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Chapter 1

Introduction

1.1 A brief introduction to plasmas from an historical perspective

Plasmas have a long history which dates back to as early as the creation of the
universe itself and the Big Bang [1]. The most familiar image of a plasma is the
sun, which brings light and life to our planet everyday of the year excepted in
the hostile and desolated region below the polar circles. Life is sometimes harsh
and the adversity of natural elements is very often associated with thunder and
lightning, another plasma. In ancient religions, the mystery and embodiment of
power behind this natural electrical phenomenon let civilizations personify it as
a the manifestation of a god himself. For instance, Zeus in the Greek mythology,
Chaahk by the Mayas, Intra in the Hindouistic culture as well as Thor in the
Nordic mythology. The sun and lightning are not the only natural manifestations
of plasmas, the aurora borealis is another beautiful example that has mesmerized
mankind generation after generation.

Although some may argue about it, plasmas are not gods or any kind of so-
called supernatural phenomena, but what are they? A plasma can be defined as a
partially ionized gas that is created (and sustained) by an external field that can
become, in some cases, self-sustained. The sun is such an example. In general,
plasmas are constituted of locally separated electrical charges.

One of the most commonly spread beliefs is that mastering the power of fire
allowed the homo sapiens to get some control over its environment and to become
the so-called “dominant species” in his ecosystem. But, creating fire is not enough,
one needs to learn how to control it. This is well symbolized by the story of
Prometheus who stole fire from the gods on mount Olympus. The part of the
story where he is punished by Zeus is usually well remembered but the subsequent
opening of the Pandora’s box which plagued humanity is often forgotten. Plasmas
are our modern fire and we need to understand it and learn how to control it as
well.

Plasmas are intricately related to the creation of life on Earth through the for-
mation of the “primordial soup”[2] which led to the possible formation of amino
acids and the single-strand of DNA. Life was not created by plasmas but thun-
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derstorms allowed the formation of its first building blocks.

All over the world, many empires and countries rose and fell and their evolution
has led to the present demographic situation. Their history was mostly determined
by political and democratic aspects rather than by technological ones. However,
at the end of the 19th century, the so-called industrial revolution happened. Many
sociological and demographic aspects came together at the right time and the right
place to make this possible. It is not our goal to discuss them, but one of its main
impacts has been the mass production of the “fairy electricity” as it was called at
that time. Since their origin, electricity and plasmas have been linked. Although
the name “plasma” was coined only in 1928 by Irving Langmuir [3], it was already
used by Siemens for technological purposes to create his famous ozone generator
back in 1857 [4].

Plasmas have found many applications such as in lighting [5], deposition of
organic [6] and inorganic films [7], etching [8], waste removal treatment [9], air
purification [10] and recently in medicine as well [11]. Behind all these specific
processes one of the sectors that was created thanks to the use of plasmas is
the electronics industry. Computers, mobile phones, robots and other electronic
gadgets rely all on integrated circuits. The advent of electronics and the Internet
in particular is, often referred to, as the second industrial revolution.

Between a plasma used for the etching of a silicon layer for microchip fabrica-
tion and the lighting from Thor, not many similarities may appear to be present.
This is indeed quite true, plasmas exist in a wide variety of forms that do not
necessarily look alike at all.

1.2 Probing plasma dynamics

Plasmas are like music, they can be classified in different genres depending on
their characteristics. Different criteria can be used, such as the pressure range,
the plasma geometry, the gas composition and the electrical operating frequency.
The understanding of a given plasma and its subsequent classification requires the
determination of its main fundamental properties such as the electron density and
temperature and its degree(s) of departure from local thermal equilibrium.

Plasmas can be usually separated into two main classes: thermal and non-
thermal plasmas. The sun, the plasmas used for fusion of nuclei for energy pro-
duction like the future ITER reactor [12] and lightning belong to the first class.
Most of all other plasmas fold into the second category because of energy and/or
particles escape, which induce deviations from equilibrium [13]. Non-thermal plas-
mas are very often classified according to their driving frequency and whether an
external magnetic field is applied to them or not. In order of increasing frequency,
we can distinguish direct current (DC glow) discharges, alternative current (AC),
radio-frequency (RF) and microwave driven plasmas1.

1By extension, laser induced plasmas can be included as well in this classification meanwhile
considering the photon frequency as the driving frequency of the plasma. However, other processes
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Like all the objects in our environment, the plasma properties and their tem-
poral behavior will obey the laws of physics. These laws are usually expressed
in the form of a set of equations that will relate various internal parameters of
the ionized gas. The interactions between the particles and their surroundings are
highly complex and it soon becomes very difficult to describe exactly any given
system. Analytical solutions can be obtained in some cases under very strict as-
sumptions and in general numerical simulations are needed to obtain solutions of
the coupled equations describing the interactions between the species and fields.
To gain a better understanding of the plasma behavior, modelling of the plasma
is needed as well as for interpretating experiments.

However, as their name already suggests, “models” are only a representation
of the reality and they need confirmation by actual measurements on the plasma
itself. On the one hand, the models help to understand the physics and chemistry
of a given situation and, on the other, real experiments allow to test the assumption
and validity of a given model.

Measuring the basic properties of plasmas allows to get a global picture of the
evolution of the plasma as a function of different parameters and how to control
it. It does not explain however “why”the plasma behaves in one way or another.
To understand that, models with different degrees of complexity will be needed.
Moreover, modelling is a highly versatile tool to perform a parametric study in
space and/or time of the plasma properties. We have the situation that, on the
one hand, experiments cannot be interpreted/understood without the use of the
models, and, on the other, an exploration of the plasma parameter space using a
model cannot be done before a careful experimental validation of the latter. This
will be the guiding principle of this thesis: models and experimental results will
support each other as much as possible in order to get a more complete picture of
the plasma.

Different ways can be used to characterize and quantify the properties of plas-
mas. Plasmas absorb energy (in order to be sustained) but also give it away in
different forms such as light, heat and by the creation of excited species. Pas-
sive diagnostic techniques are based on the collection of these items: for example
photons in the case of optical emission spectroscopy and radicals and ions in the
case of mass spectrometry. It is also possible to perturbate the plasma by send-
ing, for instance, a beam of photons through it and collecting its response. These
methods are usually designated as active spectroscopic methods. The photons can
be absorbed, scattered or converted into other photons of different wavelengths.
Using specially adapted detectors and sources allows to gather large amounts of
information about the state and composition of the plasma itself.

A plasma is before anything else a partially ionized gas, but it is composed
of many more species than just atoms, molecules, electrons and ions. One of its
most characteristic features is that it emits light of both discrete and continu-
ous wavelengths. The continuous spectrum of an atomic plasma is produced via

such as multi-photon ionization processes put these plasmas in a slightly different class.
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Figure 1.1: Grotrian diagram of the main argon states and groups of levels from its
neutral ground state to its two singly ionized ground states (taken from [14]).

black-body as well as bremsstrahlung radiations [15]. The discrete emission lines
originates on the other hand from transitions between energy levels of atoms and
molecules. A schematic of the atomic levels of argon is shown as an example in
figure 1.1. As described by quantum mechanics, an electron that is bound to an
atom can only have discrete energy values. These energy levels are governed by
the Schrödinger equations and expressed in terms of numbers n, l, m and s which
are respectively, the principal, the angular momentum, the magnetic and the spin
quantum numbers of the electron. Exact, analytical solutions of the Schrödinger
equation are known for the hydrogen atom, only approximate solutions can be
obtained for poly-electronic atoms. By analogy, the same notation is used for
excited atoms when one of their electrons is outside the last (un)complete valence
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shell.

In the case of argon, the three lower valence shells are complete for the ground
state. The first excited states have one electron in the 4th valence shell corre-
sponding to the principal quantum number n = 4. Depending of this number, the
electron will also have access to different energy levels given by combinations of
the angular momentum l and magnetic m quantum numbers that are possible for
a given n value. The angular momentum can take the numbers l = 0, ..., n − 1.
In the case of n = 4, this corresponds to the groups of levels 4s, 4p, 4d and 4f.
The magnetic quantum number can take any integer value between −l and l. The
spin orbit coupling between the two unpaired electrons leads to a set of different
excited states with different configuration terms and total angular momentum J .
This results in 4, 10 and 14 different states for the orbitals s, p and d with a
degeneracy of 2J + 1 for each level (corresponding to the values that the total
magnetic quantum number mJ can have).

In figure 1.1, one can see that the levels are separated into two main groups,
designated with primed and unprimed symbols. They correspond to the total
angular momentum of the argon core configuration for which the total orbital
angular momentum quantum number take the value L = 1 in the case of singly
excited argon atom and the total electron spin can take 1/2 and −1/2 values. The
total angular momentum for the argon core configuration can take then only 3/2
and 1/2 values which correspond, respectively, to the primed and unprimed levels
in the Grotrian diagram.
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Figure 1.2: Example of an experimental atomic distribution function (ASDF) of an
ionizing argon plasma. The excited state densities decrease towards the ion state which
is one of the main excited states density reservoirs. On the right hand side, a schematic
of the transition from a Boltzmann to a Saha ruled ASDF is shown [16].

From the theoretical description of the atomic system, one can see that we are
dealing with a very complex system. In figure 1.2, an experimental determination
of the densities of most of the species that can be monitored by optical emission
spectroscopy for argon is shown. Note that the 4s states are missing, because they
are either metastable or emitting in the vacuum ultra violet part of the argon
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spectrum. The plasma shown here belongs to the class of ionizing plasmas where
the net flux of excitation is larger than the downward recombination/deexcitation
flux. This leads to a depletion of the higher states compared to the Boltzmann
equilibrium line whereas the states are overpopulated with respect to the Saha
line, drawn from the ion level [17]. In local thermal equilibrium, the Saha and
Boltzmann lines coincide.

1.3 Thesis outline

As discussed in the first part of the introduction already, plasmas exist in a wide
variety of forms and multiple aspects can be investigated. Depending on the target
application, different types of plasmas are chosen. For instance, thermal arcs will
be used for welding [18] while cold atmospheric pressure plasma jets are used in
plasma medicine [19, 20]. Radio-frequency (RF) plasmas are widely used as well
and one of their main advantages is the possibility of tuning the ion flux and
energy towards a substrate [21]. Pulsed DC plasmas, on the other hand, were
found very efficient for air cleaning [10].

In plasma deposition applications, gaining a full control of the plasma is one
aspect but obtaining very high deposition rates is an essential target as well.
Microwave plasmas are very efficient plasma sources to produce large fluxes of
radicals with low power consumption [22]. They are used, for instance, in industry
for the fabrication of solar cells [23] and optical fibers [24].

In figure 1.3, a schematic of the microwave plasma device used at Draka for the
fabrication of optical fibers is shown. The plasma is created inside the quartz tube
without any direct contact with the power source. The tuning and modification
of the microwave cavity allows to control the distribution of the electric field and,
as a consequence, the heating of electron and heavy particles gases. The wall
temperature of the quartz tube is controlled with a large oven that surrounds the
tube and the resonator. The temperature of the oven is set to a temperature of
typically 1500 K. The gases are injected through pressure valves and the system is
kept under vacuum while continuously pumping the system. This allows to keep
contaminants such as water to low levels and to control the plasma composition
almost in real time. A large excess of oxygen is used so that the conversion of
SiCl4 into SiO2 is complete and the chemical efficiency of the conversion process
reaches almost 100%.

The plasma itself is rather small and does not extend further than the cavity
itself, which has a length of about 20 cm. The resonator is then moved back and
forth along the quartz tube during the deposition process to get an homogeneous
deposition profile along the full tube length. There are however several problems
at the extremities of the tube, such as the formation of white ring-shaped layers
that may induce stress breaking of the complete tube.

From the short description above, one can see that we are dealing with a very
complex plasma. To get a full understanding, we first need to reduce its complex-
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ity and consider model systems. In this thesis, we will use experimental diagnostics
and modelling as complementary tools to investigate the plasma dynamics. The
surfatron plasma (which belongs to the class of surface wave discharges as well)
was chosen and we used argon gas as a starting point. The relative simplicity
of argon chemistry allows us to decouple it in a first step from the plasma/elec-
tromagnetic wave interactions. The results are then directly used to benchmark
different numerical models as well as diagnostic tools. For instance, the 2D mi-
crowave plasma model that was developed in our group by M. Jimenez et al. [25]
allows the investigation of (almost) any microwave plasma source with cylindrical
symmetry, including the microwave reactor used in Draka [26] presented here. It
is however very difficult to perform in situ diagnostics on that setup, as illustrated
by figure 1.3. The surfatron source is used as an intermediate step for the val-
idation of the models and for understanding the basic properties of the plasma
under different conditions (see for instance chapter 9 where the effects of power
interruption are investigated).

Figure 1.3: Schematic of the deposition process of SiO2 from SiCl4 and O2 precursors
for optical fibers manufacture. Note that different dopants like Ge or F can be added in
some cases to change the optical fiber refractive index (Source: www.draka.com).

In the first part of the thesis, we will focus on the (spatial) characterization
of the surfatron plasma in steady state and compare the results with the output
of a 2D model created with the Plasimo platform. The spatial behavior will be
strongly influenced by transport effects, while the local kinetics will have less
influence. On the other hand, the time dependent response of the plasma to an
external perturbation will be very sensitive to local, fast kinetic processes. This
will be the focus of the second part of the thesis. We will use different techniques,
such as, power interruption and optical pumping using pulsed lasers to probe the
plasma. The results will be compared as far as possible with time dependent
models to get insight in the detailed kinetics. A good knowledge of the accuracy
of the experimental measurements will in turn allow an assessment of the validity



8 Introduction

range of the models.

First, we will describe and investigate the general surfatron properties with a
2D self-consistent model that can model the plasma generation and propagation
both inside and outside the launcher. The effects of the geometry of the launcher
on the plasma properties will also be shortly discussed in chapter 2.

Experiments can be used to validate models, but we have to check the accuracy
and non-intrusive character of our diagnostic techniques as well. In chapter 3, a
study is performed on the intrusiveness of Thomson scattering. Since this tech-
nique is widely used in this work as a reference method for the measurement of the
electron density and temperature, some assessment of its accuracy is needed. It
is shown that in the case of near-atmospheric pressure conditions, significant elec-
tron gas heating can occur, even at low electron densities, due to electron-atom
inverse bremsstrahlung. However, the latter is usually neglected in all classical
criteria used to determine the non-intrusive character of the laser. A correction
factor for this criterion is then introduced. In the intermediate pressure conditions
of the plasma investigated in this thesis, no significant perturbation of the plasma
by the laser is found.

In chapters 4 and 5, an experimental characterization of the surfatron by
Thomson scattering is presented both in the axial and radial directions. In chapter
5, the electron temperature is investigated in more detail and the non-maxwellian
character of the plasma is taken into account. To do so, different diagnostics tech-
niques are compared and the electron energy distribution function of the plasma
is computed using a Boltzmann solver.

An alternative to power interruption as a probe of plasma kinetics is laser
collisional induced fluorescence. By pumping specific levels, it allows to measure
the excitation and relaxation kinetics of any level while comparing the results
with a time-dependent collisional radiative model. This combined method is pre-
sented in chapter 7 for pure argon plasma while in chapter 8 the method is ap-
plied for investigating experimentally heavy particles kinetics between the argon
and atomic hydrogen systems. In chapter 6, the direct temporal response of the
metastable and resonant 4s states of argon are measured by laser diode absorption
spectroscopy (LDAS). By tuning the pump laser to specific frequencies, electron
induced kinetics between the 4s states could be probed while monitoring them via
LDAS.

In the first part of the thesis, the plasma is always analyzed in global steady
state situation, meaning that the external constraints are constant in time, and
the plasma reaches an equilibrium situation where creation and destruction of
all species are balanced. It is also possible to apply a temporally varying power
input to the plasma volume. The plasma parameters are then functions of the
time itself and the operator has an extra tool to control (time) averaged plasma
quantities such as the electron density and excited species fractions. This is the
topic of chapter 9, where time resolved measurements are done on the surfatron
while pulsing its power input. The results are compared with a time-dependent,
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global plasma model and some general trends in the response to power modulation
of microwave plasmas are revealed and discussed.

In the final chapter of this thesis (chapter 10), the main results presented
in this work will be discussed in the context of plasma dynamics investigations.
The importance of a combined experimental/modelling approach is stressed and
the new insights in the surfatron plasma and atomic argon kinetics are briefly
reviewed.
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Chapter 2

Two dimensional modelling of surface
wave discharges: the surfatron plasma

Abstract. A 2D model developed with the Plasimo platform is used to describe
the behavior of a surface wave (SW) discharge plasma called the surfatron. The
model allows to investigate the coupling between the electromagnetic wave and
the plasma while including explicitly the effects of the surface wave launcher.

A pure argon discharge is modelled in the intermediate pressure range from 6
to 88 mbar while including the argon ground state, the 4s and 4p states as lumped
groups as well as the molecular ion Ar+2 . The axial and radial distribution of the
electric field, the electron temperature and the electron density along the plasma
column are investigated as well as other plasma parameters.

The geometry of the surfatron launcher is found to strongly modify the shape
of the plasma below the gap and inside the launcher. Changing the dimensions
of the launcher allows to tune the length of the forward plasma column and to
optimize the ratio of power absorbed inside the launcher region versus the plasma
volume outside the cavity.

The model is based on effective Maxwellian rate coefficients and, within this
assumption, an axially constant electron temperature is found. On the other
hand, he electron density decreases linearly at low pressure whereas an axially
varying ne(z) slope is found at higher pressure. The effect of molecular ions is
underlined for explaining this change of trend.

