct to replace it by the thermal
velocity, which would lead to a decrease in the overall term (since uB,I+

2
≫ vI). Con-

versely, at low pressure, the use of the thermal velocity in the atomic flux expression
could be replaced by the Bohm speed, which would increase this term.
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Figure 5.4: Comparison between experimental measurements and simulation re-
sults of the iodine cell for an initial pressure of 4.5, 11.9 and 24.5 Pa. The wall stick-
ing probability is set to 0.007 (4.5 Pa), 0.003 (11.9 Pa) and 0.0015 (24.5 Pa). Four
physical quantities are plotted as a function of the RF power (with Pabs = 0.75 PRF
in the simulations). (a) dissociation fraction η = 1 − nI2

/nI2,0
. (b) Degeneracy

weighted population difference ∆n = nI3/2
− 2nI1/2

. (c) Atomic densities (nI3/2
and

nI1/2
). (d) Atomic temperature TI.

5.3.2.3 Model predictions

To conclude this section, we can now use the model to estimate plasma quantities
that we were unable to measure. We take as an example the case of an initial pres-
sure of 11.9 Pa where the model reproduced the experimental results relatively well.

In Figure 5.5, the densities of the charged species are plotted as a function of
RF power. We see that I− and I2+ ions are largely dominant with a density above
1018 m−3. The electron and I+ densities are more than one order of magnitude
lower. One can wonder if under these conditions, the negative ions I−3 are not to be
included in the model as they were shown to be the dominant negative species at
higher pressures [26].

In Figure 5.6, the electronic temperature, the atomic and molecular tempera-
tures, the electronegativity (α = nI−/ne) and the ionization rate ((nI+ + nI+

2
)/nneutrals)

are plotted as a function of the RF power.
The electron temperature is quite high at very low power and it decreases with

the RF power and is between 1.5 and 2 eV above 20 W, where all three curves are
very close. Interestingly, the model predicts a lower electron temperature for the
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Figure 5.5: Charged-particles densities predicted by the model for an initial pres-
sure of 11.9 Pa.

lower initial pressure, this may also be caused by the wrong estimation of the power
transfer efficiency.

The atomic and molecular temperatures are almost equal, especially at the high-
est pressure. However, for low pressure, high power, the curves start to differ. This
will be discussed in the next section and in Chapter 6.

Classically, the electronegativity decreases with power and increases with pres-
sure. Values higher than 1000 are obtained at very low power for the highest pres-
sure. This result coroborates the works published in the early years of electroneg-
ative plasmas [26, 76, 77], in which the electronegativity in iodine plasmas was
measured to be as big.

Finally, the ionization rate is very low and saturates with power, not exceeding
5× 10−4 at the lowest pressure.
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Figure 5.6: Iodine cell global modelling results as a function of the RF power for
three different initial pressures (4.6, 11.9 and 24.5 Pa). (a) Electron temperature
Te [eV]. (b) Neutral species temperature [K]. (c) Electronegativity α = nI−/ne. (d) Ion-
ization rate (nI+ +nI+

2
)/nneutrals.
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5.4 Global modeling of the PEGASES thruster

In this section, the model is first adapted to the thruster characteristics. Then, the
simulation results are compared to experimental measurements presented in Chap-
ter 3 and Chapter 4. In the following, the quenching reaction is not taken into
account and we have checked afterwards that it has a negligible influence at low
pressure and only a minor one at higher pressure.

5.4.1 Adaptation of the model to the PEGASES thruster

5.4.1.1 Self-consistent calculation of the absorbed power

Theoretical background

Taking up the work of Chabert et al. [114] (which was re-used without any modifica-
tion by Grondein et al. [13]) we consider that the plasma is generated by circulating
an RF current, of amplitude Icoil. In the original model, the formulas were derived
for a coil surrounding the cylindrical chamber. However, experimentally we use
a flat coil and we slightly modified the formulas to take it into account. The in-
duced electromagnetic field is responsible for the plasma generation. The coil has
Ncoil turns and its total length is lcoil. The absorbed power is calculated from the
equation introduced in Chapter 2:

Pabs =
1
2
RindI

2
coil, (5.34)

with

Rind =
2πN 2

coil

lcoilωRFε0
Re

[
ikR′

J1(kR′)
εpJ0(kR′)

]
. (5.35)

where R′ = a × R (a > 0 is a free parameter, a = 1 gives back the expression
from [114]), ε0 is the vacuum permittivity, J0 and J1 the 0th and 1st modified Bessel
functions, k = ωRF

c ε1/2
p and

εp = 1−
ω2

pe

ωRF(ωRF − jνm)
(5.36)

is the plasma complex permittivity with νm the electron momentum transfer colli-
sion frequency, given by equation (1.39).

Determination of the coil properties

The unknowns of equation 5.35 are the coil parameters (Ncoil and lcoil) and a =
R′/R. In order to determine these parameters, we use the global model working with
xenon (a model working with argon, krypton and xenon is described in Appendix A)
and seek for the best fitting parameters to match the experimental results of the
power transfer efficiency, shown in Figure 2.11, and measured for a fixed pressure
of 2.5 mTorr. Let’s simply recall that the power transfer efficiency (PTE) reads:

PTE =
Pabs

PRF
=

Rind

Rind + Rcoil
, (5.37)
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with Rcoil(Icoil) given by equation (2.6).
The total resistance Rind + Rcoil and the power transfer efficiency are plotted as

a function of the coil current in Figure 5.7. Model results (line) have been obtained
by using a = 0.2 and N 2

coil/lcoil = 1.64× 104 m−1, choosing xenon measurements as a
reference. In the following, the values of a and N 2

coil/lcoil are fixed and assumed to
be the same for all gases and all working pressures. The agreement between exper-
iments and model for krypton and argon is also remarkable especially concerning
the minimum current for which the discharge can be operated.
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Figure 5.7: Comparison between the global model simulations (line) and the ex-
perimental measurements (markers) for argon, krypton and xenon obtained in the
PEGASES thruster for a fixed pressure of 2.5 mTorr. (a) The sum of the inductive
resistance and the coil resistance is plotted as a function of the coil current. (b) The
power transfer efficiency (PTE) is plotted as a function of the coil current.

The same procedure has been applied to iodine and the results are plotted in
Figure 5.8. The agreement is much less satisfactory than with the noble gases. The
uncertainty on the iodine elastic collision reaction rates Kel, I3/2

and Kel, I1/2
, discussed

in Chapter 1, could be a cause of error. We added the result of a simulation where
the atomic iodine elastic reaction rates were set equal to the xenon rate: Kel, I3/2

=
Kel, I1/2

= Kel,Xe, the other reactions rates being unchanged (dashed line).
The same study was carried out at 0.6 mTorr (with the four gases), keeping the

same coil properties and the agreement was not good, Rind being largely underesti-
mated by the model. Such a discrepancy could be due to stochastic heating which is
not taken into account in the model and which could be non-negligible at very low
pressure.

To conclude, the self-consistent calculation of the discharge power being inde-
pendent of the simulation results, we keep the above mentioned values for the coil.
Similarly, the elastic collisions between electrons and neutrals play no role in the
continuity equations and are largely negligible in the energy equations (for our oper-
ating conditions) so the use of the elastic cross-section of iodine or xenon has almost
no effect on the simulated quantities (much less than 1 % of difference on the calcu-
lated densities). In the following, we will use the elastic cross-section of xenon. The
explanation is given by Figure 5.9. The experimental plasma breakdown operating
conditions (flow rate and coil current) are compared to the simulated breakdown
operating conditions obtained with either the xenon or iodine elastic cross-section.
The overall agreement is better with xenon (mostly at high flow rates, although not
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Figure 5.8: Comparison between the global model simulations and the experimental
measurements (markers) for iodine obtained in the PEGASES thruster for a fixed
pressure of 2.5 mTorr. The model was run with either the iodine elastic cross-section
(gold) or the xenon elastic momentum transfer cross-section (blue). (a) The sum of
the inductive resistance and the coil resistance is plotted as a function of the coil
current. (b) The power transfer efficiency (PTE) is plotted as a function of the coil
current.

perfect) and justifies our choice.
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Figure 5.9: Iodine plasma breakdown operating conditions (flow rate versus the
coil current). The experimental values are compared to the values simulated by the
model using either the xenon elastic cross-section or the iodine cross-section.

5.4.1.2 Input parameters and initial conditions

A cylindrical geometry has been kept in the model while our experiments were con-
ducted in a nearly cubical thruster: it has been decided to keep the same thruster
axis length and to adjust the inner radius in order to reach the same internal volume
(V ≈ 1.25 × 10−3 m3). To adapt the model to the experimental setup, the RF exci-
tation frequency has been set to 4 MHz and the grid transparency βneutrals to 10 %.
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Since the exhaust grid is not polarized, we have used βions = βneutrals. All model
input parameters are summarized in Table 5.2.

Table 5.2: Parameters used in the model.

Thruster Grid settings Coil properties Iodine constants
R = 5.5 cm βneutrals = 0.1 ωRF = 2π × 4 MHz mI = 1

2mI2
= 126.9 uma

L = 13 cm βions = 0.1 N2
coil/lcoil = 1.64× 104 m−1 σin = 10−18 m2

Tedge = 600 K a = 0.2

Based on the observation of Figure 4.18, a large temperature jump exists
whatever the pressure. We decide to set: Tedge = 600 K.

The remaining unknown is the wall sticking probability γwall (see Chapter 1
for more details), the value of which depends on the surface material, the wall
temperature, the dissociation fraction, etc... In iodine, no precise experimental
study has yet been carried out and we do not have an explicit formula as a function
of the dissociation fraction, as is the case for chlorine [95]. We will therefore use
experimental measurements to determine this value.

The model is run until a steady state is reached, when the study is performed as
a function of the discharge power or the pressure, the initial conditions are taken
equal to the final values of the previous converged simulation.

5.4.2 Comparisons to experiments

The model inputs are the coil current and the I2 mass flow rate, while the exper-
imental control parameters are the pressure and the power. In order to compare
similar plasma conditions, the model has been run over a very large range of mass
flow rates and coil currents to insure that we could find cases with output neutral
pressure and absorbed power similar to the experimental ones.

5.4.2.1 Influence of neutral pressure

In the first part of this subsection, the global model is compared to the measured
electron density, electron temperature and electronegativity as a function of the
neutral pressure (see Figure 5.10). The discharge power is fixed at 200 W and
γwall = 0.05. The experimental values are taken from Figure 3.26 for the electron
density and the electron temperature and from Figure 3.29 for the electronegativity.
The bars in the figure indicate the minimal and maximal measured values (where
repeatability errors have been included, see Chapter 3 for more details) recorded
along the spatial profile, while the marker is the value averaged over the spatial
profile. At very low pressure, where the spatial profiles are quite flat, there are only
little differences between the minimum, the maximum and the average. Inversely,
at higher pressure, there are major discrepancies between these values, leading to
very large bars.

Such a study has already been carried out in the framework of this thesis us-
ing Grondein’s model [13] (see Esteves et al. [1] for the details). These results are
reported on the figures with a dashed blue line. The results obtained with the up-
dated model are plotted in red. As in the studied conditions, the electronegativity
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Figure 5.10: The iodine global model is compared to experimental measurements in
PEGASES thruster for a fixed discharge power of 200 W and γwall = 0.05. The effect
of neutral pressure is studied. The markers represent the mean value measured all
along the thrust axis while the errorbars evidence the minimal and maximal values.
The dashed blue line represent the results from Esteves et al. [1] by using Grondein’s
model [13]. (a) The simulated and measured by Langmuir probe electron tempera-
ture Te is plotted versus the neutral pressure. (b) The simulated and measured by
Langmuir probe electron density ne is plotted versus the neutral pressure. (c) The
simulated and measured by photodetachment electronegativity α is plotted versus
the neutral pressure. The influence of the electron impact detachment reaction is
added.

varies significantly, we have also used these results to evaluate the consistency of the
current cross-section for detachment, which as discussed in Chapter 1, is based on
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only one calculation so far and is considered to be rather high, the simulations were
performed with (green) and without (red) the electron impact detachment process.

For pressures below 3 mTorr, where spatial profiles are fairly flat, the com-
parison between Grondein’s model and experiments was acceptable for the
electron density and the electronegativity. However, the electron temperature
was systematically underestimated by the model. With the updated model, the
electron temperature is well captured whatever the pressure. This comes from
the additional neutral gas heating terms, described above, that were not included
in Grondein’s model. For the same pressure, as the temperature of the neutrals
increases, their density decreases as well. This leads to fewer collisions and
therefore more transport. In order to maintain the same ionisation rate, Te must
increase. Also, the electron density, is slightly overestimated but closer to the mean
experimental values, even at 10 mTorr. Concerning the electronegativity, the trend
is well reproduced but the difference between both simulations (with or without
the electron impact detachment process) is striking and the experimental values lie
between both curves, meaning that, as pointed out in Chapter 1, the cross-section
for this reaction might have been overestimated (or the wall sticking probability
γwall has been underestimated, see next subsection). The absence or not of this
cross-section in the reaction set has only a minor impact on Te and ne.

In a second part, the global model is compared to the measured atomic temper-
ature, dissociation fraction, difference of population between the two first atomic
states, molecular densities and reconstructed atomic densities as a function of the
neutral gas pressure (see Figure 5.11). Once again, the discharge power is fixed
at 200 W. The experimental values are taken from Figure 4.50 and Figure 4.19 for
the atomic temperature, from Figure 4.46 for the dissociation fraction, from Fig-
ure 4.49 and Figure 4.50 for ∆n and from Figure 4.46 and Figure 4.51 for the den-
sities. The bars in the figure indicate the minimal and maximal measured values
recorded along the spatial profile, while the marker is the value averaged over the
spatial profile, except for the atomic temperature where measurements were per-
formed at a single location (z = 7.65 cm).

In what follows, the comparison with experiments should be taken with caution
since the measurements were mostly obtained for pressures above 3 mTorr, where
the optical signals were sufficient but where the spatial gradients are non-negligible
and the uniform electron temperature, and the validity of the model that goes with
it, are questionable. It should also be remembered that measurements obtained by
absorption are integrated on the line of sight and not local as were the measure-
ments of the charged species.