The results of the model are finally compared with experimental measure-
ments done under similar conditions. A rather good agreement is found despite
the relative simplicity of the plasma kinetics included in the model. Further
possible improvements of the model are finally discussed.a

aThis chapter is based on: M Jimenez-Diaz, E A D Carbone, J van Dijk, and J J
A M van der Mullen. A two-dimensional Plasimo multiphysics model for the plasma -
electromagnetic interaction in surface wave discharges: the surfatron source. Journal
of Physics D: Applied Physics, 45(33):335204, 2012
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2.1 Introduction

Surface wave discharges (SWDs) have been used successfully for a large number of
applications over the years and are widely used in industry as sources of reactive
radicals and for the deposition of inorganic layers. Examples are the production
of optical fibers [27], solar cells [28] and biomedical applications [29]. The main
reason of their success is their stability across a large range of pressures and fre-
quencies and, even more crucially, their high flexibility for plasma generation with
complex gas mixtures [30] such as oxygen [31, 32], nitrogen [33, 34] or hydrogen
[35, 36].

Although the creation and propagation of surface wave discharges are un-
derstood fairly well, a full description of the electromagnetic wave and plasma
coupling is not yet achieved for most microwave plasma sources of interest for
applications [36]. The aim of the model presented in this chapter is to bridge
the gap between full electromagnetic description of microwave plasmas without
explicit inclusion of the plasma kinetics [37, 38] and self-consistent description of
plasma kinetics without direct modelling of the electromagnetic wave propagation
(see for instance [39, 40, 41]). To attain such a target, there are of course some
compromises which must be made, such as the reduction of the plasma chemistry
set [42], to keep simulation times within reasonable limits.

The surfatron is a well-known source for production of surface wave sustained
plasmas [43, 44, 45, 46, 40, 47, 48]. It consists of an electromagnetic cavity with an
internal gap surrounding a cylindrical tube which contains the plasma/gas flow, see
figure 2.1. The gap shapes the electromagnetic fields such that surface waves are
generated. Depending of the geometry, they propagate along the plasma-dielectric
interface in both axial directions with different ratios. In steady conditions, both
electromagnetic and plasma aspects need each other: the plasma behaves as a
waveguide that sustains the surface wave propagation, whereas, at the same time,
the plasma gets the energy from the surface waves.

In these discharges, it is usual that the electromagnetic (EM) fields decrease
radially with respect to the dielectric interface. Figure 2.2 provides an example
of the radial distribution of the EM fields (obtained during the current study).
This behavior of the EM fields is already observed in the analytical solution of
surface waves, [50, 51, 52], obtained for the surface wave propagation along the
interface of two dielectric materials, where one material has a positive permittivity
and the other material a negative permittivity. An example of such a situation is
the surface wave propagation in a ’collisionless’ (i.e. low collision) homogeneous
plasma surrounded by air/vacuum [30, 47].

In the plasma region, the EM fields decrease toward the centre of the discharge;
with the total decrement depending on plasma parameters such as electron density,
pressure, radius, etc.

Outside the plasma, the fields decrease radially because (if present) the metal
surrounding the discharge is placed far enough not to interfere with the surface
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Figure 2.1: Schematic view of the surfatron launcher and the dielectric tube as described
in [49]. The dashed line indicates the computational domain in figure 2.3.
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Figure 2.2: Example of radial profiles for the electromagnetic fields. Results obtained
from the model at p = 2000 Pa and at z = 200 mm i.e. outside the surfatron. Z0 is the
impedance of free space (see section 2.2.2). Rp and Rg are, respectively, the inner and
outer radius of the tube.

waves. Of course, this is not the case in the region where the surfatron surrounds
the plasma, as we will see in the result section (2.3.1).

2.1.1 The pR product as a classification parameter

A common way to investigate and classify different plasma sources is to analyze
them as a function of their pressure-radius pRp product. At different pRp values,
the plasma behaves differently due to the change in the ionization mechanism and
its connection with the electric field, and the effect of volume recombination.

At low pRp values the ionization is direct in nature while the transport is
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close to the free-fall regime [53] and volume recombination is not important. This
implies that the power per electron θ, [54], is independent from the electron density.
The parameter θ is employed mainly in modelling, whereas its volume averaged
version, θ̄ is determined in experiments [55, 46, 56]. Under these conditions,
the electron density follows an axial linear profile whereas radially the profile is
parabolic/Bessel [53] depending on whether the plasma is in free-fall or ambipolar
regime.

As pRp increases, non-linear (with respect to the electron density) electron pro-
cesses such as step-wise ionization, in which excited states are involved, become
more important, and θ becomes dependent on the electron density [57, 47, 40].
This demands for a coupled and thus iterative solution. Note that, for this interme-
diate pressure range, the recombination is still small, so that the plasma remains
wall-stabilized. This means that due to the absence of volume recombination the
plasma extends to the wall where it is quenched due to wall-recombination of
electron-ion pairs. The profile for the electron density remains relatively linear in
the axial position, whereas the radial profile is Bessel.

As the pressure is further increased, the volume recombination becomes more
important. At certain pRp, the leading recombination mechanism is not the inverse
of electron impact ionization, known as two-electron recombination [58], but a re-
action scheme based on the formation and destruction of molecular ions [59, 60].
Therefore, the discharge changes from diffusion toward recombination controlled.
A usual characteristic of the recombination regime is the contraction of the dis-
charge [61, 60]; the discharge is no longer attached to the wall i.e. the radial profile
of the electron density is exponentially decaying toward the wall. Furthermore,
the characteristics of the profile of the electron density becomes non-linear with
axial position [61].

For an overview of argon SWDs characteristics as function of pRp, we refer to
table 2.1. In this study, we focus on the following plasma conditions: pressures in
the range of 660 to 8800 Pa, a microwave frequency of 2.45 GHz and a tube radius
of 3 mm (much smaller than vacuum microwave wavelength of 12 cm). Therefore,
the model is used for conditions close to the transition region from ambipolar
diffusion to volume recombination controlled plasmas (see table 2.1).

2.1.2 Modelling of SWD

Models for surface waves propagating along a plasma column created inside a
waveguide are already used in the work of Trivelpiece in 1958 [51]. However, the
surface wave sustained discharge appears later with the design of the family of
surfatron launchers by Moisan [43]. Around the study of the plasma generated by
the surfatron launcher, a number of models and similarity laws appeared [64, 56,
46].

In the past, many models [54, 55, 64, 47] were constructed to model the wave
propagation region, whereas less attention was paid to the plasma region inside
the wave launcher. One of the reasons is that the plasma zones inside the launcher
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pRp [Pa · mm]
([Torr · cm])

NRp[m−2] Electron
Production

Electron
Losses

Shape and Behavior

. 5 · 10−1 . 1.2 · 1014 DI FD Radial parabolic profile [53],
(. 3.7 · 10−4) Large sheath thickness . Rp [62],

Length increasing with pressure
[46].

10− 1300 2.4 · 1015 SI AD Radial Bessel profile,
(. 7.5 · 10−3 − 1) −3.2 · 1017 Small sheath thickness � Rp,

Single or double
filaments at the end.

1300− 2.600 3.2 · 1017

Transition region from AD regime to AD-VR regime [56].
(1− 2) −6.3 · 1017

2600− 104 6.3 · 1017 SI AD-MAR Radial Uniformity disturbed by
(2− 7.5) −2.4 · 1018 VR in the form of MAR,

Single or double
filaments at the end,
Length decreasing with p increas-
ing.

104 − 5 · 104 2.4 · 1018 SI MAR Contraction,
(7.5− 38) −1.2 · 1019 Filament(s) on background,

Diffusive discharge [63].

& 5 · 104 (& 38) & 1.2 · 1019 SI MAR Filament structures,
Other spatial structures [48] .

Table 2.1: Characteristics of argon SWDs as a function of pRp, the product of pressure
and radial size of the plasma (see [40, 63, 57, 47, 56, 48, 46]). The parameterNRp is the gas
density times the radius obtained from pRp using the ideal gas law with a gas temperature
of 298 K. Note that these pRp-ranges, here given for argon, depend on different discharge
operating conditions: the EM frequency, gas temperature, nature of filling gas, power
range, et cetera. Abbreviations: DI = Direct Ionization, FD = Free-fall Diffusion, SI =
Step-wise Ionization, AD = Ambipolar Diffusion, VR = Volume Recombination, MAR =
Molecular Assisted Recombination. Note that diffusion is seen as a loss mechanism for
electron-ions pairs because it is followed by recombination at the wall.

are not easy to observe.

In general, the models developed previously [55, 64, 54] had two components;
a zero-dimensional electromagnetic model that describes the axial propagation of
the EM wave, known as the dispersion relation, and a zero-dimensional plasma
model consisting of the local power balance, which gives the (slope of the) electron
density, and the electron particle balance, which sets the electron temperature
[54, 49, 40].

The wave and plasma modules are solved in conjunction: the wave module
needs the value of the electron density and the momentum transfer collision fre-
quency, whereas the plasma needs the attenuation coefficient of the wave α and
the power needed to maintain an electron-ion pair in the discharge. Both are
commonly given as functions of the electron density ne. Note that we do not need
to set the electron temperature in the above method as long as θ is known.
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Early models [55, 65, 49] assumed that θ is independent of ne and therefore
independent of the axial distribution of the electromagnetic wave. This is the case
in ref. [55] where a semi-empirical model is derived with a constant θ. Other
models tried to improve this, by assuming a dependency of θ on the electron
density, usually making it proportional to nβe , and relating β to different plasmas
regimes: β = 0 for free-fall/diffusion controlled discharges and 0 < β ≤ 2 for
recombination controlled discharges [40].

More advanced models are the plasma models based on a combination of a
collisional radiative model and a Boltzmann Solver [65, 40, 47]. These models
improve the self-consistency of the EM-wave with the electron kinetics. The de-
pendency of θ on the electron density is used to compare with the former models
and experimental results. Furthermore, a radially averaged local power balance
has been used by Aliev et al. [66] as a manner to take into account the non-local
electron heating effect due to radial non-homogeneity of the electromagnetic fields.

The two-component structure of the models described above assumes that
plasma and electromagnetic parameters are slowly-changing functions of the axial
position. This assumption is normally referred to as the WKB approximation [67].
The condition is no longer fulfilled if the plasma is strongly recombining. Another
shortcoming of the classical SWD models is that they only provide information
on the plasma down-wave, that is the plasma outside the launcher. Thus, no
attention is paid to the discharge enclosed by the launcher [57] and the residual
power, that is the power carried by the wave beyond the plasma-wave interaction.

There are also models for the (1D) radial description of the plasma, for instance
Ferreira [68] solved, apart from the species balance and the wave equation, the mo-
mentum equation for ions; whereas [69] also includes the effect of electromagnetic
resonances in the description.

One of the first two dimensional models developed for SWDs [70] calculated
the electromagnetic fields for a fixed plasma permittivity distribution. The model
used in [71] is more advanced than the previous model and is similar to the one
presented here: it includes the plasma fluid equations and couples them to an
electromagnetic model. However, Hagelaar et al. [71] did not provide a detailed
discussion of their results nor on the physical model due to the limited size of their
paper. For more information about SWDs, we refer to review papers [72], [40] and
[47].

In the following section, we will present the structure of the model which
is composed of the particle and energy equations, the Navier-Stokes equations
for the bulk velocity and pressure of the gas and the Maxwell equations for the
description of the electromagnetic wave. The implementation of the surfatron
cavity geometry in the model is then described in section 2.2.3 together with the
boundary conditions. In section 2.2.4, the reaction kinetics included in the model
are finally presented. One may notice that the chemistry is simpler than the
one used in chapter 9 for the zero-dimensional time-dependent description of this
plasma source. This is done to keep the calculation times within reasonable limits
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and enhance the convergence stability of the model.

2.2 Physical Model

The core of the physical model is composed by the (non-LTE) fluid and elec-
tromagnetic equations. These require as input: the transport coefficients, the
geometry of the set-up, the chemical reaction rates and the boundary conditions.

2.2.1 Fluid Equations

The moments of the Boltzmann equation [73] are transformed into the following
steady state fluid equations

• Species equations

∇ · (nivb)−∇ · (Di∇ni) = Si. (2.1)

Here the velocity of species i is separated into bulk, vb, and diffusion velocity
vd,i, where the Fick law was applied, nsvd,i = −Di∇ni. The species equa-
tion is solved only for N −2 species, as the electron density is obtained from
quasi-neutrality and the argon density is obtained from the ideal gas law.
For Di, the effective diffusion coefficient is used for neutrals, whereas the
ambipolar field (responsible for maintaining the quasi-neutrality character)
is included as an ambipolar diffusion coefficient for (positive) ions (see ta-
ble 2.2). The net production of species i due to collisional-radiative processes
and chemistry is represented by Si (in m−3s−1). Note that the ambipolar
diffusion coefficient is used to simplify the transport of ions. This seems
justified considering that we have only one atomic system and a dominant
ionic species. In the case of complex mixtures (i.e. with negative ions and
without dominant species), this is obviously not valid anymore and other
methods are needed [74].

• The continuity equation (for the plasma bulk)

By multiplying equation (2.1) with mi, the mass of species i, and summing
over all species, we get the continuity equation for the plasma bulk [75]

∇ · (ρbvb) = 0. (2.2)

Here ρb =
∑

imini in the total mass density of the plasma. The source
terms vanish in this addition procedure since the creation of one species is
compensated by the destruction of another.

• The momentum balance for plasma bulk
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The plasma bulk velocity vb and the pressure, p, are obtained from the
momentum balance for the bulk plasma [75]

∇ · (ρbvbvb) = −∇p+∇ · τ. (2.3)

In this equation the friction terms disappear due to Newton’s third law:
the friction exerted by species i on i′ is minus that of i′ on i. Another
aspect is that due to quasi-neutrality the electrostatic forces on the bulk
will disappear.

The components of the viscous stress tensor can, assuming a Newtonian
fluid, be written as

τkl = 2µΓkl + µ2 (∇ · vb) δkl, (2.4)

where Γkl is the strain rate tensor [76]. The dynamic viscosity µ is calculated
using mixture rules [77], the second coefficient for viscosity µ2 depends on
the nature of the gas (for a mono-atomic gas µ2 = −2/3µ [78]) and δkl is
the Kronecker delta function.

It should be realized that equation (2.3) is based on fluid quantities, e.g. p
and τ , defined with respect to the bulk velocity (cf. thesis [79, chapter 7],
[80, chapter 2]).

• The energy balance for the heavy particles
Adding the specific energy balance of the heavy particles gives [75]

∇ · (Cp,hThvb) +∇ · qh
= Qelaseh +Qineleh + τ : ∇vb + vb · ∇ph.

(2.5)

Here Th is the heavy particle temperature. The volumetric heat capac-
ity Cp,h at constant pressure for the heavy particles is defined such that
Cp,hTh = CV,hTh + ph, with ph = (

∑
i 6=e ni)kBTh, and the volumetric heat

capacity at constant volume CV,h = (
∑

i 6=eEtrans,ini)/Th, with Etrans,i the
translational energy per particle of the specie i. The heavy particle heat
flux is defined as qh = −λh∇Th with the heavy particle thermal conduc-
tivity, λh, obtained from mixture rules [81]. Qelaseh denotes the energy gain
through elastic collisions with electrons

Qelaseh =
∑
i 6=e

3

2
neν

i
e

(
2me

mi

)
kB(Te − Th), (2.6)

where νie is the elastic momentum transfer between electrons and species i
and me is the electron mass.

The Newtonian viscous dissipation is given in [75] by

τ : ∇vb = 2µ
∑
kl

ΓklΓkl + µ2 (∇ · vb)2 . (2.7)
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• The energy balance for electrons reads

∇ · (Cp,eTevb) +∇ · qe
= QOhm −Qelaseh −Qineleh + vb · ∇pe −Qrad.

(2.8)

Here Te is the (effective) electron temperature. The volumetric heat
capacity Cp,e at constant pressure for the electrons is defined such
that Cp,eTe = CV,eTe + pe, with the volumetric heat capacity at constant
volume for electrons CV,e = 3/2kBne and pe = nekBTe, the electron pressure.

The conductive heat flux is defined as qe = −λe∇Te, with the electron
thermal conductivity, λe, obtained from the Frost mixture rules, see [81,
Chapter 8, Section 7] and [80, Chapter 6].

The Qineleh term refers to the energy gain or loss through inelastic collisions
which yields

Qineleh =
∑
l

Rl∆εl, (2.9)

with Rl the reaction rate and ∆εl the average energy exchanged per collision
l. The energy related to the generation of radiation, Qrad, is neglected in
this study.

In the modelling of MIPs, the time-averaged power density absorbed in the
domain QOhm (W/m3) is computed as

QOhm =
1

2
< (J∗E) =

1

2
<(σ̂)|E|2, (2.10)

where equation (2.11) is used to relate the time dependent contribution of
the electron current density J to the harmonic electric field

J = σ̂E. (2.11)

The complex conductivity σ̂ [82, 38] in the plasma is obtained from the
current density J = −eneve and the cold collisional electron approximation
[73] of the electron momentum balance equation for harmonic fields, which
reads

iωve + νehve = − e

me
E, thus ve =

−eE
me (νeh + iω)

, (2.12)

with νeh =
∑

i 6=e νe,i the total elastic momentum transfer frequency between
electrons and heavy particles. Thus, we obtain

σ̂ =
ε0ω

2
p

νeh + iω
(2.13)
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with the plasma frequency ωp =
√
e2ne/meε0. Note that the cold plasma

approximation is valid when the phase velocity significantly exceeds the elec-
tron thermal velocity [83]. In this study, we found values for the phase ve-
locity in the order of 108 m/s, while the electron thermal velocity is in the
order of 5 · 105 m/s. A warm description, that includes thermal and sheath
related effects, requires a more complex approach (e.g. [82]).

Note that the electron temperature is defined as the effective Maxwellian
electron temperature needed to sustain the ionization that compensates the
electron-ion pairs losses. Due to the complexity of coupling the EM-fields
and the plasma in 2D, we chose not to solve explicitly the electron energy
distribution function. This is self-consistent with the values of Te calculated
from measurements and compared with the model results in section 2.3.2.

We refer to table 2.2 for more information on transport coefficients and the
corresponding references.

2.2.2 Electromagnetic Equations

The model is based on the Maxwell-Faraday and Maxwell-Ampere equations for
harmonic fields in the form exp(iωt) in the frequency domain,

∇×E + iωµ0H = 0, (2.14)

∇×H − iωε0εrE = J. (2.15)

Above we are assuming that the permeability and the permittivity are scalars.
As quasi-neutrality is assumed, there is no need to explicitly include the Gauss
law. We applied Ohm’s law J = σ̂E, as discussed in the previous section, and
normalized Hφ using H̃ = iZ0H where Z0 =

√
µ0/ε0 is the impedance of free

space [86]. This results in

∇×E + k0H̃ = 0, (2.16)

∇× H̃ + k0ε̂rE = 0, (2.17)

where k0 = ω
√
ε0µ0 is the vacuum wavenumber, ε̂r = εr−iσ̂(ωε0)−1 is the complex

relative permittivity 1, E the electric field and H the auxiliary magnetic field.

2.2.3 Surfatron geometry, boundary conditions and grid

The geometry of the surfatron plasma, figure 2.1, is represented in two dimensions
in the computational domain as shown in figure 2.3. The dimensions of the setup
defined in the simulations are given in table 2.3. They correspond in good approx-
imation to the geometry of the setup used experimentally in this thesis. There
are however some small differences such as the metallic front wall of the surfatron

1For the quartz tube ε̂r = 4, while for air ε̂r = 1.
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Trans. Coef. Symbol (SI) Part. Formula Ref.

Binary Diffusion

Dij (m2s−1) {e, h}
3

16

fijk
2
BTiTj

pmijΩ
(1,1)
ij (Tij)

[75],
[77]

Effective Diffusion

Di (m2s−1) {e, h}
Di =

p
(∑

j 6=i pi/Dij

)−1 [84]

Ambipolar Diffusion

D+
i (m2s−1) {h+} D+(1 + q+Te/Th) [85]

Viscosity

µ (Nm−2s) {h} Mitchner-Kruger [81]

Volumetric Heat Capacity
at constant volume

CV,e
(JK−1m−3)

{e} 3/2nekBTe [85]

Volumetric Heat Capacity
at constant volume

CV,h
(JK−1m−3)

{h}
∑

iEtr,ini/Th [84]

Thermal conductivity

λh
(WK−1m−1)

{h} Mitchner-Kruger [81]

Thermal conductivity

λe
(WK−1m−1)

{e} Frost [81]

Table 2.2: Transport coefficients in the surfatron model. Here, fij is a correction factor,

mij the reduced mass, Ti, Tj , the temperature of the corresponding species, Ω
(1,1)
ij , a

collision integral (cf [77]), Tij an effective temperature, Etr,i, translational energy per
particle of species i, such that Etr,ini is the sensible/translational internal energy per unit
volume, q+ is the charge of the positive ion and pi is the partial pressure of species i

.

which is thicker in the simulations than in reality. This width was limited numer-
ically by the too large refinement of the grid that it would have required in axial
direction. Moreover, in the real setup, the distance between the dielectric tube
and the surfatron is actually null.

The surfatron launcher consists of two coaxial metal cylinders; the inner metal
cylinder has an inner radius Rgap = 5.7 mm and an outer radius Rc,1 = 13 mm
whereas the outer cylinder has an inner radius of Rc,2 = 52 mm and an outer
radius Rm = 66 mm (see figure 2.3). There are metal walls ending the coaxial
line. At the gas-side the metal wall starts axially at Zs,1 = 72 mm and ends
at Zc = 87 mm; it represents a short-circuit. At the pump-side the metal wall
starts at Zgap,2 = 108 mm and ends at Zs,2 = 111 mm. The gap starts at
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Figure 2.3: Schematic of the computational domain for the surfatron source. PEC =
Perfect Electrical Conductor, PBC = Propagation Boundary Condition. We provide the
value of the dimensions in table 2.3 together with the boundary conditions in 2.2.3.

Zgap,1 = 105 mm and ends at Zgap,2 = 108 mm, separating the inner metal cylinder
from the metal wall at the pump-side of the surfatron launcher. Note that the
metal cylinders and the metal walls at the axial ends form an electromagnetic
cavity inside the surfatron launcher.

The cavity is designed to provide a maximum value of the electric field |E|
at the gap in a rotational symmetric way. This EM distribution is required to
excite the transversal magnetic surface waves in the m = 0 mode (azimuthally
independent) that propagates along the plasma column [43, 87].

The plasma column is created inside a dielectric tube of inner radius
Rp = 3.1 mm and outer radius Rg = 4.4 mm mounted between a gas sup-
plier and a pump.

Par Value Par Value

Rm 66 mm Rp 3.1 mm
Rg 4.4 mm Rgap 5.7 mm
Rc,1 13 mm Rc,2 52 mm
Zs,1 72 mm Zs,2 111 mm
Zgap,1 105 mm Zgap,2 108 mm
Zc 87 mm Z 800, 700 mm

Table 2.3: Summary of the dimensions of the geometry used for the surfatron plasma
simulations.

The boundary conditions (BCs) needed to solve the plasma transport equations
are summarized in tables 2.4 and 2.6.

The pressure at the pump side is fixed to pout, whereas at the gas side the
pressures is set to pin. This requires the boundary conditions for the bulk velocity
components shown in table 2.4. The gas temperature is set constant at the gas
side and the pump side whereas at the tube wall is given according to the heat
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flux

λh
∂T

∂r

∣∣∣∣
r=Rp

= λw
∂T

∂r

∣∣∣∣
r=Rg

≈ λw
Tw − Th,w
Rg −Rp

(2.18)

with Tw the wall temperature at r = Rg, Th,w the plasma gas temperature at
r = Rp and λh, λw the thermal conductivity of the plasma (heavy particles) and
the dielectric tube, respectively. The thermal conductivity of the dielectric tube
is taken as λw = 1.4 W m−1 K−1. This BC, of the mixed-Neumann type, allows
to set the temperature at the outer part of the tube. For the outer temperature
of the dielectric tube we take Tw = 300 K. As a BC for the momentum equation,
we set the pressure difference between the gas-side pin and the pump-side pout to
2 Pa.

For the electromagnetic fields, a homogeneous Neumann boundary condition
is applied at the axis to the axial component of the electric field. At the metal
walls, the perfect electrical conductor (PEC) boundary condition is used, so that
the component of the electric field tangential to the metallic surface is zero as well.

We do not model the antenna inside the cavity of the launcher as it would
require a three-dimensional model. Instead, an excitation boundary condition
sets the initialization value of Ez at r = Rc,2, see figure 2.3. At each iteration,
the electromagnetic model scales the power density distribution (and thus the EM
fields) to obtain the power absorbed in the domain as prescribed by the control
parameter Pin = 50 W.

A propagation boundary condition (PBC) is used at the remaining boundaries
for the electric fields. For example, at the pump-side (z = Z) the PBC takes the
form

∂Er
∂z

+ iβEr = 0, (2.19)

where β is the wavenumber of the wave. This boundary condition assumes a plane
wave propagating in the positive z-direction Er ∝ exp(−iβz). Therefore, there is
no reflection at the boundary for a (numerical) plane wave with normal incidence
provided that its (numerical) wavenumber, knum equals β in equation 2.19.

At the gas-side (z = 0), the same PBC is used but adapted for a plane wave
propagating in the negative z-direction. At r = Rm, the PBC is similar to equa-
tion 2.19, though it describes the corresponding radial wave using a Hankel func-
tion. For more detailed information on the boundary conditions for EM fields in
Plasimo, we refer to [38].

The flux of molecular ions at the wall is set as

−DAr+2

(
∂nAr+2
∂r

)∣∣∣∣∣
r=Rp

= γnAr+2

√
kBTe
mAr+2

. (2.20)

Instead of setting the flux of Ar+ as for equation 2.20, the density of the
Ar+ ion is set equal to 8.5 · 1017 m−3 at the wall, gas- and pump-side, so that
the conditions for microwave resonances [69] at the plasma critical density are
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Par. Gas-Side Pump-Side Tube wall Axis

p pin pout
∂p
∂r = 0 ∂p

∂r = 0

vb,z
∂vb,z
∂z = 0

∂vb,z
∂z = 0 vb,z = 0

∂vb,z
∂r = 0

vb,r vb,r = 0
∂vb,r
∂z = 0 vb,r = 0 vb,r = 0

Th Th,w
∂Th
∂z = 0 λh

∂Th
∂r

∣∣∣
r=Rp

= λw
Tw−Th
Rg−Rp

∂Th
∂r = 0

Te
∂Te
∂z = 0 ∂Te

∂z = 0 ∂Te
∂r = 0 ∂Te

∂r = 0

Table 2.4: Boundary conditions for the surfatron plasma model.
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Figure 2.4: Grid cells for the fluid electromagnetic model, a) control volume, b) Yee cell.
The Yee cell is used across all the c) EM region, e.g. dielectric and plasma, whereas the
control volume is only used in the plasma region.

avoided. The fluid model for electrons is not valid at the sheath as a consequence
of using the cold description for the (time-harmonic) electron current density. In
order to incorporate the resonance region, the model needs a description of the
electron current density that describes the effect of non charge-neutrality and
thermal effects with the corresponding (quasi) electrostatic plasma waves, e.g as
explained in [82].

The Yee grid cell (see figure 2.4.(b)) is used to discretize the electromagnetic
equations (2.16) and (2.17). In this cell, the field components are situated such
that the field continuity across the interfaces is not broken, and so the divergence
free condition is fulfilled numerically. For example, Ez is continuous at the inter-
face between the plasma and the glass. A very simple discretized EM region is
shown in figure 2.4.(c); it covers all the dielectrics and includes the plasma region.

2.2.4 Chemistry

The species included in the model are the lumped states of the 4s and 4p groups
Ar(4s), Ar(4p) as well as the atomic and molecular ions Ar+, Ar+

2 . The densities
for these species are obtained from equation (2.1), whereas the electron density
follows from charge neutrality and the Ar density follows from the ideal gas law.

All the reaction kinetics considered in this model are given in table 2.5 to-
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gether with the corresponding references. A schematic of the energy level diagram
together with the different excitation channels between the species is given in
figure 2.5.

At intermediate pressures, step-wise ionization will be the most important
production channel for electrons [88], with the 4p states being an important in-
termediate station as well. Indeed, the excitation rates of 4s and 4p from the
ground state have similar values. Note that in the electron density and ionization
degree ranges of this study, the excitation rate of the 4s states are still mostly
following Maxwellian rates as a function of Te. Using a Boltzmann solver, it can
be shown that the electron energy distribution function (EEDF) is still approxi-
mately Maxwellian for electron energies up to 12 eV (see chapter 5). Above this
threshold, a significant depletion of the tail of the EEDF occurs because of in-
elastic collisions with the neutral argon gas leading to excitation towards the 4s
group. For higher energies, the EEDF is strongly depleted [89].

The electron-atom elastic collision frequency is calculated using the fit formula
given in [80] for the cross-section integrated over a maxwellian EEDF

νe,Ar =

√
8kBTe
πme

na

[
5 · 10−20

(1.0 + 1.7 · 10−3Te)2
− 3 · 10−21 + 2.8 · 10−24Te − 4.1 · 10−34T 3

e

]
.

(2.21)

For higher pressures, molecular recombination channels will play an important
role as extra sources of losses of electron ion pairs [88]. Molecular ions can provide
a fast volume recombination channel via dissociative recombination (see reactions
R11 to R14 in table 2.5). For a more in-depth discussion, we will refer to chapters
4 and 9 for an experimental and theoretical investigation of molecular ions effects
in the electron particle balance.

2.3 Results and Discussion

In this section, we will present results for 3 different pressures, 6, 20 and 88 mbar,
respectively. In table 2.6, the complete list of control parameters of the plasma
which were set in the model are given. First a general description of the plasma
will be given and then in section 2.3.1 and 2.3.2 we will focus on the plasma either
inside the launcher or propagating outside the launcher (plasma column). In the
latter case, we will compare the results with experimental data available in the
literature [94, 95].

The model is used as well as a tool for investigating the properties of the
surface wave and get more insight in the plasma-wave dynamics. The effects of
molecular ions are discussed as well as the non-local heating of the electrons in
radial and axial direction. The geometry of the surfatron launcher is shown to
shape the electric field inside the launcher and the subsequent electron density
profile inside and outside the launcher as well.
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Interaction Rate Coefficient/frequency Ref.

Elastic Collision Frequency

e + M→ e + M

See Transport Coef. Section

[80],

M = Ar, Ar+, Ar+2 , [90],

Ar(4s), Ar(4p) [75]

Diffusion

M→ wall

See Transport Coef. Section.

[80],

M = Ar, Ar+, Ar+2 , [90],

Ar(4s), Ar(4p) [75]

Excitation

(R1) Ar + e→ Ar(4s) + e k1 = 4.91 · 10−18T 0.74
e

exp[(EAr − EAr(4s))/(kbTe)] [61]

(R2) Ar + e→ Ar(4p) + e k2 = 1.82 · 10−17T 0.71
e [91]

exp[(EAr − EAr(4p))/(kbTe)]

(R3) Ar(4s) + e→ Ar(4p) + e k3 = 7.52 · 10−15T 0.51
e [91]

exp[(EAr4s − EAr(4p))/(kbTe)]

Dexcitation

(R4) Ar(4s) + e→ Ar + e k4 = 4.32 · 10−19T 0.74
e [61]

(R5) Ar(4p) + e→ Ar + e k5 = 5.07 · 10−19T 0.71
e [91]

(R6) Ar(4p) + e→ Ar(4s) + e k6 = 2.54 · 10−15T 0.51
e [91]

Ionization

(R7) Ar + e→ Ar+ + 2e k7 = 8.60 · 10−20T 0.68
e [61]

exp[(EAr − EAr+)/(kbTe)]

(R8) Ar(4s) + e→ Ar+ + 2e k8 = 1.29 · 10−17T 0.67
e [61]

exp[(EAr(4s) − EAr+)/(kbTe)]

(R9) Ar(4p) + e→ Ar+ + 2e k9 = 5.97 · 10−16T 0.61
e [91]

exp[(EAr(4p) − EAr+)/(kbTe)]

2-Electron Recombination

(R10) Ar+ + 2e→ Ar4p + e k10 = 5.00 · 10−39Te(eV )−4.5 [92]

Molecular Reactions

(R11) Ar+2 + e↔ Ar(4s) + Ar k11 = 1.04 · 10−12(Te/300K)−0.67 [61]

× 1− exp(−418K/Th)

1− 0.31 exp(−418K/Th)
,

(R12) Ar+ + 2Ar→ Ar+2 + Ar k12 = 2.25 · 10−43(Th/300K)−0.4 [61]

(R13) Ar+2 + e↔ Ar+ + Ar + e k13 = 1.11 · 10−12 [61]

exp

{
−2.94− 3[Th(eV )− 0.026 eV ]

Te(eV )

}
[88]

(R14) Ar+2 + Ar→ Ar+ + 2Ar k14 = 5.22 · 10−16(Th(eV )/eV )−1 [61]

exp[−1.304eV/Th(eV )]

Table 2.5: Reactions included in the model. All rate coefficients k are expressed in
[m3s−1], except k10 and k12 [m6s−1]. The temperatures Te and Th are in K except when
eV is indicated. The energy for the considered levels are EAr = 0 eV, EAr(4s) = 11.56 eV,
EAr(4p) = 13.17 eV, EAr+2

= 15.01 eV and EAr+ = 15.76 eV. The energy level diagram

is given in figure 2.5. The backward rate coefficients for the reverse reactions (R11) and
(R13) are obtained using detailed balancing [93].
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Figure 2.5: Energy level diagram for species included in the model. The relevant con-
version reactions are labeled with a rate coefficient that can be found in table 2.5. For
low pressure the main competition is that between direct ionization (ke

7) and diffusion.
For increasing pressure the processes at the left of this schematic drawing become more
and more important.

Par Value Par Value

pin 662, 2002, 8802 Pa pout 660, 2000, 8800 Pa
f 2.45 GHz Pin 32, 59 W

Th,w Th(z, r = Rp) Tw 300 K

Table 2.6: Control parameters for the surfatron plasma simulations.

In figure 2.6, we show the axial and radial distributions for the electron density,
the electromagnetic power density and the gas temperature. The conditions are
pressure of 2000 Pa and power absorbed of 59 W. We can clearly see that there are
maximum values in the region inside the surfatron for the power and the electron
density. The reason for that is because most of the power is actually already
absorbed within the launcher2. We will provide more details about this region in
section 2.3.1.

For the same plasma conditions, we show in Figure 2.10 a more detailed view
for the plasma column extending from z = 120 to z = 600 mm i.e. outside the
surfatron. In figure 2.10(a), we see that the electron density peaks at the central
axis of the discharge while decreasing radially toward the wall. This radial profile
decreases axially as we move away from the launcher. As we approach the end of

2This indicates that the geometry of the surfatron is actually not optimized as most of the
power should be coupled to the plasma column downwards. The (small) differences between the
model geometry and the actual geometry of the surfatron might explain this behavior.
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Figure 2.6: (a) The electron density, (b) the electromagnetic power density and (c)
the gas temperature. The plot extends from z = 0 to z = 600mm. The pressure is
pout = 2000 Pa and the absorbed power Pabs = 59 W.

the discharge, it looks like it is slightly contracting.