In subfigure (a), we see that the model largely underestimates the atomic temper-
ature, which is mostly flat only 100 K above Tedge. It starts increasing for pressures
above 3 mTorr. A slight rise in temperature is also observed at very low pressure,
it comes from the energetic ions that release some of their energy, acquired in the
sheath, to the neutral gas after neutralisation at the wall. Interestingly, the atomic
and molecular temperatures differ. In this global model, this is explained by the
very high dissociation fraction and the fact that almost all the heating terms of the
molecules are proportional to the molecular density: without molecules, no heat-
ing. However, this model does not account for density gradients and we will see
in the next chapter that atoms and molecules do exchange energy and that their
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Figure 5.11: The iodine global model is compared to experimental measurements in
PEGASES thruster for a fixed discharge power of 200 W and γwall = 0.05. The effect
of neutral pressure is studied. The markers represent the mean value measured all
along the thrust axis while the errorbars evidence the minimal and maximal values.
(a) Atomic and molecular temperatures, the experimental data are taken from Fig-
ure 4.50 and Figure 4.19. (b) Dissociation fraction, the experimental data are taken
from 4.46. (c) ∆n = nI3/2

− 2nI1/2
, experimental data are taken from Figure 4.49 and

Figure 4.50. (d) Neutral species densities, experimental data are taken from Fig-
ure 4.46 and Figure 4.51.

temperature should not differ significantly.
Then, in subfigure (b), the dissociation fraction is very high, more than 90 %

below 10 mTorr. The only remaining molecules are produced via recombination
at the walls (with γwall = 0.05 in this case). The experimental errorbars are very
large but the simulated dissociation fraction may be overestimated, meaning that
the value of γwall might have been underestimated.

Finally, the agreement between the simulated and the measured ∆n is satis-
fying and the trend with pressure is well captured. However, the model clearly
underestimates the neutral species densities as compared to the values found in
Chapter 4.Because the agreement is not good on the dissociation rate, the agree-
ment cannot be good on the molecular density. The calculation of the experimental
atomic densities directly depends on the value of the dissociation rate which
explains the discrepancies observed. The discrepancy could even be bigger if the
temperature was correctly captured by the model. As the spatial profiles show
gradients, the global model shows its limits here.

In the following subsection, we shall restrict our comparison to pressures below
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3 mTorr, where the assumption of isothermal electrons still holds, and the global
model approach is more appropriate.

5.4.2.2 Influence of the discharge power for pressure < 3 mTorr

The experimental results presented in this section were all obtained at a fixed posi-
tion z = 6.5 cm, in the middle of the discharge. The discharge power was varied over
the largest range available in order to get the largest range of electron density values
and the mass flow rate was adapted to keep a constant pressure. Experiments were
conducted at 0.6, 1.0 and 2.5 mTorr. Unless otherwise stated, the electron impact
detachment reaction is incorporated into the model and γwall = 0.15. This value
of γwall comes from the chlorine global model of Thorsteinsson et al. (see Figure 3
in [95]) where, in the case of an anodised aluminum surface, the experimental val-
ues of γwall measured by Guha et al. [170] tend to 0.15 when the plasma is fully
dissociated.

In Figure 5.12, we choose to plot the electronegativity (±10%) versus the electron
density (+38

−13%, see Chapter 3 for details) rather than the discharge power. In this
way, we directly check the particle balance equations and we partially short-circuit
the power balance equation. The measured values are in good agreement with the
model with γwall = 0.15. The electronegativity increases greatly when the electron
density (or the discharge power) decreases. For very low discharge power, where the
discharge could not be maintained, very high electronegativity values are expected
which was observed in early works on iodine plasmas [76, 77].
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Figure 5.12: The electronegativity α = nI−/ne is plotted againt the electron den-
sity ne. The global model is compared to experimental measurements in PEGASES
thruster for three different pressures (0.6, 1.0 and 2.5 mTorr). The solid lines are
simulations with γwall = 0.15. At 0.6 mTorr, two more curves are plotted with
γwall = 0.05: one taking into account the electron detachment process (dashed) and
an other without the electron detachement process (dotted).

At 0.6 mTorr, we added two simulation results obtained for γwall = 0.05 with
and without considering the electron detachment reaction. Not including the
detachment process at all seems wrong (assuming that the reaction rates for
I−/I+ and I−/I+

2 recombination are accurate). Unfortunately, it is not possible to
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determine the precise value of γwall because of the remaining doubts about the
magnitude of the detachment cross section. If the cross-section used is accurate,
γwall ≈ 0.15−0.2 seems to be consistent (though, there is no reason to take the same
value for different pressures [95]). However, if the cross-section is overestimated,
the value of gamma must automatically be adjusted downwards to match the
experimental results. Within our experimental setup, it seems reasonable to set
γwall between 0.05 and 0.2.

The electron density is plotted as a function of the discharge power in Fig-
ure 5.13, with +38

−13% errorbars. The agreement between experimental measurements
and the global model is quite good. The trends are well captured by the model
and the discrepancies never exceed a factor 2. It is worth noticing, however, that
the model slightly overestimates the density. The experimental values are all very
close, as seen in Figure 3.26, even if the density profiles evolve drastically as pres-
sure increases.
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Figure 5.13: The iodine global model, with γwall = 0.15, is compared to experimental
Langmuir Probe measurements in PEGASES thruster for three different pressures
(0.6, 1.0 and 2.5 mTorr). (a) The electron density Te is plotted versus the discharge
power. (b) The electron Temperature Te is plotted versus the discharge power.

To complete our detailed comparison between experiments and global mod-
elling, the electron temperature (+9

−19%, see Chapter 3 for details) is plotted as a
function of the discharge power in sub-figure (b). The model systematically lies
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within the experimental errorbars and the simulated electron temperature slightly
increases with discharge power, as observed experimentally. This was not the case
in Esteves et al. [1], which indicates that the added gas heating terms better capture
the physics of the discharge.

To conclude this section, we show in Figure 5.14 the densities of the seven simu-
lated species as a function of discharge power for a neutral pressure at 0.6 mTorr. It
can be seen that the plasma is highly dissociated (>90%) at high discharge power
and that the ionization degree can be up to a few percents, this regime is very
favourable for electric propulsion. Even if I+ is the dominant ion, note that I+

2 and I−

can become significant and even dominant at lower discharge powers. Finally, the
first two atomic states are very close to a Boltzmann equilibrium at Te.
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5.5 Chapter digest

In this chapter, an updated iodine global model has been presented and com-
pared to experimental results on two different geometries. Compared to the
previous models, the reaction set has been completed (using the work pre-
sented in Chapter 1), the first atomic excited species I(2P◦1/2) has been in-
cluded, the neutral gas heating model has been improved (by including the
contribution of fast neutrals generated at the wall by the neutralization of the
ion flux and energy gains via dissociation processes) and the temperatures of
the atoms and molecules are no longer considered equal. The physics of the
plasma generation are also considered in both geometries to self-consistently
calculate the absorbed power.
Comparisons on the iodine cell validated the behaviour of neutral species.
The neutrals temperatures and densities trends are well captured as a func-
tion of the RF power when the wall sticking probability value is adjusted.
The dissociation is very high and the equilibrium of charged species is dom-
inated by I− negative ions and I+

2 positive ions, although the inclusion of the
I−3 species should be considered. The quenching of the atomic excited state by
the molecules seems to be negligible and processes of production of the same
excited state by molecular dissociation must be added to complete the com-
parisons. Finally, although updated, the energy equation for neutral species
has shown limitations and more sophisticated heating terms should be con-
sidered.
Concerning the comparisons with the thruster, the model well captures the
general features. The calculated electron densities and electron temperatures
are comparable to the measured ones, and the trends with the neutral gas
pressure and absorbed RF power are well reproduced. The model predicts
a very strong dissociation in the conditions explored, i.e. very low pressure
and high RF power. While the trends for the electronegativity are also well
reproduced, the doubts on the magnitude of the electron impact detachment
cross-section make it impossible to conclude on the value of the wall sticking
probability γwall, which has only be estimated to be between 0.05 and 0.2.
The atomic and molecular densities have been measured for pressures above
3 mTorr only, where the global model assumptions break down; electrons are
no longer isothermal and consequently the profiles start to strongly deviate
from the standard case well described by global modelling. So that it is diffi-
cult to further discuss comparisons on neutrals measurements. Still, the dis-
sociation fraction is very high as confirmed by direct measurements of the rate
fraction itself and of the low electronegativity. In order to correctly describe
the strong localization of the plasma near the antenna observed at higher pres-
sures, it will be necessary to use at least one-dimensional models.
Similar results have been published in reference [1] and presented in several
international conferences (see Related publications in page xiii). The content
of this chapter is intended to be submitted to a journal.
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6.1 Introduction

Most of the experimental diagnostics implemented on the PEGASES thruster
yielded one-dimensional spatial profiles along the thrust axis, at the center of the
discharge, where very strong gradients were revealed as the pressure increased. In-
deed, measurements of electron density and, electron temperature, electronegativ-
ity and relative atomic density evidenced large gradients.

Nevertheless, the absorption measurements of the neutral species presented in
Chapter 4, since they were integrated along the transverse line of sight, did not give
a clear picture of the behavior of the neutral species (especially for the molecules)
in the center of the discharge. Also, at best, due to the location of the windows on
the thruster, only 9 cm out of 13 cm were optically accessible (about one third of the
discharge was not optically accessible) .

The global model presented in the previous chapter captured most of the exper-
imentally observed trends, but is not intended to model gradients. In particular,
global models fail when there are strong gradients of electron temperature. The
thruster model was, therefore, only validated for pressure below 3 mTorr and by
using charged-particles measurements.

For all these reasons, we decided to implement a one-dimensional multi-fluid
code, simulating the center of the discharge, from the antenna, to the exhaust grid.
Ideally, a self-consistent code coupling charged and neutral species would have been
implemented (it will be done in the future), but this was not feasible within the
given time frame of the thesis. The crucial missing information concerned the neu-
tral species, since the measurements of the charged species provided us with ab-
solute measurements over almost the entire length of the thruster axis (10 cm out
of the total 13 cm). Thus, we decided to use the multi-fluid approach to simu-
late the behavior of the three dominant neutral species in our iodine plasmas: I2
molecules, I3/2 atoms and excited I1/2 atoms. The electron density and tempera-
ture were treated as input parameters and we used values obtained Langmuir probe
measurements.

The aim of the work of this chapter is to obtain one-dimensional profiles of the
densities, fluid velocities and temperatures of the three simulated species. To this
end, it will be necessary to take into account the inertia terms and to consider the
energy equations with conductive heat fluxes to close the moment hierarchy.

The model is described in Section 6.2 and the simulation results are compared
to experiments in Section 6.3. The main findings of the chapter are gathered in a
summary at the end.
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6.2 Model description

6.2.1 Multi-fluid formalism

For ease of reading, only the main ideas will be developed in the following. For
more details, concerning the derivation of the fluid equations and of the collision
source terms, the reader can refer to Appendix B and Appendix C.

6.2.1.1 General equations

Following the works of Benilov [111, 112], let us consider the general binary colli-
sion between α and β

α + β −→ products. (6.1)

The 3D conservative fluid equations (mass density, momentum and total energy) for
the α neutral species are:

∂t(mαnα) +∇ · (mαnαuα) = mαwα, (6.2)

∂t(mαnαuα) +∇ · (mαnαuαuα) +∇pα = −
∑
β

r(m)
αβ + w(m)

α , (6.3)

∂t

[
nα

(
3kBTα

2
+
mαu2

α

2

)]
+∇ ·

[(
nα

(
3kBTα

2
+
mαu2

α

2

)
+ pα

)
uα + qα

]
= −

∑
β

r
(e)
αβ +w

(e)
α .

(6.4)

Here, mα, nα, uα, pα = nαkBTα, and qα are the mass, the density, the mean velocity,
the hydrostatic pressure, and the heat flux density of the species α. r(m)

αβ and and

r
(e)
αβ are rates of loss per unit volume of, respectively, momentum and energy of the

species α due to elastic collisions with the species β. wα , w(m)
α and w

(e)
α are rates

of change of the number density, momentum, and energy of the species a due to
inelastic collisions. The former notations implicitly take into account the sum of all
the inelastic processes that affect the α particule:

wα =
∑

process

wα,process, (6.5)

w(m)
α =

∑
process

w(m)
α,process, (6.6)

w
(e)
α =

∑
process

w
(e)
α,process. (6.7)

(6.8)

The reader is referred to [111, 112], or Appendix C, in order to find the general
expression for the rates. Here, we will particularise the equations to the appropriate
reaction set and derive the consequent rates.
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6.2.1.2 Reduction to the 1D geometry

Since the electron density and temperature measurements are used as input to the
model and these measurements were made one-dimensionally along the thruster
axis, the general equations, with α ∈ {I3/2, I1/2, I2}, are reduced to one dimension:

∂t(mαnα) +∂z (mαnαuα) = mαwα, (6.9)

∂t(mαnαuα) +∂z
(
mαnαu

2
α + pα

)
= −

∑
β

r
(m)
αβ +w

(m)
α , (6.10)

∂t

[
nα

(
3kBTα

2
+
mαu

2
α

2

)]
+∂z

[(
nα

(
3kBTα

2
+
mαu

2
α

2

)
+ pα

)
uα + qα

]
= −

∑
β

r
(e)
αβ +w

(e)
α .

(6.11)

Note that when reducing from 3D to 1D geometry, no surface-averaged effects have
been included in the model, especially no atomic wall recombination (the atomic
wall recombination is only taken into account in z = 0 and z = 13 cm). The neu-
tralisation of the ion flux at the walls has not been included either. We expect the
transport of gas particles in the perpendicular plane to be less important than in the
axial direction as the plasma density gradients are stronger along the thrust axis.
Additionally, to the best of our knowledge there is no existing reduced model that
integrates the transport effects in the transverse direction for a multi-component
gas. For this reason, we choose a purely 1D geometry.

6.2.2 Set of reactions

The reaction set used in the multi-fluid code is shown in Table 6.1. Collisions are
classified into four different categories:

1. Elastic collisions between neutrals;

2. Elastic collisions between electrons and neutrals;

3. Inelastic collisions between electrons and neutrals;

4. Inelastic collisions between neutrals.

The collision rate notations for continuity, momentum and energy equations are
also given in the table. Details of the calculations of these rates are provided in
Appendix C.
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The spontaneous de-excitation of the excited atom whose lifetime of τrad =
140 ms [49] is included in the model but not indicated in the table. Also, as al-
ready mentioned in Chapter 1 and Chapter 5, no production of I1/2 via dissociation
is taken into account because of a lack of cross section. Then, during the quench-
ing collision, the restitution of energy from the excited atom to the molecule is not
taken into account. Finally, it is worth noticing that we do not consider any term
as a result from the collisions between ions and neutrals, as we do not have mea-
surements of the ion profiles (density for each ion, velocity or temperature). The
discussion of the results will be done in awareness of this simplification.

The balance between atoms and molecules is ensured at the boundaries of the
domain (z = 0 and z = lz) via atomic recombination. The details of this process are
given in subsection 6.2.3.3.

6.2.3 Closure terms

6.2.3.1 Heat Flux

For the heat-flux vector of each of the different species, we assume a Fourier’s law
with empirical values of the thermal conductivity. As a result, the heat flux reads

qα = −κα∂zTα, (6.12)

with the atomic and molecular iodine thermal conductivities experimentally ob-
tained [168] and fitted with the following formula as a function of their tempera-
tures,

κI = 6.32× 10−5T 0.768
I and κI2

= 2.42× 10−5T 0.849
I2

. (6.13)

6.2.3.2 Boundary conditions

We model the atom surface recombination at the boundaries of the computational
domain. We assume the distribution function at the wall to be a Maxwellian and
the wall sticking probability γwall (the ratio of the atoms recombining at the surface
over the number of atom/wall collisions) of excited iodine and the ground state to
be equal. As a result, the fluxes of particles read

nIuI|wall =
1
4
nIvI

(
2γwall

2−γwall

)
n, (6.14)

nI2
uI2

∣∣∣
wall

= −1
2

(
nI1/2

uI1/2

∣∣∣
wall

+ nI3/2
uI3/2

∣∣∣
wall

)
, (6.15)

where vI =
√

8kBTedge/(πmI) and n is the outward pointing normal to the boundary.