The power density figure 2.10(b), is higher closer to the plasma-glass interface
than to the central axis, as result of the skin effect in plasmas (see section 2.3.1).
The gas temperature is shown in 2D in figures 2.6(c) and 2.10(b)and it follows very
closely the electron density profile. This is because the main heating mechanism
of the neutral particles is via elastic collisions (cf. equation 2.21 and section 2.3.2
for more details).
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2.3.1 Plasma Region Inside the Launcher

In most SW discharges studies, the behavior of the plasma inside the launcher is
overlooked [49, 40, 47]. We could only find one reference that studied numerically
how the distance between the metal screen and the plasma affects the electron
density and wave propagation along the axial direction [96]. Moreover, the model
used in [96] cannot describe the plasma transition from the inside part to the
outside part of the launcher, neither it is two dimensional.

This inner-launcher region deserves attention not only because it is the region
where the wave is created and launched, but also because it plays an important
role in some industrial applications. Moreover, the power absorption inside the
launcher will play a critical role in the wave propagation outside the region of the
launcher. Strongly non-linear effects inside the cavity are expected which may
alter the properties of the plasma column.

The electric field

Due to the launcher construction, which brings its inner metal cylinder close to
the plasma, the local electrical field is enhanced substantially. This can be seen
in figure 2.7 where we show the axial distribution of |Er| outside the tube at
r = 4.5 mm. We study here Er since in general for a SWD |Er| � |Ez| outside
the plasma, as shown in figure 2.2.

Figure 2.7 shows that the field inside the launcher is much higher than outside
the launcher. This is even valid for the position of the local minima, which are
really close to each other. The local maximum values of |Er| are associated with
waveguide discontinuities as they are found -from left to right- at axial positions
z = Zs,1, z = Zgap,1 and for the last peak in between Zgap,2 and Zs,2. The waveg-
uide discontinuities create an infinite number of electromagnetic modes which
enhance the averaged amplitude of the total fields. The current model captures
only the increment of the total EM field, without distinguishing each mode.

In order to understand the increase of the EM field strength inside the launcher,
we can consider the power flow of a wave propagating through a waveguide with
changing cross-section.Let’s consider the application of the conservation of energy
(Poynting theorem) to a section of the waveguide limited in axial direction by
surfaces of area A1 and A2 and assume that there is only a negligible power
absorbed in the volume in between these surfaces. Denoting the time-averaged
Poynting vector at surfaces of area A1 and A2 by S1 and S2, respectively, the
conservation of energy reduces to |S1|A1 = |S2|A2. This implies that |S| and
accordingly the square of the electric field strength is inversely proportional to the
cross-sectional area of the waveguide. This helps to understand the high value
of |Er|, found in figure 2.7, inside the launcher where the cross-sectional area is
smaller. The two dimensional model that we present here, allows to study self-
consistently the connection between the distance from the metal wall, the power
flow and the plasma quantities.
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Figure 2.8 gives the axial distribution of |Ez| inside the plasma (quartz tube)
at r = 3 mm and 0 mm, while figure 2.9 shows the corresponding radial dis-
tributions inside the plasma. This is done for three different axial positions,
z = 90, 200, 500 mm (marked with arrows in figures 2.7 and 2.8). It can be
seen that close to the wall in the launcher (z = 90 mm) the field strengths and
gradients are higher than outside the launcher (z = 200, 500 mm). In the latter
region the field components are both radially and axially more homogeneous than
inside the launcher. This is because of the vicinity of the metallic boundaries
around the dielectric tube.

The shape of the electric field has a big influence on the electron density and
gas temperature as will be shown below.
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positions z = 90, 200, 500 mm inside the plasma, for a pressure of pout = 2000 Pa and an
absorbed power of Pabs = 59 W. Note that z = 90 mm corresponds to a position inside
the launcher.

The electron density and gas temperature

Figure 2.11(a) shows that the electron density inside the launcher is much higher
than outside the launcher (at the center axis of the plasma). This is consistent
with the numerical results found in [96] where the value and gradient of ne are
found to be higher if the distance between the metal tube and the dielectric tube
is smaller. Moreover, it can be understood from the behavior of the electric field
discussed above in combination with the electron energy balance. The higher field
strength inside the launcher leads, as given by (2.8), to a higher power density and
therewith a higher ne-value. The high electron density leads in turn to enhanced
gas heating and thus higher gas temperatures (see figure 2.11(b)).

The high Th-values destroy the population of molecular ions as can be deduced
from the dependencies of the rate coefficients for reactions (R13) and (R14) given
in table 2.5. Th influences the balance between (R12) and (R14) which gives the
steady-state value of nAr+2

. The effect is indeed clearly manifest in figure 2.12(a),

which shows a deep minimum in the Ar+
2 population inside the launcher.

2.3.2 The Plasma Outside the Launcher

In figure 2.15, the effective ionization frequency, figure 2.15(a) and the electric
field, figure 2.15(b). The effective ionization frequency, νeff

ion, is defined [97] as

νeff
ion = nArk1 + nArk2 + nArk7, (2.22)

where we assume that backward processes are negligible and that excitation is the
limiting step in the ionization process.

We notice that νeff
ion shows less relative variation than the electric field, al-

though the trends are similar with higher values at the wall and more radially
homogeneous as we move far way from the launcher. However, although present,
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Figure 2.10: (a) The electron density, (b) the electromagnetic power density and (c)
the gas temperature. The plot extends from z = 120 to z = 600 mm (i.e. outside the
surfatron). The pressure is pout = 2000 Pa and the absorbed power Pabs = 59 W.

this variation is much smaller in the electron temperature figure 2.15(c) and its
distribution is different from that of the electric field.

To better understand the electron temperature, we have to look to figures 2.13
and the electron energy equation (2.8). We see that the elastic sources in fig-
ure 2.13(a) are the most important losses being around 60% higher than the in-
elastic sources. However, the transport terms (∇·(Cp,eTevb)+∇·qe−vb ·∇pe) are
even higher, which explains why the electron temperature is more homogeneous
than the elastic and inelastic sources and the power density. This means that the
power obtained from the EM-wave is absorbed (figure 2.10(b)) by the electrons
and distributed by them within the plasma via the transport terms in order to
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Figure 2.11: (a) Axial distribution of the electron density and (b) the gas temperature
at the centre of the discharge for a pressure of pout = 660 , 2000 and 8800 Pa and an
absorbed power of Pabs = 32 W for 660 Pa and 59 W for 2000 and 8800 Pa. The inner-
launcher region is situated between positions Zs,1 and Zs,2. Note that for 8800 Pa (due
to the Molecular Assisted Recombination -MAR- processes) the decay of electrons is not
linear anymore. See also figure 2.3.

sustain the elastic and inelastic losses. This is shown in figure 2.14 where the
electron density and temperature are shown for a pressure of 20 mbar close the
the launcher and at the end of the plasma column. One can see that the electron
temperature is indeed flat while the electron density follows a Bessel profile with
a radius equal to the quartz tube radius.

One can see that the electromagnetic wave power density QEM is more local-
ized close to the wall and that the electron energy transport term T is higher in
the region close to the surfatron launcher. The summation over the elastic and
inelastic losses QL is, on the other hand, higher in the centre of the tube and
follows the electron density profile.

In figure 2.11(a), the axial profile of the electron density is shown for different
pressures. Figure 2.12(b) gives the corresponding electron temperatures. Note
that a lower value of the absorbed power (32 W vs 59 W) is used for a pressure of
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Figure 2.12: (a) Axial distribution of the molecular ion density and (b) the electron
temperature at the centre of the discharge for the same operation conditions as those
corresponding to figure 2.11 (pressures pout = 660, 2000 and 8800 Pa and absorbed power
Pabs = 32 W for 660 Pa and 59 W for 2000 and 8800 Pa). Note that for 8800 Pa (due
to the Molecular Assisted Recombination -MAR- processes) the decay of electrons is not
linear anymore and that the electron temperature increases along the plasma column with
respect to the values in the launcher region.

660 Pa. This is done to limit the axial extension of the discharge to a computa-
tional domain not larger than 800 mm. For the two lowest pressures we see that
the density decreases almost linearly with the distance from the launcher whereas
the electron temperature Te remains constant along the column.

The (approximately) constant electron density gradient and constant electron
temperature are consistent with the similarity laws shown in [64, 46, 98] for low
pressures SWDs. One of the similarity laws is the electron particle balance, equa-
tion (2.23), stating that Te depends on the product of n1Rp. As Rp is constant
whereas n1 does not change much we can expect a constant Te-value. One should
note that this behavior is also found experimentally in the work of [99, 89] where
the electron temperature is determined from absolute line intensity measurements
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Figure 2.13: (a) The elastic source term Qelas
eh , (b) the elastic source term Qinelas

eh , and
(c) the transport terms for the electron temperature. Same conditions as in figure 2.10.

in conjunction with a CR-model (see chapter 5 for more details).

As shown in figure 2.13(c) transport is very important in the radial direction
as it is responsible for the flat radial distribution of Te. On the other hand, the
production and destruction of electron-ion pairs determine the value of Te. The
losses of electron energy are weakly related to the ion particle balance via the
diffusion losses (i.e. diffusion and wall recombination). On the other hand, the
electron density is expected to scale up almost linearly with the power density
as shown in figure 2.10. The electron density scales down linearly as does the
power density along the plasma column. It is possible to show that the above is
consistent with the radially averaged non-local power balance used in [66].

Although we will discuss the global electron (ion) particle balance (ePB) in
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Figure 2.14: (a) The radial electron temperature (in red) and density (in green) at a
position of 20 cm, (b) Radial power density and transport terms (T = ∇ · (Cp,eTevb) +
∇ · qe − vb · ∇pe) at 20 cm (c) The radial electron temperature and density at a position
of 55 cm (end of the plasma column) and (d) Radial power density and transport terms
at 55 cm. The pressure is pout = 2000 Pa and the absorbed power Pabs = 59 W.

detail in chapter 5, we will already introduce it here shortly. The ePB allows to
get a global description of the axial behavior of the plasma while averaging across
radial quantities

keffion (Te) = D∗aµ(Rpn1)−2, (2.23)

where keffion is the effective ionization rate coefficient and D∗a = Dan1 the ambipolar
diffusion coefficient times the ground density of argon nAr, and Rp is the plasma
radius. The latter is being used here as an approximation of the characteristic
diffusion length µ/Rp where µ is the first-zero of the Bessel function (see chapter
4 for more details).

Equation (2.23) is used to provide a better understanding of the plasma trends
at a fixed axial position. The link with the axial distribution of the electromagnetic
field is not provided via equation (2.23) as pointed out in [47].

The approximated electron particle balance, equation (2.23), sets a demand
for Te; a large local drain of charge particles, e.g. due to diffusion to the wall,
demands for a high Te-value. The (small) increase in Te at the launcher-slit for
the pressures 660 and 2000 Pa can be seen as a consequence of the local reduction
of n1; the consequence of an increase of Th at constant pressure.

A decrease of n1 has two effects, first it facilitates diffusion and therefore
enhances the loss of electron-ion pairs, second it reduces the number of ionizable
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Figure 2.15: (a) The effective ionization frequency (b) the axial component of the electric
field (c) the electron temperature. Same conditions as in figure 2.10.

particles. This quadratic effect in n1 is diminished due the exponential dependence
of keffion (Te) on Te (see equation (2.23)). A small change in Te already leads to

dramatic changes in keffion (Te). This explains why Te increases only moderately in
the launcher.

Expression (2.23) is related to a well-known similarity law often used (espe-
cially in the early works) in the field of SWDs [64, 46], and it is a modified version
of the so-called Schottky condition adapted to take into account stepwise ioniza-
tion [47]. It states that plasmas with the same Rpn1 values.

It is interesting to note that the observed decrease in Te seen for the results
from 6 to 20 mbar is not present for the relatively higher pressure of 88 mbar.
This points towards the role of molecular assisted recombination (MAR). As dealt
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with in [60, 100] we can expect that for increasing pressures, molecular ions will
be formed and subsequently destroyed, thereby reducing the degree of ionization.
Assuming that reaction (R12):

Ar+ + 2Ar → Ar+
2 +Ar (2.24)

is the limiting step in the chain of MAR processes, we get for the effective recom-
bination rate

k12n+n
2
1 = k12nen

2
1, (2.25)

where we assumed in the last step that the atomic ions are still dominating
(nAr+ � nAr+2

) so that nAr+ ∼ ne.
The influence of MAR processes implies that the plasma is no longer purely

diffusive and that the right-hand-side of the electron particle balance must be
modified by adding a recombination term that depends on the square of the argon
density. This will modify (2.23) into

keffion (Te) = D∗a(Rpn1)−2 + k12n1. (2.26)

Now, if the gas temperature in the launcher increases and n1 subsequently de-
creases, it is obvious that recombination will decrease. So the increase of the
frequency of diffusive losses is (partially) compensated by the decrease in recom-
bination, resulting in a Te value that remains more or less constant.

The dependence of Te on the pressure is the same as what we found for the
inner-launcher region. However, the linear decrease in ne and constant value
of Te is not present for the case of the highest pressure of 8800 Pa. The ne-
decrease shown in figure 2.11(a) is no longer linear whereas Te clearly rises along
the plasma column (figure 2.12(b)). It reaches a maximum close to the plasma end
and decreases sharply afterward; i.e. at the location where the plasma ends. This
rise in Te for the 8800 Pa case can be explained by the extra loss mechanism of
electron-ion pairs due to MAR processes (see section 2.3.1) which increases along
the column as shown by the density of Ar+

2 in figure 2.12(a). This effect on Te
along the plasma column, although being present remains however quite limited
as discussed in chapter 5 within the experimental range investigated in this thesis.
However, if we solve equation 2.23, we find that the electron temperature demands
due to diffusion losses is merely 8000 K compared to the 10000 K found with the
model. This increase of 2000 K is due to the contribution of MAR processes as
can be found while solving the simple electron particle balance equation given by
equation 2.26.

2.3.3 Comparison with experimental results

After using the model to understand the plasma-wave coupling and its variation
as a function of parameters such as pressure, axial and radial position, we will
compare the model with experimental results by Palomares et al. [94] for the
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Figure 2.16: Comparison between model results and measurements at 660 and 2000 Pa.

electron density and de Vries et al. [95] for the axial profiles of the electron
temperature.

In figure 2.16(a) we compare the calculations for the electron density, as given
in figure 2.11(a), with Thomson scattering measurements for pressure conditions of
660 and 2000 Pa. We can see that the distribution of the electron density decreases
approximately linearly for both pressures both experimentally and theoretically.
However this is true only for 660 Pa. For 2000 Pa we can find however that
the plasmas start already to decay non-linearly and the effect seems to be more
pronounced in the experiments. It is however difficult to make any conclusive
deduction from this graph due to some scattering in the experimental results.

In figure 2.16(b) we compare the calculations for the electron temperature,
as given in figure 2.12(b), with Absolute Line Intensity (ALI) measurements for
pressure conditions of 660 and 2000 Pa, [95]. We shall note here that, in addition
to the electron density, Thomson scattering gives the mean electron energy as well.
However, the model gives only an electron temperature based on Maxwellian rates.
As will be discussed in chapter 5, the electron energy distribution function is not
fully Maxwellian and significant deviations occur along the plasma column. On
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the other hand, absolute line intensity measurements allow to measure an effective
Maxwellian temperature as defined by equation 2.26. A direct comparison between
the experimental measurements and the modelling results can then be made.

We can see that the distribution of the electron temperature is quite constant in
the axial direction in both the simulations and the experimental results. However,
the model results are lower than the experimental results. The reason may be
found in the assumptions made in the build up of the reduced argon chemistry
set. No radiative losses were included in the model. They will not affect much the
electron energy balance but they can significantly change the losses mechanism
for the 4s and 4p excited states. Neglecting radiation losses come to assume that
the electron saturation balance is fulfilled for these states (cf. chapter 5). As will
be shown in chapter 7, this is not the case for the 4p states while the assumption
is valid for the 4s states (see chapter 6). To get agreement in absolute values
between the experiments and the model, it would then be necessary to include
radiative losses. Extra losses of excited states which does not go to ionization
lead to an extra demand of Te. This explains why the model gives too a low
electron temperature compared to the experiments. In the limit where all excited
states are lost by radiation, only direct ionization from the ground state will
contribute to the net production of Ar+. To get a more correct description of the
plasma, it would be necessary to include non-maxwellian effects in the 2D model
as well. Considering the approximations done in the model, the comparison is
rather satisfactory 3.

2.4 Conclusions

In this chapter, we have presented a novel two dimensional model for surface wave
discharges. Contrary to previous approaches, we have explicitly incorporated the
microwave plasma launcher into the 2D Plasimo model and we have studied its
influence on the plasma properties.

This new method allows a direct comparison between specific plasma source
designs and 2D modelling, which converts the Plasimo modelling platform into an
excellent design and study tool for microwave induced plasmas. In this study, the
model was applied to the specific case of a surface wave discharge generated by a
surfatron source.

In the high pressure limit, molecular ions start to play an important role and
affect the electron temperature through the electron particle balance. Across the
radius, the kinetics are found to be quite strongly non-local due to high electron
energy transport in the radial direction. A detailed description of the surfatron

3In chapter 5, the ALI measurements were treated with revision of the CRM developed by
Hartgers et al. [101] made by W. Graef [14]. The electron temperature found by ALI in these
new measurements is even slightly higher than the results presented here. This is because of
extra losses between excited states by electron/heavy particles collisions included by W. Graef
which will lead to an even higher demand of Te to sustain the ionization rate.
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plasma in the pressure range of this study needs then a two dimensional description
of the plasma-wave interaction, both axially and radially.

We have investigated the differences in discharge behavior inside and outside
the surfatron launcher, which can be explained by the vicinity of metallic walls
around the quartz tube. Inside the surfatron, the higher power flow enhances the
values of the electron density, and therefore |Ez| is less homogeneous. Outside the
surfatron, the Ez penetrates deeper toward the centre of the discharge, meaning
that the plasma is heated more locally (although transport is still dominant). Due
to the overall high conductivity of the plasma, the electron temperature is found
to be rather homogeneous both axially and radially. The axial electron density
gradient is found to be linear in the low pressure limit and progressively non-linear
for higher pressures.