We assume all the species to thermalize by collisions with the wall. This yields

TI1/2

∣∣∣
wall

= TI3/2

∣∣∣
wall

= TI2

∣∣∣
wall

= Tedge. (6.16)

Note that Tedge is not directly the wall temperature, but the temperature of the gas
near the wall. This temperature is not necessarily equal to the wall temperature
because of the well known thermal accommodation factor (not included here).
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6.2.3.3 Volumetric injection of neutral particles

The one-dimensional geometry of our model does not allow for the injection of neu-
tral gas as done in the experiments, which is performed in the lateral wall that is
parallel to the simulation axis. For this reason, we model a volumetric source of
particles in order to ensure the pressure to be equal to the experimental one. Note
that the pressure depends on the local composition of the gas and hence is not pre-
scribed by the initial condition. We choose a source of particles that relaxes the
total pressure to the experimental pressure at time scales that are much longer than
the transport processes and hence this injection does not have an effect on the local
transport at steady state. This volumetric source is taken from [16], where an addi-
tional term is added into the right-hand-side of the continuity equation (6.9) of the
molecular iodine. The term reads

ρ̇I2
=

mI2

τflow

(
n

inj
I2
−nI2

)
, (6.17)

where n
inj
I2

is defined by the specified pressure and τflow is a characteristic flow res-
idence time. Unlike the work by Levko et al. [16], where the gas is assumed to be
isothermal, in this work we solve the energy equation and consequently, the injec-
tion of the gas at a certain temperature needs to be taken into account. For this
reason, we add the following term in the right-hand-side of the energy equation
(6.11):

ĖI2
=

3
2
ρ̇I2

mI2

kBTinj, (6.18)

where the injection temperature Tinj = 300 K.

6.2.3.4 Input: electron density and temperature from LP measurements

As written above, the code does not self-consistently calculate the densities of
charged species and in the selected reaction set, the only charged particles to be
considered are electrons. Therefore, the spatial profiles of the electron temperature
and the electron density are obtained from a fit of the experimental measurements
obtained by Langmuir probe. Since the experimental measurements only go from
z = 1.5 cm to z = 11.5 cm, it was necessary to postulate the values of electron den-
sities and temperatures at the boundaries of the domain (z = 0 cm and z = 13 cm).
We have chosen to impose:

ne(z = 0 cm) =
1
2
ne(z = 1.5 cm), ne(z = 13 cm) =

1
2
ne(z = 11.5 cm), (6.19)

Te(z = 0 cm) = 0.8× Te(z = 1.5 cm), Te(z = 13 cm) = 0.8× Te(z = 11.5 cm).
(6.20)

The space fitting formula has been chosen to be a 5th order polynomial. In Fig-
ure 6.1, the fitting procedure has been applied to the electron experimental mea-
surements obtained in an iodine plasma at a pressure of 15 mTorr and a discharge
power of 200 W.
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Figure 6.1: Electron density and temperature spatial profiles measured by using
Langmuir probe in an iodine plasma at 15 mTorr and 200 W (blue markers). Arti-
ficial values at z = 0 cm and z = 13 cm have been added to constrain the 5th order
polynomial (red curve).

6.2.4 Numerical resolution

6.2.4.1 Initial conditions

To reduce the computational time, the initial conditions for the fluid model have
been computed by using the solutions of a simplified isothermal (temperature Tgas)
volume-averaged model whose equations are:

dnI2

dt
= −Kdiss, I2

nenI2
+

1
2
Kwall, I3/2

nI3/2
+

1
2
Kwall, I1/2

nI1/2

+
pgas − (nI3/2

+nI1/2
nI2

)kBTgas

kBTgasτflow
, (6.21)

dnI3/2

dt
= 2Kdiss, I2

nenI2
+Kquench, I2−I1/2

nI1/2
nI2

+Kde−ex, I1/2
nenI1/2

−Kex1, I3/2
nenI3/2

−Kwall, I3/2
nI3/2

+
nI1/2

τrad
, (6.22)

dnI1/2

dt
= Kex1, I3/2

nenI3/2
−Kquench, I2−I1/2

nI1/2
nI2
−Kde−ex, I1/2

nenI1/2

−Kwall, I1/2
nI1/2
−
nI1/2

τrad
. (6.23)

No flows are modelled here, the last term in the equation (6.21) guarantees a con-
stant neutral pressure equal to pgas.
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6.2.4.2 Numerical scheme

Let us consider the conservative variables, convective fluxes and diffusive fluxes of
the species α, respectively:

U =


ρα = mαnα
Γα = mαnαuα

Eα = nα

(
3kBTα

2 + mαu
2
α

2

)
 , F (U ) =


Γα

2
3

(
Γ 2
α
ρα

+Eα

)
5
3
EαΓα
ρα
− 1

3
Γ 3
α

ρ2
α

 , H(U ) =

 0
0
qα.

 (6.24)

The system to solve is :

∂tU +∂zF (U ) +∂zH(U ) = S (6.25)

where S contains all the collisional source terms, as explained above.

Discretisation

We use a finite volume discretization, as explained below. The domain is divided
into N elements of equal length ∆z. We write the integral form of equation (6.25)
for each element i ∈N as:

d
dt

∫
Ωi

U dΩ+
∮
Si

F ·ndσ +
∮
Si

H ·ndσ =
∫
Ωi

S dΩ (6.26)

where Ωi is the i-th cell volume, Si is the surface of Ωi and n is the outward normal
to Si . We then set :

U i =
1
∆z

∫
Ωi

U dΩ, (6.27)

in order to write :

d
dt

U i +
1
∆z

(Fi+1/2 −Fi−1/2) +
1
∆z

(Hi+1/2 −Hi−1/2) = S i (6.28)

For the convective fluxes, we use a Lax-Friedrich scheme in order to compute the
numerical flux at the interface between the i-th and (i + 1)-th cells:

Fi+1/2(UL,UR) =
1
2

[
F

(
UL

)
+F

(
UR

)]
−
|λmax

i+1/2|
2

(
UR −UL

)
, (6.29)

and we use λmax
i+1/2 = max

(
λmax
i ,λmax

i+1

)
, defined as the maximum eigenvalues of the

Jacobian matrix of the homogeneous Euler equations of both neighboring cells to the
interface. UL/R are the reconstructed values at the left/right of the interface. The
reconstruction is performed in order to achieve second order accuracy with a TVD
(total variation diminishing) MUSCL (Monotonic Upwind Scheme for Conservation
Laws) scheme [171].

For discretization of the heat flux at the cell interface, we use a second-order
central scheme, as follows

qαi+1/2
(U i ,U i+1) = −

καi+1/2

∆z

(
Tαi+1

− Tαi

)
. (6.30)
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Here, the thermal conductivity at the interface is approximated as καi+1/2
= (καi

+
καi+1

)/2.
We use the method of lines that separates the space and time integrations, as

used in [172]. Consequently, after the computation of the fluxes, as explained above,
we obtain an ODE in time, as follows:

d
dt

U i = Ri , with Ri = − 1
∆z

(Fi+1/2 −Fi−1/2)− 1
∆z

(Hi+1/2 −Hi−1/2) + S i . (6.31)

This ODE is resolved with a third-order TVD Runge Kutta scheme, which, as pro-
posed by [173], reads,

U
(1)
i = U

n
i +∆tR

n
i , (6.32)

U
(2)
i =

3
4
U

n
i +

1
4
U

(1)
i +

1
4
∆tR

(1)
i , (6.33)

U
n+1
i =

1
3
U

n
i +

2
3
U

(2)
i +

2
3
∆tR

(2)
i . (6.34)

Here, the superindex denotes the quantities computed at a given time, e.g., U
n
i =

U i(tn). The numerical scheme has a Courant-Friedrichs-Lewy (CFL) condition for
numerical stability [174], where the time step is chosen at every time step from the
following condition,

∆t < min
i ∈ N,
α, β ∈ s

(
∆z
λmax
i

,
(∆z)2

2καi

, ν−1
αβ

)
.

Jacobian and eigen values

The Jacobian matrix associated to F (U ) reads :

J =


0 1 0

−2
3

(
Γα
ρα

)2 4
3
Γα
ρα

2
3

2
3

(
Γα
ρα

)3
− 5

3
EαΓα
ρ2
α

5
3
Eα
ρα
−
(
Γα
ρα

)2 5
3
Γα
ρα

 . (6.35)

and its eigen values are:

λ ∈
uα, uα −

√
5
3
kBTα
mα

, uα +

√
5
3
kBTα
mα

 . (6.36)
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6.3 Results and comparison to experiments

In this section, the multi-fluid simulation results are compared to the experimental
measurements presented in Chapter 4. The influence of several simulation param-
eters is studied.

6.3.1 General picture at 15 mTorr-200 W

In this first subsection, the case of an iodine plasma for a pressure of 15 mTorr
and a discharge power of 200 W is used as reference. The simulations have been
carried out by fixing Tedge = 600 K as in Chapter 5 and by taking γwall = 0.15. In
Figure 6.2, we look at several outputs of the multi-fluid code (along the thrust axis)
and compare with the experimental results when possible. It should be kept in mind
that the simulations are performed at the center of the discharge where the majority
of the measurements were obtained by absorption and therefore averaged along the
direction perpendicular to the simulated direction.

In subfigure (a), the densities of the three simulated species nI3/2
, nI1/2

and nI2
are plotted. The spatial profile of the atomic ground state density is minimum for
z ≈ 3 cm and rises sharply at the walls. As observed experimentally, the strong heat-
ing near the antenna (see subfigure (b)) leads to a depletion of neutrals. Compari-
son with TALIF measurements (from Figure 4.39) of the ground state relative den-
sity suggests that, while the trend is consistent, the gradients are more pronounced
experimentally (more on this later). The profile of the excited state is fairly flat,
with a rise at the walls caused by the non-zero value chosen for nI1/2

at the walls.
The molecular density is largely negligible (at least one order of magnitude smaller
than the atomic density), with almost 100% dissociation close to z ≈ 3 cm, where the
atomic density is minimal (see subfigure (f)). The spatial density also rises towards
the walls.

In subfigure (b), the temperatures of the three species are plotted. The profiles
of TI3/2

, TI1/2
are almost identical with very strong gradients and strong heating with

a maximum of 1350 K around z = 3 cm. The molecular temperature is slightly
lower (about 150 K less at the maximum) but exhibits the same spatial variations.
The spatial profile of atomic temperature, obtained by absorption at 905 nm (on a
non-metastable excited atomic state, see Figure 4.18), is very similar to the simu-
lated profiles with, however, higher measured temperatures (about 300 K higher).
The absorption at 1315 nm (see Figure 4.50) provided very few temperature mea-
surements but for z = z4 = 7.65 cm, the order of magnitude is consistent with the
simulations.

In subfigure (c), the fluid velocities of the three species are plotted. The atoms
have a very small drift (fluid) velocity with a motion directed towards the walls
(negative values near the antenna and positive near the grid). For the molecules,
however, the analysis is completely different. The fluid flows are directed towards
the center of the domain (positive velocity near the antenna and negative near the
grid) and the fluid velocities reached are non-negligible (Mach number greater than
0.4 at the maximum). The very strong dissociation leads to a collapse of the molec-
ular population around z = 3 cm and almost zero molecular partial pressure (see
subfigure (d)) at this location. Molecular pressure gradients cause this inward move-
ment of the molecules according to Fick’s law. Atomic partial pressures are mostly
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Figure 6.2: Multi-fluid simulations along the thrust axis for a neutral pressure of
15 mTorr and a discharge power of 200 W, with Tedge = 600 K and γwall = 0.15.
(a) Densities of I3/2, I1/2 and I2. TALIF relative measurements of nI3/2

, first presented
in Figure 4.39, are also plotted. (b) Temperatures of I3/2, I1/2 and I2 with measure-
ments from absorption at 1315 nm (from Figure 4.50) and at 905 nm (atomic excited
state, see Figure 4.18). (c) Fluid velocities of I3/2, I1/2 and I2. (d) Partial pressures of
I3/2, I1/2 and I2. (e) ∆n = nI3/2

−2nI1/2
, measurements from absorption at 1315 nm are

also plotted (from Figure 4.49). (f) Dissociation rate with absorption measurements
at 488 nm, taken from Figure 4.46.

flat and do not exhibit a minimum.

In subfigure (e), the degeneracy-weighted atomic population difference ∆n =
nI3/2
− 2nI1/2

is compared to the absorption measurements made at 1315 nm (see
Figure 4.49). The measurements and the model agree almost perfectly on trend and
values.
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Finally, the dissociation fraction, defined here as

η =
1
2

natom
1
2natom +nI2

, (6.37)

is presented in subfigure (f). It is always above 85 % and is above 99 % for z = 3 cm:
even at 15 mTorr, a very high dissociation fraction is observed along the thrust axis.
The absorption measurements at 488 nm are also obtained by integration along
the line of sight and the molecular profile is also minimal at the center, such that
experimental dissociation fractions are lower than those simulated. Note however
that the trend is well reproduced.

6.3.2 Influence of the edge temperature

One of the free parameters of the fluid model is the edge temperature. Ideally, a
boundary condition should be implemented that takes into account the wall tem-
perature jump in a self-consistent way (see [167] for instance). Indeed, experimen-
tally, it seems that this value is well above 300 K and depends on both the pressure
and the discharge power (see discussions of Figure 4.18). However, we have chosen
to study the variation of Tedge in a simpler way, by varying it between 300 and 600 K
and observing the influence of such a change on the code outputs. In Figure 6.3, the
variation of Tedge is materialized by a colored area, delimited by a continuous line
(Tedge = 600 K) and a dashed line (Tedge = 300 K). In this subsection, the simulated
case is for a pressure of 15 mTorr and a discharge power of 200 W, γwall is fixed at
0.15. Experimental results, with their determination technique, are plotted in each
graph.

The atomic temperature TI3/2
is studied in subfigure (a). The spatial profiles have

the same shape whatever the temperature at the walls. Although the temperature
difference between the two extreme cases is 300 K at the edges of the domain, the
temperature difference is very small (less than 100 K) in the zone of strong disso-
ciation (between z = 1 and z = 5 cm). In the case where Tedge = 300 K , the larger
temperature rise is provided by stronger density gradients near the walls (see sub-
figure (b)). Indeed, in subfigure (b), for z ranging from 1 cm to 12 cm there is very
little difference in the simulated ground state densities nI3/2

. The real differences
appear only in the last centimetre near the walls.

In subfigures (c), (d) and (e) the influence of the temperature at the walls is stud-
ied on, respectively, ∆n, the dissociation fraction and nI2

. In subfigure (e), direct
measurements of molecular density, obtained by absorption at 488 nm are also
plotted (taken from Figure 4.46). Although the trends agree, there is more than
one order of magnitude of difference between the simulations and the experiments,
highlighting the limitations of the comparison between local simulations and spa-
tially integrated absorption experiments. The discrepancy could be partly explained
by the large number of cold molecules located near the windows and detected by
absorption but not modelled. As for the atoms, the real differences between the ex-
treme cases (Tedge = 300 K and Tedge = 600 K) occur in the last centimetre near the
walls, but the behavior in the discharge bulk is only slightly modified, as shown by
the very similar dissociation rates. However, for instance, the value reached by nI2

for Tedge = 300 K is 3 times greater than in the case of Tedge = 600 K (6 × 1019 m−3

against 2 × 1019 m−3). This leads to more quenching for cold walls and thus to a



230CHAPTER 6. 1D MULTI-FLUID MODELING OF IODINE NEUTRAL SPECIES

0.0 2.5 5.0 7.5 10.0 12.5

Thruster Axis [cm]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

n
I 2

[1
020

m
−

3 ]

a
n
te

n
n

a

e
x
h

a
u

st
g
ri

d

(e)

nI2
/10 (Abs. 488 nm)

0.0 2.5 5.0 7.5 10.0 12.5

Thruster Axis [cm]

0.0

0.1

0.2

0.3

0.4

0.5

n
I 1
/2
/n

I 3
/2

a
n
te

n
n

a

e
x
h

a
u

st
g
ri

d

(f)

Boltzmann Eq. (LP)

0

5

10

15

20

∆
n

[1
019

m
−

3 ]

a
n
te

n
n

a

e
x
h

a
u

st
g
ri

d

a
n
te

n
n

a

e
x
h

a
u

st
g
ri

d

(c)

∆n (Abs. 1315 nm)

0.0

0.2

0.4

0.6

0.8

1.0

D
is

so
ci

at
io

n
R

at
e

a
n
te

n
n

a

e
x
h

a
u

st
g
ri

d

(d)

η (Abs. 488 nm)

300

500

700

900

1100

1300

1500

1700

1900

T
I 3
/2

[K
]

a
n
te

n
n

a

e
x
h

a
u

st
g
ri

d

(a) TI∗ (Abs. 905 nm)

TI (Abs. 1315 nm)

0

1

2

3

4

n
I 3
/2

[1
020

m
−

3 ]

a
n
te

n
n

a

e
x
h

a
u

st
g
ri

d

Tedge = 300 K

Tedge = 600 K

(b)

nI3/2
(TALIF, relative)

Figure 6.3: Influence of the edge temperature Tedge on multi-fluid simulations along
the thrust axis for a neutral pressure of 15 mTorr and a discharge power of 200 W,
with γwall = 0.15. The colored zone indicates an edge temperature, Tedge, between
300 K (dashed line) and 600 K (solid line). (a) Temperature of I3/2 with measure-
ments from absorption at 1315 nm (from Figure 4.50) and at 905 nm (atomic excited
state, see Figure 4.18). (b) Density of I3/2 and TALIF relative measurements of nI3/2

,
first presented in Figure 4.39. (c) ∆n = nI3/2

− 2nI1/2
, measurements from absorption

at 1315 nm are also plotted (from Figure 4.49). (d) Dissociation rate with absorption
measurements at 488 nm, taken from Figure 4.46. (e) Density of I2 with absorption
measurements at 488 nm, taken from Figure 4.46, the experimental data are divided
by a factor of 10. (f) Ratio nI3/2

/nI1/2
and comparison with Boltzmann equilibrium

computed with electron temperature from Figure 3.26.

lower relative population of nI1/2
compared to nI3/2

, as observed in subfigure (f).
In this later case, the Boltzmann equilibrium at Te (computed by using Langmuir
probe measurements, see Figure 3.26) between the two atomic levels starts to fail
for z > 8 cm.
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6.3.3 Influence of the wall sticking probability

The second undetermined parameter is the wall sticking probability γwall. In the
previous chapter (see Chapter 5), we estimated it between 0.05 and 0.2 and therefore
choose to study its influence on this interval. The results are presented in Figure 6.4
with a colored area indicating a γwall value between 0.05 (solid line) and 0.2 (dashed
line). In this subsection, the simulated case is for a pressure of 15 mTorr and a
discharge power of 200 W, Tedge is fixed at 600 K. The order of the subfigures is
the same as in the previous subsection: (a) atomic temperature TI3/2

, (b) ground
state atomic density nI3/2

, (c) ∆n, (d) dissociation rate, (e) molecular density nI2
and

(f) atomic density ratio nI1/2
/nI3/2

.
The immediate effect of an increase in the wall sticking probability is to increase

the molecular density (see subfigure (e)) and thus decrease the dissociation rate (see
subfigure (d)). The increase in nI2

, induces more quenching, thus a decrease in
the nI1/2

population and ultimately a decrease in the atomic population ratio (see
subfigure (f)).

What is less direct, however, is a decrease in the atomic temperature as γwall
increases and the consequences this has on the atomic density values. In order to
understand what is happening, we plot the temperature difference TI3/2

− TI2
for

different values of γwall in Figure 6.5. The lower γwall, the greater the temperature
difference between atoms and molecules. This phenomenon is similar to the one
observed in Chapter 5 when the temperature equilibrium of the two species was
never reached in the global model. Because of the very strong dissociation: (i) TI2

is
reduced because the majority of the heating terms for the molecule are proportional
to nI2

; (ii) the collisions between atoms and molecules are no longer efficient and the
atomic temperature increases. Then, because we are modeling for a fixed neutral
pressure, the increase of the atomic temperature induces a decrease of the atomic
density despite the higher dissociation efficiency.

For a value of γwall = 0.05, the agreement between temperature measurements
of atomic excited species by absorption at 905 nm and the simulated temperatures
is quite good.

6.3.4 Influence of the quenching of I1/2 by I2

As discussed in Chapter 1 and Chapter 5, the value of the quenching reaction rate of
I1/2 excited atoms by I2 molecules has not been measured in an iodine plasma and
some doubts exist on its magnitude. Here, we study the influence of this mechanism
on the simulation outputs. The results are presented in Figure 6.6 considering the
quenching process (Kquench., I1/2−I2

= 3.23× 10−17 m3.s−1, solid line) or no quenching
(Kquench., I1/2−I2

= 0 m3.s−1, dashed line). In this subsection, the simulated case is for
a pressure of 15 mTorr and a discharge power of 200 W, γwall is fixed at 0.15 and
Tedge = 600 K.

It turns out that whether or not quenching is taken into account has very little
influence on the results. For example, temperatures or dissociation rates are not
affected by the presence or absence of quenching (not represented). Only the density
of atomic states is slightly modified. In subfigure (a), ∆n is only affected for z ≥ 7 cm
and in small proportions. The same is true for the ratio nI3/2

/nI1/2
in subfigure (b).

The case at 15 mTorr being the one generated at higher pressure, one can consider
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Figure 6.4: Influence of the wall sticking probability γwall on multi-fluid simula-
tions along the thrust axis for a neutral pressure of 15 mTorr and a discharge power
of 200 W, with Tedge = 600 K. The colored zone indicates a wall sticking probabil-
ity, γwall, between 0.05 (solid line) and 0.20 (dashed line). (a) Temperature of I3/2
with measurements from absorption at 1315 nm (from Figure 4.50) and at 905 nm
(atomic excited state, see Figure 4.18). (b) Density of I3/2 and TALIF relative mea-
surements of nI3/2

, first presented in Figure 4.39. (c) ∆n = nI3/2
−2nI1/2

, measurements
from absorption at 1315 nm are also plotted (from Figure 4.49). (d) Dissociation rate
with absorption measurements at 488 nm, taken from Figure 4.46. (e) Density of I2
with absorption measurements at 488 nm, taken from Figure 4.46, the experimental
data are divided by a factor of 10. (f) Ratio nI3/2

/nI1/2
and comparison with Boltz-

mann equilibrium computed with electron temperature from Figure 3.26.

that the addition or not of quenching for simulations at lower pressure will have a
negligible effect.
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Figure 6.5: Influence of the wall sticking probability γwall on the temperature differ-
ence between ground state atoms and molecules (TI3/2

−TI2
) along the thrust axis for

a neutral pressure of 15 mTorr and a discharge power of 200 W, with Tedge = 600 K.
The colored zone indicates a wall sticking probability, γwall, between 0.05 (solid
line) and 0.20 (dashed line).

6.3.5 Pressure influence

6.3.5.1 Study for different pressures

In Figure 6.7 the effect of pressure on different physical quantities measured during
this thesis is studied, the discharge power is 200 W. The simulations were all ob-
tained with Tedge = 600 K. As in the previous subsection, the colored area indicates
a variation of γwall between 0.05 (solid line) and 0.2 (dashed line).

In subfigure (a), the relative nI3/2
measurements obtained by TALIF are compared

to the simulated profiles at 5, 10 and 15 mTorr. The agreement is good, although
the experimental gradients, which are clearly observed with pressure, are less pro-
nounced in the simulations. It should be remembered that γwall is considered the
same at z = 0 and z = 13 cm but could very well be different, which the model does
not take into account. To explain a steeper rise in nI3/2

with z, several options are
possible. It may be that Tedge is weaker at the grid than at the antenna and that
γwall is larger at the grid. These two independent phenomena decrease both the
ratio nI3/2

/nI1/2
value (see subfigures (f) in Figure 6.6 and Figure 6.3)). Besides, the

density of the excited atomic state nI1/2
could very well fall to zero at the walls and

induce stiffer gradients in both nI3/2
and ∆n profiles.

In subfigure (b), ∆n is investigated and simulations are compared to 1315 nm ab-
sorption measurements at 5, 10 and 15 mTorr. The trends are very well reproduced
and the measured values appear twice as high as those simulated. As explained
above, this discrepancy is due to the non-local nature of the absorption experiment.

Finally, in subfigure (c) the simulated ground state temperatures are compared
to the 905 nm absorption measurements performed on a metastable atomic state at
1.5, 5 and 15 mTorr. The measured values seem slightly higher than the simulations
but the spatial variations are very well reproduced and γwall = 0.05 gives acceptable
results. In particular, the location of the profiles towards the antenna as the pressure
increases is well captured. The choice of Tedge = 600 K also seems appropriate.
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Figure 6.6: Influence of the quenching reaction on multi-fluid simulations along the
thrust axis for a neutral pressure of 15 mTorr and a discharge power of 200 W,
with Tedge = 600 K and γwall = 0.15. The solid line has been generated by us-
ing Kquench., I1/2−I2

= 3.23 × 10−17 m3.s−1 and the dashed line with Kquench., I1/2−I2
=

0 m3.s−1. (a) Difference of atomic populations, ∆n = nI3/2
−2nI1/2

. (b) Ratio of atomic
populations, nI3/2

/nI1/2
.

6.3.5.2 Behavior at very low pressure (0.5 mTorr)

We are now interested in the lowest pressure available, namely 0.5 mTorr, for a
discharge power of 200 W. No optical experiments have been conducted at such a
low pressure, so the simulation results cannot be compared with measurements. In
Figure 6.8, the densities, velocities and temperatures of the three species simulated
with γwall = 0.15 and Tedge = 300 K are plotted.

All profiles are almost perfectly symmetrical. The dissociation is here almost
constant and reaches a mean value around 96 %. It is interesting to note that the
electron density is almost everywhere higher than the molecular density. The Boltz-
mann equilibrium is also perfectly satisfied between both atomic states. It is easy
to see why these operating conditions are favourable for iodine electric propulsion.
The composition of the plasma must be almost identical to that of a xenon plasma:
only atoms, positive ions I+ and electrons. The molecules and their electron colli-
sion products (negative I− ions and positive I+

2 ions) must be completely negligible.
This is in agreement the very low electronegativity values measured in Chapter 3.
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Figure 6.7: Influence of the neutral pressure on multi-fluid simulations along the
thrust axis for a discharge power of 200 W, with Tedge = 600 K. The colored zone in-
dicates a wall sticking probability, γwall, between 0.05 (solid line) and 0.20 (dashed
line). (a) Simulated density of I3/2 at 1.5, 5, 10 and 15 mTorr and TALIF relative
measurements of nI3/2

at 5, 10 and 15 mTorr, first presented in Figure 4.39. (b) Sim-
ulated ∆n = nI3/2

−2nI1/2
and measurements from absorption at 1315 nm at 5, 10 and

15 mTorr (from Figure 4.49). (c) Simulated temperature of I3/2 and measurements
of the temperature of an excited atomic state at 1.5, 5 and 15 mTorr (measurements
were obtained by absorption at 905 nm, see Figure 4.18).

A model (fluid or PIC) including all charged and neutral species would allow to
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Figure 6.8: Multi-fluid simulations along the thrust axis for a neutral pressure of
0.5 mTorr and a discharge power of 200 W, with Tedge = 300 K and γwall = 0.15.
(a) Densities of I3/2, I1/2 and I2. The electron density ne obtained via Langmuir
probe measurements, which served as an input of the simulation, is also plotted.
(b) Fluid velocities of I3/2, I1/2 and I2. (b) Temperatures of I3/2, I1/2 and I2.

definitively close this discussion.

The temperatures of the atoms, slightly different from each other but very close
reaching around 650 K at the maximum, are not at all in equilibrium with the
molecular temperature whose profile only reaches 405 K at the center. Once again,
the extreme dissociation prevents both the heating of the molecules and their ther-
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malization with the atoms. Note that if we had set Tedge to 600 K and let the
molecules injection temperature to 300 K, the molecular temperature profile would
have had a minimum in the center which is not physical.

6.3.6 Influence of the discharge power

Here we are interested in the influence of the discharge power on, mainly, the tem-
perature. Indeed, different absorption experiments used during this thesis have
shown a very weak dependence of the temperature on the discharge power. In the
following, we try to provide some explanations for these observations.

In Figure 6.9, the atomic and molecular temperatures are plotted for discharge
powers of 120 W and 200 W. For both powers, Tedge is fixed at 300 K and γwall
at 0.15. Because of the higher electron density at higher power, the temperatures at
200 W are higher than at 120 W everywhere. Also, dissociation is higher, close to the
antenna, at higher power and therefore the difference between atomic and molec-
ular temperature is higher at 200 W. We can therefore assume that as the power
increases, the temperatures increase. This induces a decrease of the neutral species
densities and particularly of the atomic ground state density when the power in-
creases as observed experimentally in Figure 4.40.