The results from the 2D model were compared with experimental measure-
ments on the same plasma source and, despite the simplifications in the model, a
quite good agreement was found for the electron density and temperature along
the plasma column for different pressures.

Different routes for further improvements of the model have been discussed
as well. One of these is the inclusion of radiative losses. Correction of the rate
coefficients for Maxwell deviations could also greatly enhance the accuracy of
the model. For SW discharges, it will be shown in chapter 5 that deviations
from Maxwellian equilibrium can be mostly scaled as a function of the ionization
degree. The rate coefficients for excitation and ionization could then be expressed
as a function of Te with a correction factor depending of the ionization degree α
for Maxwell deviations.

In chapter 4, radially resolved Thomson scattering measurements will be pre-
sented. They show that the electron temperature is flat across the radius in the
low pressure limit as predicted by the model. However, in the high pressure limit,
significant radial contraction of the electron density profile will be shown. This is
something that is not reproduced by the model presented in this chapter. Maxwell
deviations [89], but also the boundary conditions used in the model are possible
explanations to explain these discrepancies. Further investigations will be needed
to find the origin of these differences.
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Chapter 3

Revision of the criterion for electron gas
heating during Laser Aided Plasma Diag-
nostics (LAPD)

Abstract.A revised criterion is given for the laser fluence (in J/m2 ) such that,
when satisfied, disturbance of the plasma by the laser is avoided. This criterion
accounts for laser heating of the electron gas via electron-ion and electron-atom
(and molecule) interactions. The first heating mechanism is well known and was
extensively dealt with in the past. The second heating mechanism is usually
overlooked but it is found to dominate for plasmas of low degree of ionization. It
is especially important for cold atmospheric pressure plasmas. The new criterion,
based on the concerted action of electron collisions with ions but also heavy
particles in the laser field, is validated by Thomson scattering experiments.a

aThis chapter is based on: E A D Carbone, J M Palomares, S Hübner, E Iordanova,
and J J A M van der Mullen. Revision of the criterion to avoid electron heating during
laser aided plasma diagnostics (LAPD). Journal of Instrumentation,7(01):C01016, 2012.
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3.1 Introduction

Nowadays, many studies are dedicated to plasma-laser interactions. On one side,
there are papers devoted to laser produced plasmas; on the other side of the
spectrum one can find the field of laser aided plasma diagnostics (LAPD). It is
obvious that for laser induced plasma creation, high-power lasers must be used
whereas for LAPD, laser plasma creation or heating is undesirable. This study is
devoted to find the criterion for the laser fluence F (in J/m2 ) such that for laser
pulses with F < Fcrit, laser-plasma disturbances are avoided.

Laser diagnostics are widely used for plasmas investigation to determine spa-
tially and temporally resolved properties of the plasma. Some examples are the
electron density and temperature, species densities as well as gas (translation,
rotational and vibrational) temperatures.

While using LAPD, one should always be careful in tuning the laser power
density. On one hand, the power density must be high enough to get a high signal-
to-noise ratio in a reasonable accumulation time, on the other hand it should be
sufficiently low so that laser-plasma heating and laser-plasma creation is avoided.

In the past, several studies have been devoted to laser-plasma heating during
diagnostics. Kunze [102] defined a formula which is commonly used in the field of
plasmas close to local thermal equilibrium (LTE). These are plasmas for which the
temperature Te of electrons and heavy particles Th are (almost) the same, that is
Te/Th ≈ 1.0 and for which the relatively high electron densities (ne > 1021 m−3 )
are (close to the value as) given by the Saha law [103]. This formula describes
laser-plasma heating as intermediated by electron-ion (ei) collisions.

In the case of thermal atmospheric pressure arcs, Murphy [104, 105] pointed
out that electron-ion inverse bremsstrahlung (IB) is an effective heating source
of electrons when exposed to intense laser beams used for Thomson scattering.
The effect of electron-atom (ea) collisions was included [105] but was not found
to contribute to the overall process. Burakov [106] defined a similar criterion for
laser assisted plasma heating as the one from Kunze. Bivona et al. [107] derived
a general expression for laser absorption by inverse bremsstrahlung in low ionized
gases. However they did not derive any critical laser fluences for the effective
heating of the electron gas nor the weight between ea and ei collisions in the
overall process.

The last two decades showed a tremendous increase of interest in non-thermal
atmospheric pressure plasmas due to their widespread and ever growing range of
applications for which they were found to be suitable [108, 109]. To mention a
few of them, they go from air purification [110], organic and inorganic thin film
coatings [111], nanoparticles synthesis [112] to biomedical applications such as
sterilization [113] and wound healing [11].

The development and control of these new applications require a better un-
derstanding of the plasma phase itself together with its interactions with the sub-
strate. The size of these plasmas usually scales from a few mm down to a couple
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of 10’s of µm , as well as the presence of strong gradients make their diagnos-
tic very challenging with usual tools such as emission spectroscopy, absorption
measurements or electrical probes. Laser diagnostics however overcome most of
the problems cited before as they can provide high spatial resolution as well as
usually excellent signal-to-noise ratios; these performances being usually reached
while using strongly focused laser beams and high laser powers. Laser fluences in
the range of 5 · 105 to 1 · 107 J/m2 are frequently encountered [114].

Despite numerous recent review papers about Thomson scattering and LAPD
in general, none of them gave a criterion allowing experimentalists to determine
whether their laser probe will disturb or not the plasma. Only vague statements
such as “sufficiently low laser powers should be used to avoid plasma distur-
bance”can be found. No reference to the criterion defined by Kunze [102] in the
case of thermal plasmas are even usually made. The main purpose of this paper is
to review and extend this criterion in the case of non-thermal and low ionization
degree plasmas. It will be shown that especially for conditions for which heating
via ei processes can be neglected, we should not overlook the role of ea collisions.
Incorporating both ei and ea brings us to a new formulation of a criterion for the
laser fluence. The results are validated with Thomson scattering measurements on
cold atmospheric pressure plasmas and on plasmas of intermediate pressure [94].
It will be shown that neglecting ea IB as a possible heating process of the plasma
leads to strongly underestimate the perturbation of the plasma by the laser. The
usual laser fluence of 1 ·106 J/m2 which is widely assumed to be safe leads already
to significant perturbation of CAPs during LAPD.

This paper starts with a general theory of laser heating that is subsequently
applied to argon plasmas and extended for gas mixtures. Special attention is
devoted to conditions of low degree of ionization. The experimental validation is
obtained by means of TS performed with a frequency doubled Nd:YAG laser (532
nm) on argon plasmas in the pressure range 40 < p < 1000 mbar. The electron
temperatures are in the range between 1.0 and 2.5 eV, the electron density in the
range 1019 < ne < 1021 m−3 while the ionization degree of the plasma is in the
interval 10−6 < α < 10−3.

3.2 Theory

The derivation given below can be applied for any gas (atoms and molecules)
and charged particle mixtures. We will however focus on the case, where the
plasma only contains singly ionized charges and where binary collisions are the
only important heating process. To check whether we are in coherent or incoherent
scattering regime the coherence-parameter αcoh [115] is usually used

αcoh =
λ

4π sin θ
2

√
4πnee2

kBTe
. (3.1)
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For values α � 1, laser light is scattered by independent free electrons while
α� 1 corresponds to collective photon scattering. We will consider plasmas with
charged particle densities with typical electron densities values of ne ≤ 1021 m−3

so that collective effects will be negligible.
Let’s consider a pulsed laser beam with a beam area A and initial total energy

El (in J/m3 ) which travels over a length L through a plasma that consists of
electrons, atoms and single charged ions. Due to absorption, the pulse energy will
decrease according to the equation

dE

dz
= −kωE, (3.2)

where kω is the absorption coefficient. Across the absorption length L, the laser
energy content is reduced to E(L) = El exp(−kωL). Now if kωL � 1 we can
write E(L) = E1(1 − kωL) so that the energy absorbed by the plasma equals
Ea = E1kωL. This asumption will be used in the following of the text.

We further assume that the absorbed energy is used for heating the electrons
in the laser-plasma overlap volume V = LA. This condition is fulfilled if the pulse
duration is so short that there is no time for the electrons to transfer (part of)
this excess energy to other plasma regions or other plasma species. This implies
that we will get an upper limit for the possible heating of the electron gas by the
laser.

In that case, we have for these electrons the energy balance

3

2
kB∆TeV ne = ElkωL (3.3)

so that the relative increase in electron temperature equals

∆Te
Te

=
2

3

El
A

kω
nekBTe

. (3.4)

The linear absorption coefficient is related to the plasma (isotropic) permittivity
εT via

kω =
ω

c

=(εT )

µ
, (3.5)

where εT is the dielectric constant of the medium for a transverse electromagnetic
wave. The dielectric permittivity tensor ε is related to the plasma conductivity
by

ε = 1 +
σ

iωε0
, (3.6)

where the plasma conductivity σ can be expressed as [116]

σ =
nee

2

me

(νeh − iω)

(ν2
eh + ω2)

. (3.7)



3.2 Theory 47

Inserting equation 3.7 into equation 3.6 and using equation 3.5, the linear absorp-
tion coefficient can be finally written as

kω =
νeh
µc

ω2
pl

ω2
laser + ν2

eh

, (3.8)

where ωpl = (1/2π)
[
nee

2/(meε0)
]1/2

is the ordinary plasma frequency 1,
ωlaser = 2πc/λ, µ the refractive index and νeh the collision frequency for electrons
with heavy particles. In the case of a atomic singly ionized gas, the latter can be
written as the sum of two contributions

νeh = νei + νea = niKei + naKea (3.9)

where νea and νei are the collision frequencies of electrons with ions and atoms
respectively, ni and na are the densities of the ions and atoms while Kei and Kea

are the rate coefficients for the momentum transfer from the electrons to the ions
and atoms respectively.

Assuming that µ = 1 and that ωlaser � νeh we get for the relative increase in
electron temperature

∆Te
Te

=
1

24

El
A

e2

π4c3

νehλ
2

meε0kBTe
(3.10)

which shows that the laser fluence F = El/A is the external key parameter in the
heating process whereas νeh = νei + νea is the main internal plasma quantity that
determines electron heating. The summation in equation 3.9 can be understood
realizing that the laser heating essentially is an Ohmic heating process that will be
more effective if more momentum transfer collisions between electrons and heavy
particles take place; so that electron collisions with both ions and heavy particles
have to be taken into account.

An important topic of this paper is to study the influence of the ea collisions,
especially for non-thermal, atomic, atmospheric plasmas. In order to place this in
perspective with earlier studies we compare νeh with νei and write

νeh = νei

(
1 +

na
ni

Kea

Kei

)
= νei

(
1 +

αcrit
α

)
, (3.11)

1It is however debatable whether the ordinary plasma frequency in equation 3.8 should be
used as in [117] or if the angular plasma frequency ωpl should be inserted here. This would lead
to a decrease of the critical laser fluency for electron heating by a factor 4π2. On the other hand,
it will not change the value for the critical ionization degree for which electron-heavy particles
collisions becomes equally important as electron ion collisions. It is however not completely clear
whether, the electron heavy particles collision frequency νeh should be multiplied by a factor 2π
as well. The comparison with the experimental results in figure 3.3 should be then revised as
well taking into account the temporal shape of the laser pulse and not only the total energy per
pulse. Moreover, the electron inelastic collisions during the laser pulse will lead to an apparent
lower heating of the electron gas. Further studies will be needed to clarify this point.
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where we introduced the critical ionization ratio

αcrit = Kea/Kei

which is the ionization fraction for which ea and ei collisions are of equal impor-
tance. For plasmas with α < αcrit, the ea collisions are therefore more important
than the ei collisions.

3.3 Laser heating of argon plasmas

We will now investigate αcrit = Kea/Kei for argon plasmas and assume that the
electrons have a Maxwellian velocity distribution.

For the electron-atom interactions we use the fit formula used for instance in
Jonkers [88]

Kea = 10−14
(

0.084 + 0.537 · T̂e + 1.192 · T̂ 2
e

)
, (3.12)

where T̂e refers to Te in eV and Kei is given in m3s−1 . This expression has an
accuracy of 2% in the range 0.5 < T̂e < 2.5 eV .

For ei collisions, we use Kei from Mitchner & Kruger [81]

Kei =
4
√

2π

3

(
e2

4πε0me

)2(
me

kBTe

)3/2

ln

(√
1 + η2Λ2

i

)
, (3.13)

where the Coulomb logarithm Λ is given by

Λ =
4

3
πneλ

3
D

with λD the Debye length which is equal to

λD =

√
εkBTe
nee2

,

and η is a factor close to 1. This formula for electron ion collisions is applicable
for singly ionized plasmas and does not dependent of the ion nature. Taking

ln
(√

1 + η2Λ2
i

)
≈ 8.7, we can approximate equation (3.13) by

Kei = 2.54 · 10−11

(
1

T̂e

)3/2 [
m3s−1

]
(3.14)

Combining equations 3.13 and 3.14, the critical value of the ionization degree is

αcrit = Kea/Kei = 3.4 · 10−5T̂ 3/2
e (1 + 6.4T̂e + 14.2T̂ 2

e ). (3.15)

After the various approximations that have been made, expression 3.15 agrees
still with the exact expression within ± 15% over 1 < T̂e < 2.5 eV for the electron
temperature and 1019 < ne < 1021 m−3 for the electron density.
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Figure 3.1: Critical ionization degree for which the electron atom collisions becomes as
important as electron-ion collisions. For reference the Saha ionization degree as a function
of the temperature is also given for a 1 bar argon plasma. The points are the experimental
values from section (3.4). Typical regions of (Te, α) for common high pressure discharges
are also given as indication in the graph.

For a quasi-electroneutral (ne = ni) LTE plasma, we can compute the α-
values as a function of temperature and pressure by combining Saha´s equilibrium
relation [103] for the ground state density population

ns1
g1

=
n2
e

2g+

h3

(2πmekBTe)
3/2

exp

(
I

kBTe

)
(3.16)

where g1 and g+ are respectively the degeneracy of the ground state and ion level,
I is the ionization potential of the ground state atom, while the other symbols
have their usual meaning. Assuming that na = ns1 which corresponds to neglect
the densities of the excited states, and using the gas law p = nakBTh, we get for
the equilibrium value of the ionization ratio

αs =
nse
n1

=

√
2g+

g1p

(2πme)
3/4

h3/2
(kBTe)

5/4 exp

(
−I

2kBTe

)
(3.17)

Figure 3.1 gives the αcrit as a function of Te. Note that, for argon g1 = 1 and
g+ = 6. It also shows αs for p = 1 bar and predicts that for atmospheric pressure
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argon plasmas in LTE with Te > 0.6 eV, the condition αs > αcrit holds.

As an example, we positioned the atmospheric Inductively Coupled Plasmas
(ICPs) in figure 3.1. These plasmas, used for spectrochemical analysis, were in-
tensively studied in the past among others by means of Thomson scattering [118].
It can be seen that for these hot atmospheric plasmas ei collisions are the leading
electron heating process, however ea interactions can not be neglected completely
in some cases [119]. On the other hand, despite relatively large electron densities,
high intensity discharge (HID) lamps will have dominant ea collisions due to the
high neutral particles densities [120]. This effect will be even more pronounced
in the case of an Ar/Hg lamp because of the large νHg

ea cross section [121, 122].
Thermal arcs on the other side [105], are in Saha equilibrium and ei collisions are
dominant.

For atmospheric thermal plasmas for which Te > 1 eV , we can safely assume
that α >> αcrit so that laser heating is indeed realized by ei collisions and Kunzes
formula [102] can be used.

We use the ICP as a starting point to study cold atmospheric pressure plasmas
(CAPs). These plasmas are subjected to cooling by the environment which as
consequence brings the plasma out of equilibrium so that equation 3.17 can not
be used and thus α 6= αs(1 bar). There are two reasons, first, due to the cooling,
Th goes down so that na = n1 goes up. For instance, if Th = 400 K instead
of 8000K; this will give a decrease of in α of about a factor 20. Secondly, as
the increase of n1 will facilitate (molecular assisted) recombination processes, ne
goes down, in practice factors of 10 were found [94]. As a consequence, α can
become two orders of magnitude smaller than αs(1 bar). So for CAPs the role
of ea collisions in laser heating will render the classical laser heating equations,
based on ei collisions solely, inaccurate.

In fig 3.1 we also give some α-values which are typical for CAPs but also for
plasmas of intermediate pressures. These data points corresponds to the plasmas
that will be used for the experimental validation of the theory in section 3.4.

Before to give the experimental validation of equation 3.10, we will now comply
with the main objective of this study and introduce a criterion for the laser fluence.
It gives the critical fluence Fcrit defined such that for F < Fcrit the increase of the
electron temperature due to laser heating is less than a preset value ξ = ∆Te/Te
(for instance 0.1). Inserting ξ into equation 3.10 gives for the critical fluence Fcrit

Fcrit =
24π4

νeh
ξ
c3meε0
e2λ2

kBTe. (3.18)

Expressing the plasma frequency ωp and the laser frequency ωl as a function of
the laser wavelength λ = 2πc/ωl and electron density ne and using equation 3.11,
we finally obtain

Fcrit = 24π4meε0c
3

e2

1

λ2
ξ
kBTe
niKei

[
1 +

na
ni
αcrit

]−1

(3.19)
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Figure 3.2: Critical fluence as a function of the ion density for different gas densities and
electron temperature calculated from equation 3.19 taking a relative heating of ξ = 0.1.
For high gas densities na > 1024 m−3 , the critical fluence Fcrit is determined mostly by
the contribution of ea collisions and lowered for higher electron temperature. For low gas
densities, the criterion is reversed. The vertical bars indicates the Fcrit(αcrit, ni) for which
the electron atom interactions become dominant for lower electron densities. The laser
fluence Fexp that was used for the experiments in figure 3.3 is also shown for reference
as well as the Fcrit corresponding to the studied plasmas. The shaded region indicates
typical laser fluences used for laser diagnostics on plasmas.