0 2 4 6 8 10 12

Thruster Axis [cm]

300

400

500

600

700

800

900

T
em

p
er

at
u

re
[K

]

a
n
te

n
n

a

e
x
h

a
u

st
g
ri

d

200 W

120 W

TI3/2

TI2

TI3/2

TI2

Figure 6.9: Influence of the discharge power on the atomic (solid line) and molecu-
lar temperature (dotted line). Simulations are generated by using Langmuir probe
measurements at 5 mTorr and for two different discharge powers: 200 W and 120 W,
with Tedge = 300 K and γwall = 0.15.

Nevertheless, in Figure 6.10, we plot the ground state temperature for two dif-
ferent powers but using different γwall = 0.05 at 120 W and γwall = 0.15 at 200 W.
We immediately see that the gap between the two profiles is reduced compared to
Figure 6.9. This may be an explanation for the low sensitivity of temperature to
discharge power in the absorption measurements.

Finally, the last explanation may come from the minimum density profiles in
the centerwith very strong gradients near the walls. Indeed, if we focus on the
absorption experiment at 1315 nm, according to equation (4.18), the optical signal
to integrate along the line of sight is proportional to ∆n(x)/

√
T (x), where x is the

transverse direction. This means that the signal maximum comes from the edges,
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Figure 6.10: Simulated temperature of the atomic ground state at 5 Torr for two dif-
ferent discharge powers (120 W and 200 W) and different wall sticking probability
values (0.05 or 0.20). Tedge is set to 300 K.

rather than the center, and at this point the temperature differences for two different
powers are reduced.

6.3.7 How to reconcile absorption measurements and fluid simu-
lations?

On several occasions in the above sections, comparisons between density measure-
ments obtained by absorption and fluid simulations performed in the center of the
discharge have failed. One is entitled to ask if there is no way to do better with the
tools at our disposal.

Ideally, Langmuir probe measurements should be made along the transverse axis
where the absorption laser beam propagates. Thus, we could use our code, without
modifying it, to simulate this direction perpendicular to the thruster axis. Never-
theless, these probe measurements have not been performed during this thesis and
an alternative must be found.

The only option left is to postulate a transverse profile (from x = −lx/2 to x = lx/2)
of ne and Te and to use the electronic measurements at a given z,x = 0 to obtain the
absolute values of the transverse profiles. Once in our possession, these profiles
can be used to perform multi-fluid simulations. We would then have the transverse
profiles of the different neutral species and we could reconstruct the optical signals
from the simulations (using equation (4.18)). In this way the comparison with the
absorption measurements would make more sense.

This work was not done in this thesis, but the primary idea for transverse elec-
tronic profiles would be to consider:

Te(x, z = z0) = Te(x = 0, z = z0) = Te0, (6.38)

ne(x, z = z0) = ne(x = 0, z = z0)
[
1−

(
2x
lx

)]1/2

= ne0

[
1−

(
2x
lx

)]1/2

, (6.39)

where the density profile is taken from [119].
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6.4 Chapter digest

In this chapter, a one-dimensional multi-fluid code has been proposed to
study the neutral dynamics along the axis of the thruster, at the center of
the discharge. This code has been used to simulate the density, velocity and
temperature profiles of three neutral iodine species: I2, I3/2 and I1/2. The code
takes into account the inertia terms and heat fluxes of each species, and uses
the electron density and temperature measurements presented in Chapter 3
as input.
The model equations have been presented in summary form and the reader
can use Appendix C to obtain the full equations. The closure terms, numerical
schemes and boundary conditions used have been specified. The initialization
is done by means of a global model. The simulations are carried out for a fixed
neutral pressure so that the flow is not simulated.
All the spatial evolutions observed experimentally and presented in Chap-
ter 4 were retrieved in the simulations. Due to very strong heating (which
localises near the antenna as the pressure increases), the density profiles of
the neutral species are minimal in the center and maximal near the walls.
For pressures ranging from 0.5 to 15 mTorr, dissociation is very high, eas-
ily reaching more than 95% at the location of the electron density maximum.
This extreme molecular dissociation leads to a lower heating of the molecules
than that of the atoms: the thermal equilibrium between the three species is
never observed. Indeed, the very low molecular density, which may become
lower than the electronic density, prevents to reach an equilibrium between
the different temperatures of the heavy species.
The influence of the edge temperature Tedge, the wall sticking probability
γwall, the neutral pressure and the discharge power was investigated. Increas-
ing Tedge, automatically increases the temperature of the whole profiles but
attenuates the gradients near the walls. Indirectly, decreasing γwall, increases
the atomic temperature by accentuating the temperature difference between
atoms and molecules and thus decreasing the thermal homogenization of the
different species. As an example, at 15 mTorr and for a discharge power of
200 W, Tedge = 600 K and γwall = 0.05 allow the model to reproduce quite ac-
curately the temperature measurements obtained on an atomic excited state
by absorption at 905 nm (see Section 4.2). It should be noted, however, that
γwall and Tedge are certainly different at each end of the domain, which has not
been considered here. It should also be noted that Tedge in our modeling is not
directly the wall temperature, but the temperature of the gas near the wall.
This temperature is not necessarily equal to the wall temperature because of
the well known thermal accommodation factor (not included here).
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Finally, the absolute measurements of atomic and molecular densities ob-
tained by absorption and presented in chapter 4 could not be reconciled with
the model. The measured densities are always largely higher than the simu-
lated densities and the measured dissociation fraction is lower than the sim-
ulated one. The explanation comes from the fact that we compare local sim-
ulations with integrated measurements along the axis transverse to the axis
of the thruster where the density profiles are, most likely, minimum in the
center. Ways to reconcile the model with the absorption measurements are
indicated.
These results have not been published yet but were presented during the 75th
Gaseous Electronics Conference, where I was selected as a Student Award for
Excellence finalist (see Related publications in page xiii).
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In conclusion, we answer the various questions raised in the introduction by
outlining what has been achieved in this thesis and indicating what work might be
undertaken to further the understanding of low pressure iodine plasmas in order
to support the use of iodine as an alternative propellant to xenon.

Diagnostics of low-pressure iodine plasmas

• Which experimental diagnostics are best suited to study low-pressure
iodine plasmas?

On the one hand, charged-particles (electrons and I− negative ions) densities
have been measured in low pressure iodine plasmas used for electric propulsion
in the space industry and the results have been presented in Chapter 3. Measure-
ments were performed along the thrust axis of an ICP discharge used as the ion-
ization stage of a gridded-ion-thruster by using Langmuir probe and laser-induced
detachment techniques. The electron energy distribution function and the elec-
tron temperature were also measured. These techniques have been shown to be
well suited to low-pressure iodine plasmas, provided that the discharge surfaces
are conductive and allow good return current path. Quasi-neutrality made it pos-
sible to obtain density profiles of the positive ions without distinguishing the re-
spective contribution of I+ and I+

2 . The use of a Faraday probe, mass spectrometry
or any other diagnostics able to distinguish between the positive ion species would
be an interesting addition to this work. Furthermore, it was assumed that the I−3
were negligible under the operating conditions of electric propulsion, but the use
of laser-induced detachment with a laser energy superior to 4.23 eV (wavelength
shorter than 293 nm) would allow to confirm or not this assumption.

On the other hand, several optical diagnostics were presented and applied to io-
dine plasmas to probe neutral species (atoms and molecules), in Chapter 4. First,
an atomic excited species was probed by absorption at 905 nm. This technique pro-
vided accurate temperature measurements along the thrust axis, even though the
probed atomic excited, non-metastable, is probably not in exact thermal equilib-
rium with the ground state atoms. Then, techniques for probing the fundamental
levels were developped using a second device: an iodine cell where the working
pressures are more favourable for optical diagnostics. By exploiting the structure

241
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of the iodine molecule, absorption at 488 nm allowed direct measurement of the
molecular dissociation rate and absorption at 1315 nm allowed measurement of the
population difference between the first two atomic levels of iodine (2P◦3/2 and 2P◦1/2),
as well as the atomic temperature. The combination of these two techniques allowed
us to obtain an absolute measurement of the density of the two atomic species, with
the major conclusions being the non-negligible population of the first excited state
and most likely the total dissociation at the centre of the two discharges. Neverthe-
less, the absorption techniques, whose results are integrated along the line of sight,
showed their limits in the thruster and the quest for a local diagnosis naturally led to
the development of the TALIF method. Absolute temperature measurements were
obtained within the iodine cell and relative measurements of the atomic ground
state density were performed in the cell and in the thruster along the thrust axis.
Down to 1 mTorr, the TALIF method has proven to work well, making it the diag-
nostic of choice for electric propulsion.

The next step is obviously to use the TALIF technique with a single-mode laser
within the thruster to determine temperature profiles for the atomic ground state.
The second is to continue investigating two-photon absorption patterns to probe the
I(2P◦1/2) level population, which have never been detected directly so far, in our ex-
periments. Another missing piece of information is the translational temperature of
the molecules. Two important difficulties make this measurement quite challeng-
ing. On the one hand, the plasma is often very largely dissociated in our experi-
mental conditions, which makes it difficult to detect the few remaining molecules.
Secondly, a temperature measurement can be based on the interpretation of the
Doppler profile of a resonant transition probed with a single-frequency laser. The
signal obtained will depend on the population of the initial level, which in the case
of a molecule is distributed between many vibrational levels and rotations. Another
solution, assuming equal translational and rotational temperatures, would be to
probe the different rotational levels, which are very numerous in an iodine plasma
due to the smallness of the rotation constant (inversely proportional to the mass).
Finally, an important development of our experimental setups would be to pulse
the discharges in order to study the temporal behavior in post-discharge. Two im-
portant pieces of information could be determined: (i) the wall sticking probability
coefficient γwall, by measuring, for example, the decrease of the atomic signal as a
function of time; (ii) the thermalization coefficient of the atoms by measuring the
temporal evolution of their temperature.
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Simulations of low-pressure iodine plasmas

• Are there sufficient theoretical data to model low-pressure iodine plas-
mas?

• How to accurately model low-pressure iodine plasmas?

Chapter 1 presented an updated set of iodine cross-sections which was used in
two different models of low-pressure iodine plasmas. Compared to other molecules
much more studied by the low-temperature plasma community, such as O2, N2 or
Cl2, the reaction set is limited and largely perfectible, especially with regard to vi-
brational and rotational excitations. Nevertheless, we have shown that it is sufficient
to capture the essential behaviour of iodine plasmas.

In Chapter 5, an updated iodine global model has been presented and compared
to experimental results on two different geometries. Compared to the previous
models, the reaction set has been completed, the first atomic excited species I(2P◦1/2)
has been included, the neutral gas heating model has been improved and the tem-
peratures of the atoms and molecules are no longer considered equal. The physics
of the plasma generation are also considered in both geometries to self-consistently
calculate the absorbed power. Comparisons on the iodine cell validated the be-
haviour of neutral species. The neutrals temperatures and densities trends were
well captured as a function of the RF power when the wall sticking probability value
was adjusted. Although updated, the energy equation for neutral species has shown
limitations and more sophisticated heating terms should be considered. Concerning
the comparisons with the thruster, the global model well captured the general fea-
tures. The calculated electron densities and electron temperatures are comparable
to the measured ones, and the trends with the neutral gas pressure and absorbed
RF power are well reproduced. The model predicts a very strong dissociation in the
conditions explored, i.e. very low pressure and high RF power. While the trends
for the electronegativity are also well reproduced, the doubts on the magnitude of
the electron impact detachment cross-section made it impossible to conclude on the
value of the wall sticking probability γwall, which has only been estimated to be
between 0.05 and 0.2. However, the model validation for pressures above 3 mTorr,
using neutral species measurements was not completed because in those operat-
ing conditions, the global model assumptions break down; electrons are no longer
isothermal and consequently the profiles start to strongly deviate from the stan-
dard case well described by global modelling. An alternative model, able to capture
spatial gradients, was needed.

Therefore, in Chapter 6, a one-dimensional multi-fluid code has been proposed
to study the neutral dynamics along the axis of the thruster, at the centre of the dis-
charge. This code has been used to simulate the density, velocity and temperature
profiles of three neutral iodine species: I2, I3/2 and I1/2, taking into account the in-
ertia terms and heat fluxes of each species, and using the electron density and tem-
perature measurements presented in Chapter 3 as input. All the spatial evolutions
observed experimentally and presented in Chapter 4 were retrieved in the simu-
lations. The influence of the edge temperature Tedge, the wall sticking probability
γwall, the neutral pressure and the discharge power was investigated. As an exam-
ple, at 15 mTorr and for a discharge power of 200 W, Tedge = 600 K and γwall = 0.05
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allow the model to reproduce quite accurately the temperature measurements ob-
tained on an atomic excited state by absorption at 905 nm (see Section 4.2). It should
be noted, however, that γwall and Tedge are certainly different at each end of the do-
main, which has not been considered here. It should also be noted that Tedge in our
modeling is not directly the wall temperature, but the temperature of the gas near
the wall. This temperature is not necessarily equal to the wall temperature because
of the well known thermal accommodation factor (not included here). Finally, the
absolute measurements of atomic and molecular densities obtained by absorption
and presented in chapter 4 could not be reconciled with the model. The measured
densities are always largely higher than the simulated densities and the measured
dissociation fraction is lower than the simulated one. The explanation comes from
the fact that we compare local simulations with integrated measurements along the
axis transverse to the axis of the thruster where the density profiles are, most likely,
minimum in the center. Ways to reconcile the model with the absorption measure-
ments were indicated.

The logical continuation of this work is the development of a self-consistent
model allowing the simulation of neutral and charged species simultaneously, in
at least one dimension. There are several possible paths. The first is to use a multi-
fluid code to simulate all species. The second, which is the one that is favoured in
the thesis of N. Lequette, at LPP, is to treat the neutral species with the fluid code
developed in the framework of this thesis and to treat the charged species using a
Particle-In-Cell code. Although expensive in terms of computation, the extension to
2D would be an undeniable asset to simulate, for example, optical absorption sig-
nals and compare them to those measured but also to deepen our understanding of
transport phenomena. Additionally, the treatment of wall temperature jumps due
to thermal accommodation should be integrated into the models.
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Physics of low-pressure iodine plasmas

• To what extent are low-pressure iodine plasmas spatially homogeneous?

• What is the behavior of neutral species (atoms and molecules) in an io-
dine plasma?

• What are the main transport and heating mechanisms in iodine plas-
mas?

The two experimental devices used (presented in Chapter 2), allowed the study
of iodine plasmas in two different pressure ranges. Between 0.5 and 30 mTorr for the
ICP discharge and between 30 and 225 mTorr of initial molecular pressure for the
iodine cell. The common point between the two experiments is the almost complete
dissociation reached at the center of the discharges for a sufficient incident power
and the non-negligible population of the first atomic excited state, never far from
Boltzmann equilibrium at Te, with the atomic ground state.

Within the cell, the charged species have not been probed but the global model
predicts a very large domination of negative I− ions and positive I+

2 ions, estimating
the electronegativity at more than 1000 for the lowest powers, which seems to be in
agreement with the experimental observations of the XXth century. The inclusion of
the I−3 species should be considered for these operating conditions. The quenching
of the atomic excited state by the molecules seems to be negligible and processes
of production of the same excited state by molecular dissociation must be added to
complete the comparisons. Atomic temperatures were measured and reached more
than 1000 K at the highest pressures.

Within the thruster, spatial gradients appeared as soon as the pressure was in-
creased. The high density plasma localized near the antenna when the pressure
increases. At 15 mTorr, for instance, the electron density decreases by a factor of
50 within less than 10 cm. This demonstrates that the electron energy relaxation
length is short in iodine, due to its molecular nature. As the plasma transports
away from the antenna, electrons cool down, the dissociation degree decreases, and
consequently the dissociative electron attachment rate responsible for negative ion
generation drastically increases. As a consequence, it was found that the negative
ion density is larger than the electron density in the extraction region for pressures
above 5 mTorr (note that these experiments are performed without magnetic filter).
The negative ions were found to be very hot (only 3 to 5 times less hot than the elec-
tron temperature) and did not follow Boltzmann equilibrium, being destroyed near
the antenna before exploring the potential. Also above 5 mTorr, very clear heating
near the antenna (with temperatures above 1500 K) and strong spatial temperature
gradients were evidenced, and the presence of strong temperature jumps near the
walls whatever the pressure. Due to very strong heating (which localises near the
antenna as the pressure increases), the density profiles of the neutral species are
minimal in the centre and maximal near the walls. For pressures ranging from 0.5
to 15 mTorr, dissociation is very high, easily reaching more than 95% at the location
of the electron density maximum. This extreme molecular dissociation leads to a
lower heating of the molecules than that of the atoms: the thermal equilibrium be-
tween the three neutral species is never observed in the simulations, which remain
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to be proved experimentally.
Although strong heating has been demonstrated and dissociation processes are

mainly responsible, it is not clear what energy to attribute to the fragments of a
dissociation process since it is not known, a priori, through which excited interme-
diate state the molecule transited before dissociating. Precise ab initio calculations
are required to further our understanding of such collisional processes.
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Iodine for Electric Propulsion

• How do iodine plasmas behave compared to noble gases plasmas ?

• Are negative ions an obstacle to the use of iodine as an alternative pro-
pellant?

Iodine versus noble gases
Langmuir probe measurements were also carried out in xenon, krypton and argon,
three noble gases either routinely used (xenon and krypton) or considered as an
alternative (argon) in electric propulsion. The main conclusions of this investigation
is that iodine is as good, if not better than, xenon at low gas flow rates, i.e. at low gas
pressures. This is because although iodine is a molecular gas, molecules are easily
dissociated and at the lowest pressure the plasma is probably fully dissociated. The
ionization potential of iodine atoms is lower than that of xenon atoms, consequently
the energy cost for an electron–ion pair creation is lower in iodine than in xenon
despite the dissociation energy cost.

However, as pressure increases, the situation quickly reverses and iodine loses its
advantage. In our experiments, where the distance between the antenna generating
the plasma and the extracting grids is large, we found that the high density plasma
localizes near the antenna when the pressure increases, and this effect is much more
pronounced in iodine. This demonstrates that the electron energy relaxation length
becomes shorter in iodine, due to its molecular nature. The ionization (or mass)
efficiency becomes lower than that of xenon at higher pressures. The phenomenon
is further enhanced by the electronegative nature of iodine.

The global model has been adapted to the four alternative propellants and it is
possible to use it as a predictive tool. In Figure CCL.1, we simulate what would be
the thruster efficiency (defined as the Thrust-to-Power ratio times the ratio of the
ion flux extracted to the neutral flux injected) of our experimental prototype if the
grids were biased. The simulation parameters are fixed to : βneutrals = 0.2, βions = 0.5
and Vgrid = 1000 V. The gap between the two grids is dgrid = 1.5 mm. The thruster
efficiency is plotted against the input mass flow rate for a fixed ion current density
extracted by the grids equal to the Child-Langmuir limit current:

JCL,X =
4
9
ε0

(
2e
mX

)1/2 V 3/2
grid

d2
grid

,

with ε0 the vacuum permittivity, as proposed by Chabert [114]. The Child-
Langmuir formula retained for iodine is weighted by the ions density:

JCL,iodine =
nI+

nI+ +nI+
2

JCL,I +
nI+

2

nI+ +nI+
2

JCL,I2

The following conclusions are retrieved: (i) at low pressure (and therefore mass
flow rates) and for a sufficient input power, iodine appears to be the most efficient
propellant, (ii) as soon as the pressure (and/or the mass flow rate) increases, xenon
appears more suitable. This could be expected and comes from the electronegative
and molecular nature of iodine. (iii) Because of a high ionization energy and a lower
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Figure CCL.1: Global modeling simulated thruster efficiency [%] as a function of the
mass flow rate [mg/s] obtained at Child-Langmuir limit current for four different
propellants: iodine, xenon, krypton and argon.

mass, argon is not competitive. Krypton is less efficient than xenon, but it could be
a good compromise at large mass flow rates since it is less expensive than xenon.

It should be noted that the work presented in this thesis concerns gridded-
ion-thrusters, devoid of a magnetic field. However, in the Electric Propulsion
community, Hall effect thrusters or Electron Cyclotron Resonance (ECR) thrusters
are massively used. The behavior of iodine within these thrusters must be much
more studied and iodine performances compared to those of noble gases. In par-
ticular, the physics of these prototypes is complex and the electronic temperature
exceeds 10 or even 20 eV, an area unexplored by our experiments and simulations
where I2+ ions should no longer be neglected. Also, for the Hall effect thruster,
the use of a neutralising cathode operating with iodine remains an unresolved
challenge at present.

Towards PEGASES 2.0
In the previous comparison between alternative propellants, iodine has shown

its suppremacy in a regime where it is used as an atomic propellant, devoid of any
molecular properties. Indeed, at very low flux, dissociation is almost complete and
the negative ions, produced by dissociative attachment, are completely negligible
compared to the electrons. However, in the initial concept of PEGASES, iodine was
introduced for its ability to massively produce negative ions. In conclusion of this
thesis we would like to look back at this founding idea by performing Langmuir
probe and photodetachment measurements within the thruster where a magnetic
field has been applied.

The electron and negative ion density profiles measured along the thruster axis
are plotted in Figure CCL.2. Measurements were performed in an iodine plasma for
a pressure of 2 mTorr and a discharge power of 120 W. The magnetic field spatial
profile is highlighted in blue, it has a gaussian shape with a maximum of 235 Gauss
at z = 6 cm and was generated by adding magnets above and below the thruster.



CONCLUSION 249

0.0 2.5 5.0 7.5 10.0 12.5

Thruster Axis [cm]

0

2

4

6

8

10

D
en

si
ty

[1
017

m
−

3 ]
ne

nI−

a
n
te

n
n

a

e
x
h

a
u

st
g
ri

d

0

50

100

150

200

250

|B
|[

G
au

ss
]

Figure CCL.2: Electron and I− negative ion density profiles along the thrust axis for
a pressure of 2 mTorr and a discharge power of 120 W in the presence of a magnetic
field.

The magnetic field acts as a filter in the sense that it considerably reduces the
electron density (and the electron temperature not represented) and downstream is
a very electronegative plasma that in some conditions may be an ion-ion plasma.
In the case presented, a maximum electronegativity of 50 was measured. For such
a device to be used in electric propulsion, the position of the grid would have to
coincide with the maximum negative ion density. Suitable extraction grids should
then be used to generate a flow of fast neutrals.

In the original concept of PEGASES thruster, an alternative polarisation of the
extraction grids was envisaged to alternately extract negative and positive ions, the
whole of which would be quasi-neutral on average. However, in reference [175],
from the field of microelectronics etching, it has been demonstrated that the passage
of a jet of ions (positive or negative) through grids with a large aspect ratio (generally
around 10) leads to very effective neutralisation (more than 90 % for negative ions).
Placing such unpolarised grids at the location of maximum ion density would allow
the production of fast neutrals without the need for a neutralising cathode: this
would be close to the ideal thruster.
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APPENDIXA

PHYSICO-CHEMISTRY OF NOBLE GASES USED FOR
ELECTRIC PROPULSION

A.1 Chemical physics properties and brief presenta-
tion

The three noble gases studied in this thesis are argon, krypton and xenon, whose
atomic notations are given in figure A.1.

Ar
40

18
Argon
39.948(1)

Kr
36
Krypton

83.798(2)

Xe
54

Xenon
131.293(0.6)

Figure A.1: Argon, Krypton and Xenon atomic notations. The atomic mass is given
in atomic unit.

Argon is the third noble gas after Helium and Neon, it is the third most abundant
component of the Earth’s atmosphere. The main argon isotopes present on Earth are
argon 40 for 99.6%, argon 36 for 0.34% and argon 38 for 0.06%. Argon is an inert
gas widely used in plasma physics laboratories for its low cost and low hazard. Its
low mass and high ionization energy prevent it from being massively used by the
Electric Propulsion community.

Krypton is the fourth noble gas in the periodic table with 5 known stable iso-
topes: 80Kr, 82Kr, 83Kr, 84Kr and 86Kr. It is also inert but much more expensive than
argon. It has recently become an alternative to xenon for Electric Propulsion due
to the scarcity of the latter, despite its inferior performance. For instance, Starlink,
a satellite internet constellation operated by SpaceX is composed of thousands of
satellites in low Earth orbit, thrusted by Hall thrusters fueled with krypton.

Xenon is the 5th noble gas, odourless, colourless and non-flammable like ar-
gon and krypton. It is the rarest and most expensive of the non-radioactive noble
gases and is extracted by fractional distillation of air that has become liquid. It is
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very rare in the earth’s atmosphere, representing only a tiny fraction: 0.0000087%.
Among the 7 stable isotopes, the most abundant are 129Xe, 131Xe and 132Xe. Xenon
and its derivatives are used in a wide range of applications aerospace (by far the
most widely used propellant for satellites), medicine, astrophysical research and
the semiconductor industry, although annual production is limited to 6×104 kg. As
krypton and xenon are co-produced together, the xenon market (price and demand)
also affects the krypton market.

In the cold plasma community, and more particularly for optical diagnostics,
xenon is used to calibrate the atomic density of oxygen atoms, using the TALIF
method (see subsection 4.3.2). It is therefore necessary to know the precise two-
photon absorption cross section of Xe [176].

A.2 Cross-section dataset

The reaction sets selected come from the Biagi database on LXCAT [35, 177]. For
each of the three gases simulated, the datasets account for elastic scattering, electron
impact ionization and three or four level-averaged excitation reactions as presented
in Table A.1. No metastable states are accounted for. The reaction rates are calcu-
lated by integrating collision cross-sections over maxwellian distributions.

Reaction Process Rate [m3.s−1] Threshold [eV] Reference
Xenon
Xe + e−−→ Xe + e− Elastic Kel,Xe 0 [177]
Xe + e−−→ Xe+ + 2e− Ionization Kiz,Xe 12.13 [177]
Xe + e−−→ Xe∗ + e− Excitation 1 Kex1,Xe 8.315 [177]
Xe + e−−→ Xe∗ + e− Excitation 2 Kex2,Xe 9.447 [177]
Xe + e−−→ Xe∗ + e− Excitation 3 Kex3,Xe 9.917 [177]
Xe + e−−→ Xe∗ + e− Excitation 4 Kex4,Xe 11.70 [177]

Krypton
Kr + e−−→ Kr + e− Elastic Kel,Kr 0 [177]
Kr + e−−→ Kr+ + 2e− Ionization Kiz,Kr 14.00 [177]
Kr + e−−→ Kr∗ + e− Excitation 1 Kex1,Kr 9.915 [177]
Kr + e−−→ Kr∗ + e− Excitation 2 Kex2,Kr 11.30 [177]
Kr + e−−→ Kr∗ + e− Excitation 3 Kex3,Kr 12.00 [177]
Kr + e−−→ Kr∗ + e− Excitation 4 Kex4,Kr 12.75 [177]

Argon
Ar + e−−→ Ar + e− Elastic Kel,Ar 0 [177]
Ar + e−−→ Ar+ + 2e− Ionization Kiz,Ar 15.76 [177]
Ar + e−−→ Ar∗ + e− Excitation 1 Kex1,Ar 11.60 [177]
Ar + e−−→ Ar∗ + e− Excitation 2 Kex2,Ar 13.00 [177]
Ar + e−−→ Ar∗ + e− Excitation 3 Kex3,Ar 14.00 [177]

Table A.1: List of the reactions used in the global model for noble gases. The dataset
used is called "Biagi-v7.1" [177], on the LXCAT website (database described in [35]),
and has been extracted from Magboltz v7.1 (extensive data compilations by S.F.
Biagi, coded into his FORTRAN Monte Carlo code Magboltz [178]).
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A.3 Global modeling

In this section, the global model for noble gases is described: the equations will be
written for a noble species X where X ∈ {Ar, Kr, Xe}.

The species included in the model are neutrals X, positive ions X+ and electrons
e−. Nevertheless, the discharge can be considered perfectly inductive (without any
capacitive coupling) which ensures very thin sheaths (a few Debye lengths only) and
thus quasineutrality to be assumed everywhere in the plasma:

nX+ = ne. (A.1)

The system of particle balance equations to solve is:

dnX+

dt
= nXnX+Kiz,X − ΓX+

S
V
, (A.2)

dnX

dt
=

QN

V
+ ΓX+

Sneutr, ions

V
−nXnX+Kiz,X − ΓX

Sopen,neutrals

V
. (A.3)

The expressions for the fluxes to the walls are:

ΓX+ = hnX+uB,X+ , ΓX =
1
4
nXvX, (A.4)

with vX =
(

8eTX
πmX

)1/2
and uB,X =

(
eTe
mX

)1/2
, respectively the mean speed and the Bohm

speed of the particle X. The hL and hR factors are given by [58] :

hL = 0.86

3 +
L

2λin
+ 0.2

TX+

Te

(
L
λin

)2−1/2

, (A.5)

hR = 0.8

4 +
R
λin

+ 0.41
TX+

Te

(
R
λin

)2−1/2

, (A.6)

where σin the cross-section for ions-neutrals elastic collisions is set to 10−18 m2 for
all gases, and TX+ is fixed to 0.1 eV. Those formulas are the electropositive counter-
parts of the ones used for iodine.
The neutral power balance equation reads:

d
dt

(3
2
nXeTX

)
= + 3

me

mX
e(Te − TX)nenXKel,X

+ σinΓXnX+mXu
2
B,X

+ skeep,X+ × (5eTe)ΓX+
Sneutr, ions

V

−κX
e
kB

(
TX − Twall

Λ0

)
S
V
, (A.7)

with temperatures in eV. κX is the thermal conductivity depending on TX taken
from [168]. We assumed that the energy gained by ions in the sheath is 5eTe.
Finally, the electron power balance is:

d
dt

(3
2
neeTe

)
= pabs − ploss, (A.8)
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where pabs [W.m−3] is the absorbed power by the electrons and ploss [W.m−3] is the
total electron power loss per unit volume:

ploss =
(
εiz,XKiz,X +

Nex,X∑
j=1

εexj,XKexj,X + 3 me
mX

e(Te − TX)Kel,X

)
nenX

+ 1
V

[
< εkin >X

0 (S1hL + S2hR)+ < εkin >X
βions

Sgrid, ionshL
]
ΓX+ . (A.9)

The sheath potential can be calculated using the current balance between the posi-
tive ions that are accelerated through the sheath and the thermal flux of electrons:

< εkin >X
βions

= eTe

[
5
2
− ln

(
1

1− βions

√
2πme

mX

)]
. (A.10)

< εkin >X
βions

values are given in Table A.2.