In figure 3.2, Fcrit versus ni for Te values of 1.2 and 2 eV and for several values
of na is presented for a relative heating increase of ξ = 0.1 where we assumed that
quasi electro-neutrality is respected. It can be seen that for increasing ni the Fcrit
will go down. On the contrary, for decreasing ni we see that Fcrit will increase
following the hyperbola 1/ni, this reflects the Kunze formula. This suggests that
for low ni values high F-values can be used. However, the 1/ni trend for low ion
densities is broken due to the ea collisions induced laser heating. The vertical
line marks indicate the ni = ne values for which the ea collisions becomes more
important than the ei contribution. Figure 3.2 also shows the Fcrit that is needed
to obtain a relative heating of ξ = 0.1 for the four experimental cases used in
section 3.4.
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3.4 Experimental results and validation of the theory

To validate the theory presented in the previous section, we performed Thomson
and Rayleigh scattering (TS and RyS) on four different plasmas realized by two
different microwave plasma sources. The pressures at which the plasmas were cre-
ated are p = 40 mbar, 330 mbar and 1000 mbar (2 different electron temperatures).
In the case of p = 1000 mbar the microwave induced plasma was generated inside
a ceramic tube of 0.8 mm inner and 1.2 mm outer diameter. For the low-pressure
cases the inned and outer radii of the quartz tube were 6.0 and 8.0 mm. With TS
we could determine ne and Te simultaneously whereas RyS was used to measure
the gas density na. For the detection we used a triple grating spectrometer that
could be used for both TS and RyS. For more details about the TS setup and
microwave source, see Palomares et al. [94].

The laser energy per pulse was measured with a fast photodiode which was
absolutely calibrated with a power meter (Coherent LD10). The laser used is a
doubled frequency Nd:YAG laser operating at a repetition frequency of 10 Hz and
delivering pulses with an energy between 0 and 100 mJ with a pulse duration of 10
ns. The beam waist was measured to be 150µm in diameter which corresponds
to an area of 0.0225 mm2 . This implies that the laser fluence could be changed
between 0 and 5.6 106 J/m2 . In this way we could determine the relative increase
∆Te/Te as a function of F.

In the cases where laser heating was measured, ∆Te/Te was found to propor-
tional to the laser fluence whereas the electron density ne remained approximately
constant within the error bars of the experiments (10 %) in all cases. Despite the
relatively low electron densities of the plasmas, a significant increase of the electron
temperature was measured, up to 20% in the case of the atmospheric pressure,
low gas temperature, argon microwave plasma.

In figure 3.3, the experimental results are compared with the theoretical values
predicted by equation (3.10) for an experimental fluence of Fexp = 5.6 · 106 Jm−2 .
The relative increase of electron temperature measured by TS is plotted for differ-
ent argon plasmas which are characterized by different gas densities and electron
temperature. An excellent agreement of the results with the theoretical values is
found.

As shown in figure 3.2, for a typical laser fluence of 5 · 106 J/m2 and electron
densities below 1022 m−3 , significant heating of the electron gas by the laser can
occur when ei collisions do not play any role. For plasmas of low ionization degrees,
laser heating will then increase directly as a function of the pressure (gas density
na). Laser heating via ei collisions depends only on the electron/ion density and
is independent of the gas pressure.

From 40 mbar to 1000 mbar, it is indeed found that the laser heating increases
almost linearly with the gas density na. Moreover, for the same pressure (1000
mbar), with lower electron density but higher electron temperature, it was found
that the relative electron temperature increase doubles. This comes from the



3.5 Extension to atomic and molecular mixtures 53

Figure 3.3: Comparison between experimental and the theoretical values as predicted by
equation 3.10 of the relative electron gas heating for different pressures and electron tem-
perature/density. The plasma parameters are the following: 40 mbar (ne = 4 1019 m−3 ,
Te = 1.35 eV, α = 1.5 10−3) ; 330 mbar (ne = 3.3 1020 m−3 , Te = 1.01 eV, α = 1.5 10−4) ;
1000 mbar and Te = 1.61 eV (ne = 6.5 1020 m−3 , α = 8.8 10−5) ; 1000 mbar and Te = 1.98
eV (ne = 3.0 1020 m−3 , α = 1.22 10−5). The laser fluence that was used for plotting the
comparison between the experimental results and the theory is Fexp = 5.6 106 Jm−2 .

quadratic dependence of νea in Te (cf. equation 3.12). It shall be noticed that νei

on the other hand decreases for higher electron temperatures with ∼ T
−3/2
e (see

equation 3.14).

3.5 Extension to atomic and molecular mixtures

The criterion that was derived in this paper is valid only for a pure argon plasma.
The calculations of the critical value for which there will be laser heating can
be however easily extended for gas mixtures. Indeed, the total electron collision
frequency is given by

νeh =
∑
k

(
χk〈σkeive〉

)
ne +

∑
k

〈χkσkeave〉nka, (3.20)

where σkei and σkea are the electron impact momentum transfer cross sections with,
respectively, the ion and atom of species k, nka is the neutral density of the species
k, ve is the electron velocity and χk is the molar fraction of the species k in the
gas mixture with

∑
k χk = 1. The electron-ion collision frequency is however

weakly changing with the nature of the atomic ion [104]. For low temperature,
non-thermal plasma, the electron atom collision frequency will however usually
dominate.
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The electron atom collision cross sections for noble gases are given in figure
3.4. One can see that krypton and xenon have a Ramsauer minimum at low
energies like argon. The cross sections were then integrated over a maxwellian
distribution and plotted versus the electron temperature Te in figure 3.6. The
electron atom collision frequency increases with the electron temperature for the
atoms with a Ramsauer minimum. On the other hand, the collision frequency for
helium decreases at higher Te values. This is because σHe

ea decreases for electron
kinetic energies above a few electron-volts. Apart from neon, the elastic collision
for noble gases is found to be larger than for argon. The critical laser fluence above
which electron heating will occur is then actually lower than the value presented
in figure 3.2.
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Figure 3.4: Cross sections for elastic electron-atom momentum transfer collisions in the
case of noble gases taken from the LXcat database.

The electron atom momentum transfer cross sections for some typical molecu-
lar gases in plasmas are shown as well in figure 3.5. The cross sections are strongly
non-monotonic functions of the electron energy with a Ramsauer minimum as well
for chlorine molecule. The cross section for CO2 (as well as CO) increases at lower
electron energies. This is indeed reflected in larger total collision frequencies after
integration over an maxwellian temperature (see figure 3.7) at low electron tem-
perature. For a typical electron temperature of 1 eV, the total collision frequency
of CO is found to be more than 5 times larger than for argon. The nature of
the plasma components needs then to be taken into account while calculating the
critical laser fluence to avoid perturbation of the plasma by the laser.
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Figure 3.5: Cross sections for elastic electron-molecule momentum transfer collisions for
several molecules taken from the LXcat database.
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Figure 3.6: Rate coefficient for elastic electron-atom collisions for noble gases.

3.6 Conclusions

Classical formulas for laser-plasma heating applied to LAPD performed on cold
atmospheric plasmas (CAP) can largely underestimate the increment of the elec-
tron temperature realized by plasma-laser interaction. The reason is that these
formulas only take electron-ion interactions into account whereas electron-atom
interactions are much more important in CAPs. This phenomenon is closely re-
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Figure 3.7: Rate coefficient for elastic electron-molecule collisions for molecular gases.

lated to the fact that the continuum emission in plasmas of reasonable low degrees
of ionization is dominated by ea rather that by ei inverse bremsstrahlung [123].

The crucial external parameter that determines laser-plasma heating is the
laser fluence F (in J/m2 ). So to avoid heating, one should work with small
energy pulses carried by beams that are not focused too much. However, it is
possible that hot spots can be present in the beam profile meaning that the laser
heating will be non-uniform so that locally the heating can supersede the average
value substantially.

A criterion for a critical value of Fcrit is derived that is based on the assumption
that the electrons in the laser-plasma interaction volume can be seen as isolated
from the rest of the plasmas. Therefore it is a safe criterion since transfer of
the energy to the heavy particles or to electrons in adjacent plasma locations can
temper the temperature increase. Also the enhancement of the ionization rate
can reduce the Te increase. The criterion is first derived for pure argon plasma;
an extension of the formula for atomic and molecular mixture is given as well. It
is shown that the laser fluence can depends strongly on the nature of the gases
present in the plasma.



Chapter 4

The radial contraction of argon mi-
crowave plasmas studied by Thomson
scattering

Abstract. Radial electron density ne(r) and temperature Te(r) profiles of a
microwave argon plasma at intermediate pressure were investigated by Thomson
scattering. This method allows to get ne(r) and Te(r) spatially resolved without
any a priori assumption on the shape of the profile. Data were acquired in the
pressure range of 5 to 88 mbar where a transition from a wall-stabilized to a
radially contracted plasma mode was observed.

It is found that a parametric fitting of the radial profile suits well with a
Bessel function, of the first kind of order zero, for which the boundary radius
R defined by ne(R) = 0 is a free parameter. For pressures above 20 mbar the
electron density profile undergoes radial contraction, so R goes down from 3 mm
at 5mbar (wall position) to 2.09 at 88 mbar. The electron temperature Te(r) on
the other hand is flat in the centre and rises towards the wall. For low pressures,
this rise is moderate but for pressures of 20 mbar and above the increase is more
pronounced. a

aThis chapter is based on: E A D Carbone, S Hübner, J M Palomares, and J J
A M van der Mullen. The radial contraction of argon microwave plasmas studied by
Thomson scattering. Journal of Physics D: Applied Physics, 45(34):345203, 2012.



58
The radial contraction of argon microwave plasmas studied by Thomson

scattering

4.1 Introduction

Microwave induced plasmas (MIPs) are used in various applications [49, 65] such
as deposition, etching and functionalization of inorganic thin films. Some examples
are the deposition of SiO2 for optical fibers [124], silicon for solar cells [23] and
diamond-like films as wear resistant coatings [125]. But MIPs are also used for
polymers surface functionalization [34], for nanoparticles synthesis [126, 127], and
for sterilization processes [128]. The widespread use of MIPs originates from their
high efficiency in terms of the creation of large effluxes of radical species versus
power consumption. These outward fluxes can be generated while keeping stable
discharge conditions.

An accurate knowledge of the spatial distribution of active species is in many
cases demanded. Since the electrons are usually the dominant plasma species, an
accurate spatio-temporal description of the electron density and temperature is
needed. These are the first data that must be known to evaluate the densities
of other species of interest for plasma processing. We should point out however,
that MIPs are also often used as sources of atomic/molecular excited species. In
that case, it is their afterglow which is relevant for applications. These afterglows
are usually generated in molecular plasmas producing long living species such as
N2/O2 plasmas [41, 129]. However, the nature of these afterglow mixtures is still
largely determined by the electrons in the active zone of the discharge.

In low pressure conditions, the electrons are mainly lost by diffusion, which
leads to the proposition that the radial electron density profile in cylindrical plas-
mas can be described by a Bessel function [8]. In the case of intermediate to high
pressure plasmas (above 10 mbar), this assumption might be doubtful since the
competition between different loss mechanisms can be spatially dependent.

It is also well known that argon plasmas at high pressure undergo radial con-
traction [100, 130]. The pressure at which such transition occurs is however not
well defined in the literature nor studied accurately in the case of MIPs. This is
mainly because of the difficulty to obtain good radially resolved measurements,
especially for plasmas with a small radius. In the case of microwave plasmas, it has
been shown that, in order to obtain stable discharge conditions, for higher pressure
the vessel radius should decrease [131]. In the pressure range of 5 < p < 100 mbar ,
the surfatron described by [94, 132, 133, 134] presented very good stability and re-
producibility, while for a pressure of 40 mbar [134] a radial contraction of the light
emission of the plasma could be observed several centimeters before the end of the
column. However, the direct correlation between light emission and electron den-
sity profile, although being often made [131, 135, 136], has proven to be doubtful
in several cases. For instance, in the case of a classical positive column discharge,
Golubovskii et al. [137] showed that, in the high pressure regime, light emission
and electron density in the radial direction could not be correlated anymore to
each other.

One should note that at the very end of a surface wave (SW) discharge, con-
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traction of the plasma can occur for many reasons such as changes in the power
dissipation and the gas flow. In this paper, radial contraction is discussed in terms
of the electron density profile in the region close to the surfatron launcher where
non-linear effects due to the wave-plasma interactions are absent. We avoid in
this way, any non-linear power coupling effects at the plasma column end and re-
strict ourselves to the plasma region where the power density gradient in the axial
direction is almost constant [25, 26]. For more details we will refer to chapter 2.

The main objective of this paper is to study, experimentally, the radial electron
density profile and to determine the pressure regime for which the plasma (that
is the electron density) really undergoes radial contraction.

The experimental determination of radial electron density profiles is very de-
manding due to the vicinity of the wall. Because of this, most literature on this
topic deals with large, low pressure, plasmas with radii R > 5 mm (see for in-
stance [33, 138]) or unconfined plasmas in open environments, see for instance
[139, 140].

In this paper, we will present radial Thomson scattering (TS) measurements
performed on intermediate pressure (5 < p < 90 mbar ) microwave argon plasmas
confined within a quartz tube with an inner radius of R = 3 mm . The plasmas are
generated at 2.45 GHz microwave frequency. N. de Vries et al [133] presented TS
measurements on this plasma for different pressures at 2.5 cm from the launcher
and power values between 30 and 60 W while measuring in the axial center of
the tube. For some fixed plasma conditions, Palomares et al. [94] measured the
electron density and temperature axial profiles along the plasma column under
similar conditions. The electron density at the very end of the plasma column
was also measured recently [134]. In an earlier study, Iordanova et al. [123]
measured the electron density by absolute continuum intensity measurements on
that source. However, the electron density was averaged over the line of sight
(plasma diameter). Assuming a parabolic profile of the radial electron density, a
rather good agreement could be found between the continuum measurements and
TS results [141]. Nevertheless, no information about the actual shape of the radial
electron density profile could be deduced. Moreover, measurements for pressures
above 20 mbar were not performed at that time; therefore the onset of contraction
could not be underlined. In [134], line emission intensity profile showed that
for a pressure of 40 mbar, the plasma is not completely filling up the tube any
longer, especially at the end of the column. The plasma is not completely wall-
stabilized anymore and contracts towards the central axis. To verify and extend
these observations in terms of electron densities is one of the motivations of the
present study.

TS is a non-intrusive and local method which allows the simultaneous deter-
mination of the electron density and temperature provided that no excessive laser
fluences are used (see [117] and chapter 3). The spatial resolution of the method
only depends on the size of the detection volume which, being determined by
the intersection of the laser beam and the optical axis of the spectrometer, can
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be smaller than 50µm. This offers considerable advantages compared to emis-
sion spectroscopy methods like absolute continuum radiation measurements [123],
where the electron density is extracted from a line-of-sight observation across the
center.

4.2 Method and experimental setup

In this section, we will present the Thomson scattering setup method and its
resulting advantages over other diagnostic methods. Next, the microwave plasma
source and the alignment procedure of the plasma, the laser and the detection
system is explained.

Figure 4.1: Schematic of the Thomson scattering setup (not to scale) and the microwave
plasma source with the intersection between the laser beam and the optical axis of the
triple grating spectrometer (TGS).

Thomson scattering, the scattering of (laser) light by free electrons, can be
used to measure the properties of the electron gas. In the incoherent scattering
regime1, the intensity of scattered photons is proportional to the electron density.

1For an electron temperature of 1 eV, coherent scattering occurs typically for values of electron
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The intensity of the Thomson scattered photons is then given by

PT = PineL
dσT
dΩ

∆Ω, (4.1)

where Pi is the intensity of the incident beam of light, L the length of the beam-
plasma interaction zone, ∆Ω the solid angle of the detection system and dσT

dΩ the
differential cross section for TS which is equal to

dσT
dΩ

= r2
e

(
1− sin2 θ cos2 ϕ

)
. (4.2)

Here the scattering angle θ is the angle between the incident and the scattered
wave vector, ϕ the angle between the plane of scattering and the polarization of
the incident beam and re the classical electron radius (re = e2/4πε0mec

2). In
this formula, me is the electron mass while the other symbols have their usual
meaning. In our setup, the scattering angle is θ = 90o while the laser beam is
vertically polarized so that ϕ = 90o.

The calibration of the system was done using Raman scattering [142]. The
intensity of Raman scattered photons is given by

PRm = PinN2L

(
dσRm
dΩ

)
N2

∆Ω, (4.3)

where dσRm
dΩ is the differential Raman cross section and nN2 the density of nitrogen

molecules in the system. Combining equations 4.1 and 4.3, one gets the following
expression for the electron density

ne = nN2

PT
PRm

(dσRm/dΩ)

(dσT /dΩ)
. (4.4)

For our particular geometry [142], the ratio between the Thomson and Raman
cross sections was found to be equal to 8.15± 0.65× 10−5. With this calibration
method, we do not need to determine the laser fluence, the plasma-laser interaction
length and the solid angle ∆Ω of the detection system. Moreover, it allows to make
an absolute calibration of the electron density in situ which permits to avoid any
systematic error due to alignment.