Physical Quantity Argon (Ar) Krypton (Kr) Xenon (Xe)
Mass
mX 39.95 83.80 131.3

[ a.m.u. ]
Energy lost at the surface prefactor

< εkin >X
0 7.179 7.549 7.774

[ no unit ]
Number of excitation levels

Nex, X 3 4 4
[ no unit ]

Table A.2: Physical quantities used for the global model with noble gases. X refers
to the atomic species (Ar, Kr or Xe).
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DISTRIBUTION FUNCTIONS, CROSS-SECTIONS AND
REACTION RATES

B.1 Distribution function, Boltzmann equation and
macroscopic variables

The following is extracted from [58, 119].

B.1.1 Kinetic theory

For a given species, we introduce a distribution function f (r,v, t) in the six-
dimensional phase space (r,v) of particle positions and velocities, with the inter-
pretation that f (r,v, t)d3r d3v is the number of particles inside a six-dimensional
phase space volume d3r d3v at (r,v) at time t.

By taking the velocity moments of the distribution function, one can then cal-
culate macroscopic quantities. They are the basic variables of the fluid theory. The
first of these is the particle density defined as

n(r, t) =
∫

f (r,v, t)d3v. (B.1)

The drift velocity is obtained by taking the following velocity moment

u(r, t) =
1

n(r, t)

∫
vf (r,v, t)d3v. (B.2)

Finally, the total kinetic energy density is given by:

w(r, t) =
∫

1
2
mv2f (r,v, t)d3v, (B.3)

where m is the particle mass. The temperature T can be deduced from the total
kinetic energy:

w(r, t) =
3
2
p(r, t) +

1
2
mn(r, t)u(r, t)2

=
3
2
n(r, t)kBT (r, t) +

1
2
mn(r, t)u(r, t)2, (B.4)
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where p(r, t) = n(r, t)kBT (r, t) is the isotropic pressure. No viscosity will be ac-
counted for in this thesis.

In a plasma, the evolution of the distribution function is governed by Boltzmann
equation:

∂f

∂t
+ v · ∇rf +

F
m
· ∇vf =

∂f

∂t

∣∣∣∣∣
col

, (B.5)

where ∂f
∂t

∣∣∣∣
col

accounts for the collisions. The fluid equations (presented in Chap-

ter 6) are obtained from the velocity moments of the Boltzmann equation.

Unless otherwise stated, the velocity distribution function used in this thesis will
be a Maxwellian (Maxwell-Boltzmann) distribution function

f (v) = n

(
m

2πkBT

)3/2

exp
(
− mv2

2kBT

)
. (B.6)

B.1.2 Simplification and convenient notations

Since the Maxwellian velocity distribution is isotropic, the distribution can also be
expressed entirely in terms of the scalar speed v = |v| rather than the velocity vector,
v. The speed distribution

fs(v) = n

(
m

2πkBT

)3/2

4πv2 exp
(
− mv2

2kBT

)
, (B.7)

gives the proportion of particles with speeds between v and v + dv and the density
reads:

n =
∫ ∞

0
fs(v)dv =

∫ ∞
0

fe(E)dE . (B.8)

In this thesis, however, the convenient variable are the energy E = 1
2
m
e v

2, expressed
in eV and the corresponding energy distribution function fe(E):

fe(E) = 2n
( 1
T

)3/2 (E
π

)1/2

exp
(
−E
T

)
, (B.9)

where the temperature is expressed in eV:

kBT [K] = eT [eV]. (B.10)

B.2 Cross-section of a binary collision

Every collision process considered in this thesis can be written as

α + β −→ products. (B.11)
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The scattering angle of a particle α colliding with a target particle β depends on the
impact parameter b (defined as the hypothetical distance of what would be the clos-
est approach of the centers of the two particles if there were no interaction between
them), and every angle does not have the same probability. This effect is taken into
account by introducing a differential cross-section

Iαβ(v,θ) =
b

sinθ

∣∣∣∣∣db
dθ

∣∣∣∣∣ . (B.12)

The quantity

Iαβ(v,θ)dθnβvdt, (B.13)

is the probability for the particle α to be scattered with an angle between θ and
θ + dθ in the time lapse dt against the particles β of density nβ . Only one angu-
lar parameter θ is chosen because a binary collision system features a cylindrical
symmetry. The cross-section ςαβ is the integral over all the scattering angles of the
differential cross section

ςαβ(v) = 2π
∫ π

0
Iαβ(v,θ)sinθ dθ. (B.14)

For an elastic process, the kinetic energy of the fictitious particle in the center of
mass frame is conserved, and the momentum transfer in the direction of the initial
velocity vector v is (1− cosθ)v. The momentum transfer cross-section is therefore

σαβ(v) = Q
(1)
αβ(v) = 2π

∫ π

0
(1− cosθ)Iαβ(v,θ)sinθ dθ. (B.15)

In Chapter 1, unless otherwise specified, the term cross-section with the notation
σ will refer to the momentum transfer cross-section.

B.3 Reaction rate

In the case of a negligible relative motion between the colliding species, the particles
creation and loss, after the reaction (B.11), read:

±nαnβKαβ , (B.16)

where Kαβ is called the reaction rate in m3.s−1.

Electron-heavy species collisions

Given a set of momentum transfer cross-sections for a given reaction, the reaction
rate (or rate constant in m3.s−1) for an electron-neutral or electron-ion collision is
computed by integrating the product of cross section and speed over the particle
distribution function:

Kαβ =
1
n

〈
vQ

(1)
αβ(v)

〉
v

=
1
n

〈√
2eE
me

Q
(1)
αβ(E)

〉
E
. (B.17)
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In this thesis, the reaction rate of a collision occurring between an electron (labelled
e) and an heavy particle (ion, atom or molecule, labelled h) will be mostly taken as
a function of the electron temperature:

Khe(Te) =
(

me

2πkBTe

) 3
2
∫ +∞

0
4πv2 exp

(
−mev

2

2kBTe

)
× vQ(1)

he (v) dv. (B.18)

Collisions between heavy species

In the case of a collision between two heavy species (α and β), the relative motion
of the species must be taken into account.

In Chapter 1 and Chapter 5, this relative motion is neglected and the reac-
tion rates are computed by assuming the same temperature for both heavy species.
Equation (B.18) is used with the gas temperature and the reduced mass mαβ =
mαmβ/(mα +mβ) instead of the electron temperature and the electron mass respec-
tively.

In Chapter 6, in the case of a multi-fluid description of neutral species, the rel-
ative motion of different heavy species cannot be neglected anymore. The question
is addressed in Section C.4 of Appendix C.



APPENDIXC

MULTI-FLUID FORMALISM AND DERIVATION OF
SOURCE TERMS

In this appendix, the temperatures are expressed in Kelvin [K]. Unless otherwise
stated, the collision reads:

α + β
kαβ
→ products, (C.1)

where kαβ , the generalized rate constant [m3.s−1], is key because when a particle is
created or lost after the reaction (C.1), the net change of particle density reads:

±nαnβkαβ . (C.2)

C.1 Generalized rate constant

The friction force for each pair of species (α, β) is usually assumed to be propor-
tional to their relative mean velocity. This implies that the frequency of inter-species
collisions is not affected by the relative motion of the species, which is true if the
velocity of this motion is much smaller than the thermal velocity or, in other words,
if the Mach number of this motion is small (which is true in most cases, see Sec-
tion C.2). It also assumes the distribution function to be a drifting Maxwellian.
Otherwise, the thermal friction can appear. However, in conditions in which the
multi-fluid approach is essential, the Mach numbers of the relative motion of the
species are finite and the temperatures of the species are unequal. Hence, the fric-
tion force should be calculated by taking into account the finite values of the Mach
numbers of the relative motion of the species and of the non-equality of their tem-
peratures. There are several ways of solving this problem. During this thesis, we
used Benilov’s formalism [111, 112]. Let’s introduce the generalized rate constant
kαβ [111], that depends on the Mach number Mαβ of the relative motion:

kαβ = 4e−M
2
αβ

√
2kBTαβ
πmαβ

∫ +∞

0
ξ3e−ξ

2
×Q(1)

αβ


√

2kBTαβ
mαβ

ξ

×F(n)
(
2Mαβξ

)
dξ, (C.3)
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where,

mαβ =
mαmβ

mα +mβ
, is the reduced mass. (C.4)

Tαβ =
mαTβ +mβTα

mα +mβ
, is the reduced temperature. (C.5)

Mαβ =

√
mαβ

2kBTαβ

∣∣∣uβ −uα

∣∣∣ , is the Mach number. (C.6)

vαβ =
∣∣∣vβ − vα

∣∣∣ , is the relative speed. (C.7)

Q
(1)
αβ(vαβ) = 2π

∫ π

0
(1− cosθ)Iαβ(vαβ ,θ)sinθ dθ, (C.8)

is the momentum transfer cross-section.

Iαβ(vαβ ,θ) =
b

sinθ

∣∣∣∣∣db
dθ

∣∣∣∣∣ , (C.9)

is the differential cross-section, with b the impact parameter and θ the scattering angle.

F(n)(x) =
sinh(x)

x
. (C.10)

C.2 Simplified reaction rate (small drift between
species or small Mach number of the relative mo-
tion)

In most cases, the collision will occur between an electron e− and an heavy species
h :

h + e− −→ products, (C.11)

Naturally, me≪mh and Th≪ Te, which results :

mhe ≈me, The ≈ Te, Mhe ≈
∣∣∣∣∣ue

ve

∣∣∣∣∣≪ 1, F(n)(2Mheξ) ≈ 1,

with ve =
(
kBTe
me

)1/2
the electron thermal speed. Thus, the generalized reaction rate

constant (equation (C.3)) becomes:

khe = 4

√
2kBTe
πme

∫ +∞

0
ξ3e−ξ

2
Q

(1)
he

√2kTe
me

ξ

 dξ

=
(

me

2πkBTe

) 3
2
∫ +∞

0
4πv2e

− mev
2

2kBTe × vQ(1)
he (v) dv , with ξ =

√
me

2kBTe
v.

=
1
n

〈
vQ

(1)
he (v)

〉
v

= Khe, (C.12)

where Khe is the commonly used rate constant (see equation (B.18)).
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For any other binary collision between α and β in which the Mach number can
be neglected, one can write:

kαβ = Kαβ , (C.13)

using Tαβ the reduced temperature and mαβ the reduced mass. The reaction rate
Kαβ has been used in Chapter 1 and Chapter 5.

C.3 Modified Chapman-Cowling Integrals

We define collision rates averaged over the distribution function of the colliding
species. Depending on the moment considered, the weight of the average is dif-
ferent. In this work, we use the definition proposed by Chapman-Cowling [179]
and generalized by Benilov [111, 112] for drifting Maxwellian for arbitrary Mach
numbers:

Ω
(l,r,n)
αβ = e−M

2
αβ

√
kTαβ

2πmαβ

∫ +∞

0
ξ2r+3e−ξ

2
Q

(l)
αβ


√

2kTαβ
mαβ

ξ

F(n)
(
2Mαβξ

)
dξ (C.14)

Ω
(l,r,m)
αβ = e−M

2
αβ

√
kTαβ

2πmαβ

∫ +∞

0
ξ2r+3e−ξ

2
Q

(l)
αβ


√

2kTαβ
mαβ

ξ

F(m)
(
2Mαβξ

)
dξ (C.15)

where,

F(m)(x) = 3
xcosh(x)− sinh(x)

x3 (C.16)

Note that kαβ and Ω
(1,0,n)
αβ are proportional to each other: kαβ = 8×Ω(1,0,n)

αβ .
The limit case Mαβ −→ 0 is interesting because the previous integrals tend to-

ward the classical Chapman-Cowling integrals [179]:

Ω
(l,r,n)
αβ −→

Mαβ−→0
Ω

(l,r)
αβ =

√
kTαβ

2πmαβ

∫ +∞

0
ξ2r+3e−ξ

2
Q

(l)
αβ


√

2kTαβ
mαβ

ξ

 dξ (C.17)

Ω
(l,r,m)
αβ −→

Mαβ−→0
Ω

(l,r)
αβ =

√
kTαβ

2πmαβ

∫ +∞

0
ξ2r+3e−ξ

2
Q

(l)
αβ


√

2kTαβ
mαβ

ξ

 dξ (C.18)

In this work, only Ω
(1,0,n)
αβ , Ω(1,1,m)

αβ and Ω
(1,1,n)
αβ are used.

C.4 Derivation of multi-fluid source terms

In this section, the source terms of the fluid equations used in Chapter 6 are derived.
The general expressions, given by Benilov [111, 112], for inelastic and elastic source
terms are:
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Inelastic collisions

wα = − kαβnαnβ (C.19)

w(m)
α = −mαkαβnαnβ

uα −
mαβTα
mαTαβ

2
3

Ω
(1,1,m)
αβ

Ω
(1,0,n)
αβ

− 1

 (uβ −uα)

 (C.20)

w
(e)
α = − kαβnαnβ

3kBTα
2

+
mαu2

α

2
−
mαβTα
mαTαβ

2
3

Ω
(1,1,m)
αβ

Ω
(1,0,n)
αβ

− 1

mαuα · (uβ −uα)


− kαβnαnβ

mαβTα
mαTαβ

2
3

Ω
(1,1,n)
αβ

Ω
(1,0,n)
αβ

+
2
3
M2

αβ

1− 2
Ω

(1,1,m)
αβ

Ω
(1,0,n)
αβ

− 1

 3kBTα
2

(C.21)

Elastic collisions

r(m)
αβ =

16
3
mαβΩ

(1,1,m)
αβ nαnβ(vα −uβ) (C.22)

r
(e)
αβ =

16
3

mαβ

mα +mβ
Ω

(1,1,m)
αβ nαnβ

3
Ω

(1,1,n)
αβ

Ω
(1,1,m)
αβ

kB(Tα − Tβ) +
mαTβuα +mβTαuβ

Tαβ
(vα −uβ)


(C.23)

Recall that the species included in the model are: I2 molecules, I1/2 and I3/2
atoms and electrons. Four types of collision are considered:

1. Elastic collisions between an electron and a neutral species

2. Inelastic collisions between an electron and a neutral species

3. Elastic collisions between neutrals

4. Inelastic collisions between neutrals

Note that ions are not included in the model and, consequently, no collisions
between ions and neutrals are accounted for, even if the formalism allows for it.

C.4.1 Elastic collisions between an electron and a neutral species

The following applies to elastic reactions between an electron and a heavy species
h ∈ {I2, I1/2, I3/2}. The simplified rates are:

r(m)
he = 0, (C.24)

r
(e)
he =

16
3
nenhΩ

(1,1)
he × 3

me

mh
kB(Th − Te). (C.25)
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C.4.2 Inelastic collisions between an electron and a neutral
species

The following applies to dissociation, atomic excitation and atomic de-excitation.
The rates for the reactant heavy species are:

wh = −Khenhne, (C.26)

w(m)
h = −mhKhenhneuh, (C.27)

w
(e)
h = −Khenhne

3kBTh

2
+
mhu2

h

2

 . (C.28)

The rates for the produced heavy species are the same with an opposite sign. How-
ever, the energy term for dissociation has to be slightly modified since the produced
atoms are energetic. Considering that only I3/2 atoms are produced during the dis-
sociation of I2, the creation term reads:

w
(e)
I3/2

= Kdiss, I2
nI2

ne

3kBTI2

2
+
mI2

u2
I2

2
+ 2∆Ediss, I2

 . (C.29)

This is similar to what was done in the global model presented in Chapter 5 with
∆Ediss, I2

= 0.5 eV. The factor 2 comes from the production of 2 atoms for 1 process.

C.4.3 Elastic collisions between neutrals

The following applies to elastic collisions between two different heavy species h1
and h2. In this case, we treat the collision as a hard spheres collision, whose mo-
mentum transfer cross-section reads:

Q
(1)
h1h2

= π

(
dh1

+ dh2

2

)2

, (C.30)

where dh1
and dh2

are h1 and h2 diameters.

Then to derive r(m)
h1h2

and r
(e)
h1h2

, in the case of hard sphere collisions, one needs to

to evaluate Ω
(1,1,m)
h1h2

and Ω
(1,1,n)
h1h2

, with Q
(1)
h1h2

given by equation (C.30):
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(C.31)
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(C.32)

with erf :M 7−→ erf(M) the Gauss error function and

Ω
(1,1)
h1h2

= Q
(1)
h1h2
×

√
kTh1h2

2πmh1h2

. (C.33)
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This formula was used in Chapter 1.
Only low Mach numbers (<0.4) are required in this thesis and the following approx-
imations are used:

Ω
(1,1,m)
h1h2

Ω
(1,1)
h1h2

=
Mh1h2−→0

1 +
M2

h1h2

5
+ o(M3

h1h2
), (C.34)
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+ o(M3
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), (C.35)
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(1,1,m)
h1h2

=
Mh1h2−→0

1 +
4M2

h1h2

5
+ o(M3

h1h2
.) (C.36)

The low-Mach approximations are justified in Figure C.1 where the formulae show
a very good agreement with the exact formulae, for Mach numbers inferior to 1.
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Figure C.1: Cross-sections for momentum transfer ratios when considering hard
sphere collisions between h1 and h2 as a function of the Mach number. Simplest
equivalent formulae at low Mach are also plotted to evidence the good matching for
Mαβ < 1.

Finally, the expressions used for r(m)
h1h2

and r
(e)
h1h2

are:
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In Chapter 5, equation (C.38) was used by setting the velocities to 0.
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C.4.4 Inelastic collisions between neutrals

The following applies to inelastic collisions between two different heavy species h1
and h2. It is used to derive the source terms for the quenching process in the multi-
fluid model.

We assume the inelastic collision to be a Maxwell molecule collision, i.e. the
momentum transfer cross-section is proportional to the inverse of the energy:

Q
(1)
h1h2
∝ 1/ξ. (C.39)

Under this assumption, the modified Chapman-Cowling integrals compute exactly
and one can find:
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2
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h1h2
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3
2
. (C.40)

Finally, the expression for the rates are:
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nh1
nβ
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(C.41)
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The rates for the produced heavy species are the same with an opposite sign.
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APPENDIXD

ABSOLUTE ENERGY SHIFT OF THE IODINE ATOMIC
EXCITED STATES

The following is extracted from [2].

Wavelength calibration

The lambdameter used for wavelength measurements was calibrated daily with
a saturated-absorption stabilized diode laser, using the the 6s2S1/2F = 4 →
6p2Po

3/2F
′ = 5 component of the D2 line of cesium at 852.1 nm. Reliability of that

calibration at remote wavelengths was checked by measuring the position of two
hyperfine components of the D1 transition, the wavelength of which, ca 894.3 nm,
offers the advantage of being very close, in the infrared, to the wavelength of
894.6 nm generated, before frequency tripling, for 5s25p5 2Po

3/2 → (3P2)6p2[1]o
3/2

excitation of iodine. The offset between the reference and measured frequencies
was no more than 15 MHz. Another effect to consider is a possible frequency shift
of the injected pulsed laser relative to the measured frequency of the CW seeder.
Heterodyne measurements made it possible to check that the pulsed laser mean
output frequency is equal to that of the seed laser to within 20 MHz and may
drift by 20 MHz during the pulse [180]. The sum of these three contributions
gives a possible systematic error of 15 + 20 + 20 = 55MHz. The tripled frequency
thus appears determined with an uncertainty of 165 MHz and the precision of the
measured frequency of the two-photon transition around 65000cm−1 is 330 MHz,
i.e. 0.011cm−1.

Energy levels of atomic iodine

As for the existing data on the excited levels of atomic iodine, the relative energies of
the levels between 50000 and 80000 cm−1 have reached a precision of 0.005 cm−1,
thanks to infrared Fourier-transform (IR-FT) spectroscopy [81]. IR spectroscopy,
however, cannot determine absolute energies with respect to the atomic ground
level. As a consequence, the re-optimization carried out after IR-FT spectroscopy
has only improved the positions of these upper states with respect to the lowest
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level from an excited configuration, namely (3P2)6s2[2]5/2, the assumed energy of
which, 54633.46 cm−1, remained the one provided by the previous review of the en-
ergy levels [80]. This combination remains today the one given in the NIST atomic
data table for I I [34], the energy levels of which are thus identical to those of [81] for
excited configurations below 80000 cm−1. The same study also provided the mag-
netic dipole and electric quadrupole hyperfine structure constants of 37 even levels
and 42 odd levels, which makes it possible to calculate the corresponding hyperfine
structures [81]. Atomic energy levels, as listed in the table, are to be considered as
the barycenters of the hyperfine multiplets.

The 54633.46 cm−1 energy of the (3P2)6s2[2]5/2 level [34, 80, 81], which serves as
the basis for the upper part of the spectrum, comes from vacuum ultra-violet (VUV)
spectroscopy of the corresponding resonance line, which yielded a wavelength of
183.0380 nm [181].

Knowing the fine-structure interval of the (3P2)6s2[2] doublet from spectroscopy
of the upper transitions related to both its J = 5/2 and J = 3/2 states, one can deduce
the (3P2)6s2[2]5/2 − 5p5 2Po

1/2 interval from the measurement of the 206.1633 nm
wavelength of the (3P2)6s2[2]3/2 − 5p5 2Po

1/2 transition, which has been attributed a
48489.73 cm−1 wavenumber. The difference provides a measure of the fine structure
interval of the ground term, 7603.15 cm−1 [181], which was the value retained in
the 1962 review of the I I spectrum [80].

However, this 7603.15 cm−1 value of the ground term 2Po
1/2 −

2Po
3/2 fine-structure

interval appeared but marginally compatible with the 7602.7 cm−1 value that had
been repeatedly published by Murakawa [182–184], as with the independent mea-
surement of a wavenumber of 7605.03 ± 0.1 cm−1 in air, i.e. 7602.95 ± 0.1 cm−1

in vacuum [185]. Another value of the same interval could be deduced from the
wavenumbers of the (3P2)7s 2[2]3/2 − 5p5 2Po

3/2 and (3P2)7s2[2]3/2 − 5p5 2Po
1/2 tran-

sitions, as measured by Martin [80], and even though the uncertainty of the cor-
responding 72294.1 − 64692.1 = 7602.0cm−1 difference must be of the order of
1cm−1, it also suggested that the 7603.15(6) cm−1 value could be slightly overes-
timated. That was confirmed by IR-FT spectroscopy, which finally found a mean
fine-structure interval of 7602.977±0.003 cm−1 [83], i.e. a value lower by 0.180 cm−1

(sic) than the one deduced from VUV spectroscopy [181].
A precise measurement of the fine-structure interval of the ground term does

not give immediate information on the energy of higher-excited levels. It tells a lot,
however, on what the uncertainty of VUV spectroscopy must have been, to make a
VUV-wavenumber difference miss the much more accurate value later obtained by
IR-FT spectroscopy by 0.18 cm−1. As the 206 nm line was measured with a greater
care and ”relative to international secondary standards in the iron arc spectrum”
[181], while the 178 and 183 nm wavelengths were measured in a less direct way
”making use of the combination principle”, uncertainties of 0.09 and 0.18 cm−1, for
the 206 nm and VUV lines respectively, appear reasonable. Smaller uncertainties,
taking into account all data described above but ours, would make some corrections
of the energies of the first three excited levels of I I go beyond a standard deviation.
On this basis, explicit optimization of the energy levels already leads to recommend
a revision of the energy of the (3P2)6s2[2]5/2 level, hence of the energies of all upper
levels, by −0.120± 0.075 cm−1. Despite the fact this does not look very precise, the
recommendation already implies, however, that the upper energy levels of I I actu-
ally lie well below the ±0.005 cm−1 uncertainty intervals that have been attached to
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them in the commonly used data table [34].
Much more information is brought forward by our observation of a

−0.169(12) cm−1 shift of the two studied levels of the (3P2)6p configuration. In-
jection of their updated positions into the energy level-optimization algebra makes
the shift of the whole upper spectrum much more precise, with a recommended
correction of −0.169(11) cm−1 (one can make the a posteriori remark that since the
wavenumber associated to the 178 nm line directly determines the energy of one of
these levels, its uncertainty could not have been smaller in absolute value). Con-
currently, the wavenumber of the 206 nm line, which had appeared changed from
the original 48489.73 cm−1 [181] to a strikingly different 48489.911 cm−1 in the
NIST table [34], gets restored to a 48489.744 cm−1 value much closer to the orig-
inal one. The fact the associated correction drops back to 0.014 cm−1, i.e. much
less than the 0.09 cm−1 uncertainty that we have attached to it, may be regarded
as a demonstration of the consistency of the spectrometry of the 206 nm line [181],
the accurate measurement of the ground-term fine structure [83] and the present
laser-spectroscopy measurements of the (3P2)6p[1]o

3/2 and (3P2)6p[3]o
7/2 wavenum-

bers (see subsection 4.3.2).
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Titre : Étude des plasmas d’iode pour les applications de propulsion spatiale
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Résumé : Depuis les années 1960, le gaz privilégié
dans le domaine de la propulsion spatiale électrique
est le xénon, un atome lourd et facile à ioniser.
Néanmoins, sa production annuelle limitée et une de-
mande grandissante obligent à trouver une alternative
pérenne, aux performances comparables. L’iode est
un candidat viable pour lui succéder. Dans ce travail,
nous tâchons de comprendre comment et pourquoi
l’iode, à l’état plasma, peut envisager sereinement la
bataille avec ses concurrents dans la course à l’es-
pace.
D’une part, ont été mis en place et développés, deux
montages expérimentaux de plasmas d’iode (un pro-
pulseur à grille et une cellule en quartz) au sein
desquels différents diagnostiques électriques et op-
tiques (sonde de Langmuir, photodétachement, ab-
sorption, TALIF) ont été développés et appliqués
avec succès, dont certains pour la première fois. Ces
travaux expérimentaux ont permis de mesurer les
valeurs absolues de densité et de température de
différentes espèces du plasmas, mettant en lumière
des mécanismes de chauffage important.
D’autre part, un travail rigoureux de bibliographie

sur les données collisionnelles de l’iode atomique et
moléculaire, a permis de développer des outils de si-
mulation numérique visant à reproduire le fonctionne-
ment des plasmas d’iode. Premièrement, un modèle
0D, a été mis à jour et enrichi pour prendre en compte
le chauffage des espèces neutres. Deuxièmement, un
modèle multi-fluide 1D des trois espèces neutres ma-
joritaires (I(2P◦

3/2), I(2P◦
1/2), I2) a été développé afin

de simuler leurs densités, vitesses et températures le
long de l’axe de poussée.
Les comparaisons expériences-modèles ont montré
que: (i) à faible débit d’injection, le plasma est
complètement dissocié et composé d’atomes I, d’ions
I+ et d’électrons. Dans ce régime de fonctionnement,
où la dissociation est peu coûteuse énergétiquement,
l’iode peut révolutionner le domaine de la propulsion
électrique en étant plus performant que ses concur-
rents nobles (argon, krypton et xénon) ; (ii) à plus
haut débit, les molécules ne sont plus négligeables
et produisent facilement des ions négatifs I− et
moléculaires I+2 . Dans ces conditions là, l’iode n’est
plus compétitif pour la propulsion, le krypton offrant
même de meilleures performances.

Title : Investigation of iodine plasmas for space propulsion applications

Keywords : iodine plasmas, electric propulsion, optical diagnostics, electrical diagnostics, fluid simulations,
global modeling

Abstract : Since the 1960s, the most used gas for
electric space propulsion has been xenon, a heavy
atom that is easy to ionise. However, its limited an-
nual production and growing demand require to find a
sustainable alternative with comparable performance.
Iodine is a viable candidate to succeed it. In this work,
we try to understand how and why iodine, in its plasma
state, can serenely face the battle with its competitors
in the space race.
On the one hand, two experimental iodine plasma set-
ups (a gridded-ion thruster and a quartz cell) were
used, in which various electrical and optical diag-
nostics (Langmuir probe, photodetachment, absorp-
tion, TALIF) were developed and successfully applied,
some of them for the first time. This experimental work
allowed the measurement of the absolute values of
density and temperature of different species in the
plasma, highlighting important heating mechanisms.
On the other hand, a rigorous bibliography on the col-
lision data of atomic and molecular iodine allowed the

development of numerical simulation tools aiming at
reproducing the functioning of iodine plasmas. Firstly,
a 0D model was updated and enriched to take into
account the heating of neutral species. Secondly, a
1D multi-fluid model of the three major neutral species
(I(2P◦

3/2), I(2P◦
1/2), I2) has been developed to simulate

their densities, velocities and temperatures along the
thrust axis.
Experimental-modeling comparisons have shown
that: (i) at low injection rates, the plasma is comple-
tely dissociated and composed of I atoms, I+ ions and
electrons. In this operating regime, where dissocia-
tion is energetically inexpensive, iodine can revolutio-
nize the field of electric propulsion by outperforming
its noble competitors (argon, krypton and xenon); (ii)
at higher flow rates, the molecules are no longer ne-
gligible and easily produce negative I− and molecular
I+2 ions. Under these conditions, iodine is no longer
competitive for propulsion, with krypton offering even
better performance.
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