In incoherent scattering, the spectral linewidth of Thomson scattered pho-
tons is directly related to the electron velocity distribution function. Assuming a
Maxwell distribution, a Gaussian fit of the Doppler broadened TS spectrum gives
the electron temperature via2

Te =

(
mec

2

8kBλ2
i sin2(θ/2)

)
∆λ2

1/e, (4.5)

densities ne > 1022m−3.
2One should note that the plasma can be non-Maxwellian in the far wings of the TS spectral

profile; the Doppler fitting gives principally the bulk temperature of the EEDF which corresponds
fairly well to the mean electron energy. (see chapter 5)
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where λi is the incident laser wavelength, ∆λ2
1/e the 1/e width of the Gaussian

fitting of the TS spectrum and kB the Boltzmann constant.

To achieve high stray light rejection, a specially designed spectrometer [143]
is used for the detection of the scattered photons. The spectrograph consists of a
triple grating system (TGS) equipped with a high sensitivity and low noise Andor
iCCD camera. The first two gratings and a mask form a notch filter in order to
block the central laser wavelength, while the third spectrometer resolves the actual
spectral information (see figure 4.1). The latter is recorded on the iCCD camera
resolving the TS spectrum both spatially (in axial direction along the plasma-laser
intersection) and in wavelength.

The entrance slit of the TGS is horizontal and parallel to the axis of the plasma
in the z-direction. This allows to get spatially resolved images in one dimension
along a plasma slab of 11 mm (see figure 4.2 and references [133, 134] for more
details).

In figure 4.2, a typical TS spectrum is shown for reference. On the x-axis the
TS photons are resolved in wavelength while on the y-axis a 1D spatially resolved
image of the plasma is obtained over 11 mm in the axial direction of the plasma.
In the plasma parameter range of this study, ne and Te are such that the electrons
respond independently to the laser E-field and photons are scattered incoherently.
This was confirmed for every condition by the purely Gaussian shape (see the top
of figure 4.2) of the TS spectrum.

Figure 4.3 shows a typical Raman spectrum at a pressure of 66 mbar. This is
used for the absolute calibration of the Thomson spectrum. The multi-component
fit of the different peaks of the Raman spectrum allows wavelength calibration of
the camera’s image. The non-uniformity in the 2D field can be used to correct
for the 2D image deformations in the TS iCCD images. For an illustration of
the phenomenon, one can look at the variation of TS intensity observed in axial
direction in figure 4.2 and compare it with the one for Raman scattering in figure
4.3. For more details about the calibration method, we refer to van Gessel et al.
[140].

For the laser, we used a frequency doubled Nd:YAG laser (Continuum Laser,
Model Precision II 8010) generating pulses of typically 100 mJ at 532 nm. The
laser pulse duration is 10 ns and the repetition frequency 10 Hz with a beam waist
radius of ∼75µm. The laser was focused on an axial position z = 3 cm from the
surfatron launcher. The scattered photon density is directly proportional to ne
and the Doppler width of the scattered signal gives Te. For every measurement,
a total accumulation time of 30 min with a gate width of 50 ns (to collect only
the TS photons and avoid collecting too much plasma light) was taken, which
corresponds in total to 18000 laser shots.

Tuning the laser power between 10 and 100 mJ per pulse allowed to check
whether the laser was disturbing the plasma or not. Constant values of (ne, Te)
were found after calibration by their respective Raman scattering spectra. This
confirms the absence of laser heating, which is in agreement with the formula given
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Figure 4.2: Top: an iCCD image of a typical TS spectrum for a pressure of 20 mbar (in
the center of the tube); the horizontal direction corresponds with the wavelength disper-
sion and the vertical direction to the length along the plasmas axis. The inhomogeneity
in vertical direction is mainly due to the iCCD image sensitivity. Bottom: the binning in
vertical direction gives the spectral information; a fit with a Gaussian function is shown
as well.
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in chapter 3.

The microwave induced plasma setup investigated in this study, belongs to
the category of surface wave plasmas where the plasma is stabilized by the inner
wall surface of a cylinder, while the wave propagates in the axial direction. The
microwaves are coupled via the gap of a surfatron into a quartz tube with an inner
radius of R = 3.0 mm and outer radius of 4 mm. The surface wave travels along
the inner side of the tube at the interface between the dielectric and the plasma
[144]. The power input dissipated into the launcher determines the characteristics
of the plasma column and particularly its length [94]. In a pure argon plasma, no
afterglow-like plasma can be observed after the end of the plasma column. So in
this study, the complete plasma column corresponds to the active region of the
argon plasma.

The electromagnetic waves (ν = 2.45 GHz) are generated by an Opthos mi-
crowave power supply. The maximum power output is 150 W and the microwaves
are coupled to the surfatron via a coaxial cable. The gas flow is set to 300 sccm
and a pressure valve on the pump side allows to regulate the pressure inside the
discharge region between 5 and 88 mbar. No pressure gradient could be mea-
sured while monitoring with two pressure meters on both sides of the quartz tube
(meaning that ∆p < 0.01 mbar ).

For the laser scattering diagnostics, the whole plasma setup is installed on a
XY table that allows to move the plasma in axial and radial direction. By means
of micrometer screws, the plasma can be positioned radially with an accuracy
of 50µm, while the plasma can slide in the axial direction with an accuracy of
1 mm; see figure 4.1 and reference [94] for more details. A set of two mirrors (and
two pinholes for the alignment in the z-direction) allows to adjust the laser beam
vertically so that it lays in the central horizontal plane of the quartz tube. In that
way, we can focus the laser beam in one small region of the 3D volume inside the
quartz tube. While adjusting the laser beam height to the middle of the quartz
tube, we confine ourselves to the 2D horizontal plane, parallel to the XY table,
which contains the line along the axis of the quartz tube.

By moving the discharge and measuring the electron density on both sides of
the apparent axial center of the tube and using the cylindrical symmetry of the
plasma, no assumption about the exact position of the radial center had to be
made. For positions close to the wall with r > 2.0 mm, the amount of false stray
light reaching the detector was in many cases found to exceed the Thomson signal.
In those situations, simple stray light subtraction, without the discharge, does not
accurately work any longer. This is the reason why we confined ourselves in the
study of the plasma region inside r ≤ 2 mm .
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Figure 4.3: Top: 1D spatially resolved Raman scattering at a pressure of 66 mbar.
Bottom: the resulting spectrum after binning in vertical direction together with its fitting
by an envelope of Gaussian profiles for every rotational bands.

4.3 Thomson scattering results

4.3.1 Radial profiles of ne

The electron temperature Te(r) and density ne(r) of a pure argon plasma were
measured 3 cm from the microwave plasma launcher for different pressures, ranging
from 5 to 88 mbar and a fixed power of 60 W.
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The pressure of 88 mbar was found to be the highest pressure for which we
could obtain a stable, non-filamentary plasma column confined in the center of the
tube. This was verified by observing the plasma column in axial direction; that is
end-on through the Brewster windows. To sustain a stable, homogeneous plasma
at higher pressures, it is necessary to decrease the size of the dielectric tube. So
for instance it was found that for an atmospheric pressure plasma generated at
2.45 GHz, the inner tube diameter should not exceed 0.8 mm [140]. However,
in this study we perform all measurements with the same tube with an internal
radius of 3 mm.
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Figure 4.4: Radial profiles of the electron density obtained by Thomson scattering for
pressures ranging between 5 and 88 mbar. The fitted Bessel profiles corresponding to the
values of figure 4.7 are shown for comparison.

Figure 4.4 presents the radial electron density profiles measured as a function of
the gas pressure. The electron density in the axial center of the discharge increases
with pressure from 2.7 · 1019 m−3 to 9 · 1019 m−3 from 5 to 88 mbar. For all the
studied pressure conditions, the maximum of the electron density was found to be
in the center of the discharge and to decrease monotonically towards the wall. As
stated earlier, TS values for r ≥ 2.0 mm where not taken into account because
of the too low electron density vs. straylight intensity. Due to the vicinity of the
wall, the lowest electron density that could be measured is 1.5 · 1019 m−3 . This
low ne boundary is determined by the indirect scattering of laser light by the wall
and does not depend on the plasma pressure. Figure 4.4 clearly shows that the
plasma radius decreases for increasing pressures. This will be studied in section
4.4 in more details.

The radial profiles of the electron temperature Te(r), that were measured by
Thomson scattering simultaneously with ne(r) are shown in figure 4.5. In the low
pressure range, the electron temperature profile is found to be rather flat. This
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Figure 4.5: The electron temperature as a function of radial position measured by
Thomson scattering for pressures ranging between 5 and 88 mbar.

most likely indicates that electrons are lost by diffusion to the wall.

For pressures of 20 mbar and above, Te increases smoothly towards the wall
whereas for 88 mbar the rise becomes steeper and resembles to what we found for
atmospheric argon plasmas [139, 140]. This might indicate that electron losses do
not occur anymore only by ambipolar diffusion, but also by volume recombination
processes [145]. This can be understood from the local electron particle balance,
which prescribes an electron temperature Te such as that ionization is sufficient
high to compensate for the losses of electron-ion pairs by ambipolar diffusion and
volume recombination [146].

To investigate the process of radial contraction of the plasma column as a
function of the pressure in more detail, first we fit the data of figure 4.4 with
Bessel functions3 with a variable radius R and normalize the results to the electron
density maximum; i.e. the value found in the center of the tube. The results shown
in figure 4.6 clearly show that for increasing pressures, the effective radius R of the
plasma discharge decreases. This points toward plasma contraction. For pressures
of 40 mbar and higher, the plasma no longer reaches the wall and is confined in
the center of the discharge. The theoretical Bessel profile for a plasma completely
controlled by diffusion with uniform ionization frequency across the center and a
radius of 3 mm (inner diameter of the quartz tube) is also shown as reference. One
can see that for the two lowest pressures (5 and 20 mbar), the effective plasma
radii are almost identical, but slightly below the theoretical value (2.89 instead of
3 mm). We will come back to this point in section 4.4.

3Note that other functions like a parabola were tested as we did not want to stay confined
within the Bessel assumption for the fit of the data. They gave fit results which were not as good
as the current ones.
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Figure 4.7: Effective plasma radius measured as a function of the pressure. The error
margin calculated for every pressure condition is also shown for reference.

The evolution of the effective plasma radius as a function of the pressure could
then be determined using this fitting procedure. The results, shown in figure 4.7
reveal that for 5 and 20 mbar, the plasma fills the tube and almost completely
reaches the wall whereas above 20 mbar, the plasma radius seems to decrease
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almost linearly with pressure. For pressures higher than 88 mbar, it was found
that the plasma undergoes a transition from a “glow mode”to the formation of
one (or more) narrow filaments confined on the wall of the quartz tube. The line
emission of these filaments has spatial profiles with radii that are much smaller
than 1 mm (for a given pressure of 100 mbar for example). Unfortunately, no TS
measurements could be performed in this pressure range due to the fast stochastic
rotation and dangling movements of these filaments.

4.3.2 Error analysis of the data

This subsection, devoted to the error analysis, starts with a treatment of the
systematic and relative errors on the values of the electron density. The errors on
the electron temperature are then discussed.

A systematic error of about 8% is present in the absolute calibration of the
TS signal. This stems from the uncertainty of the Raman scattering cross section
[133] and will affect the last factor in eqn 4.4. However, this has no consequences
for the study of the radial shape of the plasma.

The random errors associated to the noise of the iCCD camera were found be
in the order of 0.2%. This is very small but in good agreement with a previous
study [133]. More significant are the possible random error sources related to
the plasma stability and laser reproducibility in time. Online monitoring of the
plasma light with a spectrometer shows random fluctuations of ∼0.25% which
demonstrates that the plasma is rather stable. More important is the pulse to
pulse reproducibility of the laser. Intensity variations of 5% from shot to shot was
measured. However the measurements are averaged over 18 000 shots which leads
to a standard deviation of less than 0.1%. In addition to power fluctuations, drift
in time of the laser power was also observed. Including the latter effect lead to
an estimation of a relative error in the order of 4 % for the TS absolute intensity
calibration. Consequently, we can define a global relative error of 5% for the
electron density.

For the electron temperature Te, the relative error was estimated to be about
0.3% (about 500 K for an electron temperature of 1.2 eV) from the standard
deviation of the Gaussian fitting. Nevertheless, one may also consider systematic
errors. They are hard to quantify but are expected to increase towards the wall
due to the increase of straylight from the wall. This will conversely lead to an
overestimation of the electron temperature.

To define an error bar for the plasma radii presented in figure 4.7, let’s first
consider the statistic fitting error of the experimental points. We find a small
standard deviation of about 1%. This does not reflect the 5% variation of the
laser power that may occur during the measurements. To incorporate the latter,
we added a random error between 0 and 5% on the data points presented in figure
4.4 and fitted again the data with a Bessel profile to obtain a new effective radius.
After 100 iterations the standard deviation of the calculated radius was taken as
the relative error on the radius for each pressure. These are the error bars given
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in figure 4.7.

4.4 Discussion and conclusions

In this study, we used Thomson scattering to investigate the transition of a mi-
crowave plasma from a wall-stabilized to a constricted plasma mode as a function
of pressure. This was done for a surface wave discharge at intermediate pressure
created in a tube with an inner radius of 3 mm. A significant decrease of the effec-
tive plasma radius was found for pressures above 20 mbar. However, even in the
lowest pressure case, the Bessel radius was found to be slightly below the tube ra-
dius (within error margins). Up to now, we considered for the interpretation of the
results, Bessel profiles J0(r) satisfying the boundary condition J0(r = Rwall) = 0.
This means that the plasma is supposed to end up directly at the dielectric wall
(quartz tube). However, in real plasma conditions, the outward boundary diffu-
sion layer is defined at the sheath edge of the plasma. The effective radius is then
smaller and can be defined as Reff = R − ds; thus the radius of the tube minus
the sheath thickness ds.

To the best of our knowledge, no simple model describing the sheath thickness
for microwave plasmas exists in literature. Nevertheless, to get an approximate
size, we can assume the sheath thickness to be about 5 times the Debye length

ds ≈ 5

√
ε0kBTe
e2ne

If we take for the sheath an electron temperature of about 5 eV and an electron
density of about 5.1017 m−3 , we get a sheath thickness of about 0.12 mm. This is
about 1/30 of the total radius of the plasma and it will then not change signifi-
cantly the radial diffusion profile of the plasma in terms of global quantities. It is
interesting nevertheless to point out that the value Reff = R − ds is in the same
order as the one we found experimentally for low pressures (5 and 20 mbar). This
confirms that the plasma density profile ends just in front of the sheath and not
directly at the wall as it is often assumed.

Radial contraction is usually associated to extra losses due to volume recom-
bination. The idea is that if the rate of local recombination superseeds the one
from diffusion, the plasma does not need to extend towards the wall anymore to
get rid of its charges. To place this into prospective we study the electron density
balance written as (

∂ne
∂t

)
= nenaKion − neΩrec −

neDamb

Λ2
, (4.6)

where the first term at the right hand side describes the rate of ionization, the sec-
ond the rate of recombination and the last the diffusion rate [8]. Herein Kion and
Ωrec are the rate coefficients for ionization and recombination respectively while
Damb is the coefficient for ambipolar diffusion. The diffusion term neDamb/Λ

2 is
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a short hand notation for the divergence of the diffusive flux ∇Damb · ∇ne in the
case of an homogeneous Damb coefficient across the radius4. The diffusion length
Λ is in the order of the plasma radius and in the case of a Bessel profile we can
take Λ = R/2.405. In the case of steady state we can equate the left hand side to
zero. Now, in the case that Ωrec � Damb/Λ

2 , the local removal of charges can
take place before they can spread out over the plasma. This reasoning suggests
the following criterion for the contraction onset: Ωrec = Damb/Λ

2.

For the ambipolar diffusion coefficient Damb, we use the expression [81]

Da ≈ Di

(
1 +

Te
Ti

)
=

1

3
√

2naσia

√
8kBTh
πmi

(
1 +

Te
Th

)
, (4.7)

where mi is the mass of the argon ion, σia is the ion-atom collision cross section
[148], Th = Ti are respectively the temperature of the ions and neutral heavy
particles temperatures and taken as equal.

For atomic plasmas of low electron density we can neglect atomic ion recom-
bination (two electron recombination). However, if the gas pressure is sufficiently
high the mechanism of molecular assisted recombination (MAR) comes into play;
this consists of a chain of molecular ion formation (or ion conversion IC)

2Ar + Ar+ −→ Ar+
2 + Ar

that takes place with the rate [149]

KIC = 2.5 · 10−43

(
300 K

Th

)
[m6s−1] (4.8)

followed by dissociative recombination (DR)

Ar+
2 + e −→ Ar∗ + Ar

for which we have the rate

KDR = 8.5 · 10−13

(
300 K

Te

)0.64(300 K

Th

)0.86

[m3s−1] (4.9)

according to the recent measurements of Lukac et al. [150]. In the case where the
gas and electron temperature are not too high so that destruction of molecular
ions by electron/atomic impact dissociation are negligible, we have then in steady
state the balance [151](

∂nAr+2
∂t

)
= nen

2
aKIC − nenAr+2 KDR = 0, (4.10)

4The plasma length being about 200 times larger than the radius, higher eigenmodes that the
fundamental one in the radial direction do not need to be considered [147].
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meaning that the reaction rate of ion conversion and dissociative recombination
are equal. Here, the losses of molecular ions by ambipolar diffusion are neglected
as they represent a small fraction of the total ion density and that ambipolar
diffusion of atomic ions is already smaller than DR of Ar+

2 . We can then set
the loss frequency due to volume losses equal the the ion conversion frequency:
Ωrec = nAr+2

KDR = n2
aKIC . This is very practical as it allows us to directly

compute the losses due to DR without having to make assumptions on the density
of molecular ions.
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Figure 4.8: Comparison of the effective loss frequency of electron-ion pairs by ion con-
version (IC) and subsequent dissociative recombination νIC and by ambipolar diffusion
Damb.

In figure 4.8, the losses of electron ions pairs by diffusion and MAR are cal-
culated for the different conditions of this study while using the gas temperature
obtained by Rayleigh scattering [152]. Comparing figure 4.7 and 4.8, one can
see that the onset of contraction agrees relatively well with the condition that
Ωrec > Damb/Λ

2. Nevertheless, one can see that the onset of contraction only
occurs when volume recombination is much larger than losses by ambipolar dif-
fusion. We have then the situation that even if volume recombination losses are
dominant, the electron density profile can retain a Bessel-like profile which is usu-
ally associated to ambipolar diffusion controlled plasmas.

Another aspect that should be be taken into account is the non-uniformity of
the radial Th profile. For low pressure the Th value is small and the profile almost
flat. But for higher p-values the central Th goes up whereas the Th is pulled down
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at the wall to a environment temperature of about 300 K [153]. That means that
ion conversion will increase towards the wall and so that electron-ion pairs losses
will increase demanding conversely an higher ionization frequency to compensate
for the losses. This is indeed what figure 4.5 shows: an increase of Te approaching
the wall that is sharper for higher pressure values.

In constructing a criterion for the onset of contraction, this non-uniformity
in Th must be taken into account. However, for a proper understanding of the
contraction mechanism we need a theoretical approach and this is beyond the
objective of this paper. Indeed, gas temperature gradients are not the only mech-
anisms which can be responsible for contraction. In such an approach, the power
coupling of the microwave source to the plasma via the interface between the di-
electric and the plasma [144] has to be described. In this sheath, higher E fields
and so higher ionization frequencies might occur whereas lower gas temperature
(and therefore higher gas densities) will give more molecular ion formation via
ion conversion. However, lower electron densities are also associated with a lower
gas temperature of the plasma due to less electron-atom collisional heating. This
means that there is a strong coupling between different plasma parameters making
the description of the plasma (extremely) difficult. Since the fields are carried by
a wave, we need a full two-dimensional description of the plasma wave coupling.
This was done in chapter 2. In that study non-homogeneity of the ionization fre-
quency across the radius and higher Ez field is found indeed close to the wall. In
the determination of the ionization frequency, one also needs to be careful in the
definition of the electron temperature since significant deviations from Maxwell
equilibrium can be found [33, 138]. However, as stated before, the complete the-
oretical description of the onset of contraction is beyond the scope of this study
and will be a topic of further investigation in the future.
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Chapter 5

Experimental investigation of the elec-
tron energy distribution function (EEDF)
by Thomson scattering and optical emis-
sion spectroscopy

Abstract. The electron temperature of an argon surface wave discharge gen-
erated by a surfatron plasma at intermediate pressures is measured by optical
emission spectroscopy and Thomson scattering measurements. The optical emis-
sion spectroscopy method, Absolute Line Intensity (ALI) measurements, gives
an electron temperature that is found to be (more or less) constant along the
plasma column. On the other hand, Thomson scattering (TS) shows a different
behavior; the electron temperature is not constant but rises in the direction of
the wave propagation. In the pressure range of this study, it is theoretically
known that deviations from Maxwell equilibrium are expected towards the end
of the plasma column. In this chapter, we propose a combination of methods to
probe the electron energy distribution function (EEDF) in this relatively high
pressure regime. The ALI method combined with a collisional radiative model
allows to measure the effective (Maxwellian) creation temperature of the plasma
while Thomson scattering measures the mean electron energy of the EEDF.

The differences between the two temperature methods can be explained by
the changes in the form of the electron energy distribution function (EEDF)
along the plasma column. A strong correlation is found with decreasing ion-
ization degree for different pressures. Numerical calculations of the EEDF with
a Boltzmann solver are used to investigate the departure from a Maxwellian
EEDF. The relatively higher electron temperature found by Thomson scattering
compared to the ALI measurements is finally quantitatively correlated with the
departure from a Maxwellian EEDF with a depleted tail.a

aThis chapter is based on: E A D Carbone, S Hübner, M Jimenez-Diaz, J M Palo-
mares, E Iordanova, W A A D Graef, A. Gamero, and J J A M van der Mullen. Exper-
imental investigation of the electron energy distribution function (EEDF) by Thomson
scattering and optical emission spectroscopy. Journal of Physics D: Applied Physics,
45(47):475202, 2012.
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(EEDF) by Thomson scattering and optical emission spectroscopy

5.1 Introduction

Non-thermal plasmas generated at intermediate to high pressure (from a few mbars
to atmospheric pressure and higher) have found a large number of applications in
the last decades. They combine the advantages of large fluxes of active species
(charged species, radicals and photons) while keeping non-destructive conditions
for the substrate/environment. In the process of optimizing non-thermal plasmas,
a large ratio between the electron temperature Te and the gas temperature Tg is
often achieved. This large ratio, combined with a usually low ionization degree,
implies that the conditions for which the electron energy distribution function
(EEDF) is Maxwellian are rarely fulfilled. Depletion/overpopulation of the tail of
the EEDF is commonly found, even for simple atomic plasmas [154, 155, 156]. In
the case of gas mixtures, the EEDF can take even more complicated shapes where
the distinction between a bulk and a tail temperature becomes itself doubtful
[157, 158, 159, 160].

In the case of high pressure plasmas above a few Torr’s, classical diagnostic
methods like Langmuir probes become increasingly difficult to use due to the colli-
sional character of the sheath. Thus, an accurate and non-intrusive determination
of the exact shape of the EEDF is very challenging [161, 162].

Time and space resolved optical emission spectroscopy has recently been used
to probe the fast electrons of the EEDF in low pressure capacitively coupled RF
discharges. The RF, time-dependent, response of the fast electrons can be used to
discriminate them from the slower electrons. Specific atomic lines that are sensitive
to excitation from the ground state are then used to probe the fast evolution of
the EEDF tail due to the oscillating external E-field [163, 164].

Another recent method that was developed by different groups consists in the
measurement of relative line emission intensities. The line ratio is then linked to
the EEDF via detailed collisional excitation and radiative losses particle balances
[156, 165, 166]. This method can, in theory, determine the full shape of the EEDF.
However, it relies very strongly on the accuracy of the cross sections used in the
collisional radiative model, both in shape and in absolute value. Moreover, it
requires an a priori knowledge of the shape of the EEDF to apply some multi-
temperature iterative interpolation.

In this study, we will follow a different approach. The absolute excited atomic
states densities will be measured in order to determine the atomic state distribu-
tion function (ASDF). With the help of a collisional radiative model, the experi-
mentally measured excitation temperature T exe of the plasma will be corrected to
determine the creation temperature T crea

e of the plasma. The latter being deter-
mined as the effective Maxwellian electron temperature that is needed to sustain
the creation of electron-ion (ei) pairs for given plasma conditions (see section 5.5.1
for more details). In the case of an argon plasma, this temperature is mostly de-
termined by the shape of the tail of the EEDF since only highly energetic electrons
can contribute to excitation and ionization processes from the ground state. On
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the other hand, the low energy part of the EEDF is directly measured by Thom-
son scattering. This experimental approach is equivalent to the 2-temperature
EEDF approximation which is used in many analytical models, see for instance
[154, 167, 168]. Consequently, this experimental method allows also to keep a
relatively direct connection with the classical analysis (and prediction) of plasma
properties, which can be done via global plasma models. This will be further
discussed in section 5.5.2.

Global plasma models (GPMs) are often of great use for the characteriza-
tion/understanding of plasmas. They are among others constructed to fulfill the
dream of quasi-analytical expressions that predict internal plasma properties, such
as the electron density, ne, and temperature, Te, as functions of the external
plasma control parameters (the knobs) such as pressure, filling composition and
plasma vessel size. To give a few examples of their use, in the Lieberman and
Lichtenberg classical textbook [8], several GPMs were discussed for low-pressure
plasmas used in integrated circuits technology. In [169, 170] van de Sande et al.
gave an application to atmospheric inductively coupled plasmas used for spectro-
chemical analysis whereas in [171] a GPM was used to describe a low pressure,
inductively-coupled discharge lamp.

In the references mentioned above the plasma chemistry is quite simple; the
plasmas are monoatomic, for instance created in pure argon or pure helium. The
most simple GPMs usually consist of two balance equations; the electron parti-
cle balance (ePB) and the electron energy balance1. Especially for the steady
state situation these balances are simple. It is remarkable that the ePB gives Te,
whereas ne follows from the electron energy balance. Moreover, these two equa-
tions are only weakly coupled. Especially the ePB, giving Te is (almost) completely
decoupled from the ne-value in the case of purely diffusive plasmas [40]2.

The underlying reason is that, in steady state, Te must attain the value for
which the creation of ei pairs due to ionization compensates the losses generated
by the flux of ei pairs out of the active plasma zone. In this balance, both the
creation and the fluxes scale with ne, making the result ne-independent.

Nowadays, numerous GPMs are developed to investigate plasma chemistry
[174, 175, 176, 177] whereas also time dependence is addressed [178] as well as
plasma interactions with electrodes/walls (e.g. the application of sputter plasmas
[179]).

In this study, we will investigate an intermediate pressure surface wave (SW)
discharge. This plasma has the well known properties of a constant electron den-
sity gradient along the wave propagation direction [180, 181]. Since the pressure
and the plasma radius do not change along the column, one could expect, on

1This system of two balance equations can be expanded by a third one, namely the heavy
particle heat balance, see for instance [172] so that apart from ne and Te also the gas temperature
Tg can be computed.

2In the opposite case, we refer for instance to the work of Aliev et al. [173] for the influ-
ence of electron-electron recombination processes and Jonkers et al. for molecular ions assisted
recombination effects [145].
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ground of an ePB for a diffusive plasma, that Te remains constant. This axial
trend of a non-changing Te was several times observed with optical emission spec-
trometry (OES) applied to these types of plasmas (see for instance Lao et al.
[182]). Here, applying OES in the form of absolute line intensity (ALI) measure-
ments combined with a Collisional Radiative Model (CRM), we reported in the
past the same tendency [183].

However, the Te determined by Thomson scattering (TS) applied to the same
plasma conditions was found to follow a different behavior [94]. This temperature,
Te(TS) is not constant but increases in the direction of decreasing ne. Some
theoretical papers predicted deviations from Maxwell equilibrium along the plasma
column at low pressure [39, 184] or atmospheric pressure [185]. Lao et al. [184]
compared axial profiles of the 4s metastable and resonant excited argon atoms with
the results of a self-consistent 1D model for pressures ranging between 0.5 and 2
torr. They concluded that the observed rise in densities towards the end of the
column could be reproduced by the model only while including non-Maxwellian
excitation rates. Langmuir probe systems are very difficult to implement into
a quartz tube because of the small radius of these SW discharges for pressures
about a few hundreds of Pa. Furthermore, they are a rather intrusive method
for microwave plasmas. Consequently, very little experimental data exists about
measurements of deviations from Maxwell equilibrium. Dias et al. [33] reported
measurements of the EEDF for a low pressure Ar/N2 plasma. Tatarova et al.
[138, 186] measured with Langmuir probes the EEDF for an argon discharge with
a large radius at low pressure for a few plasma conditions and a couple of positions.

To the best of the author’s knowledge, no actual experimental investigation of
the EEDF was done for SW discharges with a radius below 5 mm and pressures
above 5 mbar. In this study, we will investigate a SW discharge with a radius of
3 mm in a pressure range between 6 and 20 mbar.

This study will show that the discrepancy between the axial trend of Te(ALI)
and Te(ePB) on one hand, and that of Te(TS) on the other hand, can be correlated
with the change in the form of the electron energy distribution function EEDF
for decreasing ne values. Or, even better, as a function of the ionization degree
α = ne/N , where N is the gas density.

This paper is organized as follows; the ePB for a low pressure argon plasma
in cylindrical coordinates is first shortly discussed. For intermediate pressure
conditions, a SW plasma is first investigated by optical emission spectrometry. The
electron temperature is derived from ALI measurements combined with a CRM.
The trends are first shortly discussed in terms of the ePB and then compared with
Thomson scattering measurements. The differences between the two diagnostic
methods are finally discussed and investigated using a Boltzmann solver.
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5.2 Effective ionization rate in an argon plasma

A central role in global plasma modelling is played by the electron particle balance
(ePB) which for steady state diffusive plasmas reads [8]

neNk(Te) = −∇ · (Da∇ne) (5.1)

expressing that ionization (lhs) compensates for diffusive losses of ei (ei) pairs
(rhs). In this equation, ne and N are the densities of the electrons and ground state
atoms, Da is the coefficient for ambipolar diffusion, whereas k(Te) is the effective
rate coefficient for ionization from the ground state. Note that this equation is
only valid in the case of a purely diffusive plasma, i.e. when there are no important
losses or creation of free electrons via volume recombination or other processes like
Penning ionization [187].

In the case of cylindrical plasmas, equation 5.1 can be simplified as

k(Te) = D∗a(NΛ0)−2 (5.2)

with D∗a = DaN whereas Λ0 stands for the effective diffusion length. In the case
where the electron density profile follows a Bessel profile we can write for the
diffusion length of electrons Λ0 = R/µ for which R is the radius of the plasma and
µ = 2.405 the first zero of the J0 Bessel function [8, 188]. In the case of argon,
the ambipolar diffusion coefficient Da for atomic ions is given by [81]

Da ≈ Di

(
1 +

Te
Ti

)
=

1

3
√

2Nσia

√
8kBTg
πmi

(
1 +

Te
Tg

)
(5.3)

where mi is the mass of the argon ion and σia is the ion-atom collision cross
section. Note that σia is a weak function of the gas (ion) temperature. For argon
at temperatures Tg < 2000K, it can be approximated by the fit function [148]

σia = 1.10−18 + 1.5.10−15 × (ln(Tg/K ))−3.9
[

m2
]
.

In this study, the Tg values were obtained via the ideal gas law p = NkBTg for
which the gas density N was directly measured by Rayleigh scattering [153].

In the case of this SW discharge (radius of 3 mm), it was experimentally found
that for pressures of 10 mbar and above, electrons are lost not only by diffusion
but also by volume recombination through molecular ions Ar+

2 [189]. Following
the same reasoning as in chapter 4, equation 5.2, must be generalized to

k(Te) = D∗a(NΛ0)−2 + kICN2 (5.4)

where the second term on the rhs stands for the extra ei pair losses by ion conver-
sion followed by dissociative recombination. The ion conversion rate coefficient is
given by kIC = 2.5 · 10−43(300 K /Tg) m6s−1 [149].
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The name effective rate coefficient for ionization, implies that k(Te) accounts
for all kinds of electron induced processes leading to ionization.These include di-
rect ionization but also stepwise processes for which ionization is realized via
intermediate excited states [190]. So, in general, k(Te) has to be determined by
means of a CRM. For low electron density plasmas, (most) of the lower levels
are ruled by the corona balance meaning that the excited levels are created by
electron ground state excitation and lost by radiative decay (if the states are not
metastable like the 3P2 and 3P0 levels of argon). Realizing that radiative decay ob-
structs ladder-like excitation, we can understand that only direct ionization leads
to the creation of ei pairs. Thus, for low ne conditions, k(Te) can be replaced by
kdir(Te), the rate coefficient for direct ionization. For increasing ne-values, radia-
tive decay will be overruled by transitions driven by electron collisions and the
corona balance makes place for the excitation saturation balance (ESB). It was
shown [16, 133, 191] that, for ne � 1019 m−3 , all excitation processes eventually
lead to ionization. Therefore, the rate of effective ionization of argon is close to
that of excitation, that is the formation of the 4s levels from the ground state.
This especially holds when resonant radiation from the 1P1 and 3P1 back to the
argon ground state are trapped.

From the summation over all excitation processes that effectively lead to ion-
ization, an effective total ionization rate can be computed using a CRM, and fitted
as a function of an effective Maxwellian temperature. In the electron density range
considered here the following formula was proposed [192, 193]

k(Te) = kexc(Te) = 6.8 10−17T 0.44
e exp(−12.06/Te) (5.5)

with Te in eV.

Note that equation 5.2, which shows that Te depends on the product RN, is
the basis of a similarity’s law often used in the field of microwave plasma studies
[131, 160, 194]. The idea is that the electron temperature determined for one
combination of R and N values can be attributed to other plasmas with similar
properties, each with different R and N-values, but having the same product RN.

5.3 Experimental setup and diagnostics

5.3.1 The plasma source

In this study, we will investigate a surfatron plasma belonging to the category
of surface wave (SW) discharges. These plasmas are created by a launcher that
generates an electromagnetic (EM) wave propagating at the interface between
the quartz vessel wall and the plasma. Thus the plasma makes the propagation
possible such that the wave can transport EM energy to regions further away from
the launcher where the plasma is sustained by the wave [25, 144].

Figure 5.1 gives a schematic of the surfatron setup. The edge of the launcher
is taken as z = 0 and the wave propagates to the left; in the positive z-direction.
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Figure 5.1: Schematic of the surfatron plasma source and the detection system for
Thomson scattering. In the case of the ALI measurements the triple grating spectrometer
is replaced by a standard single monochromator allowing to detect the Argon emission
lines [183].

Close to the launcher, the wave power content is large, so that the electron density
created by the EM wave absorption is high as well. As the wave propagates it will
loose energy and the electron density drops along the wave. Since both R and N
do not change dramatically along the wave, the ePB predicts that the effective
electron temperature Te remains almost constant. The expected decrease of ne and
almost constant behavior of Te (i.e. ionization rate) makes SW plasmas interesting
case studies for the investigation of departure from an Maxwellian EEDF.

5.3.2 Absolute line intensity method

The determination of the the electron temperature from absolute line intensity
(ALI) measurements is basically a two-step approach. In the first step, the density
η per statistical weight η(3) = n(3)/g(3) of the 4p levels, shortly denoted as level
3 and the density of the ground state, level 1, is determined experimentally by
ALI measurements [183] and Rayleigh scattering [153]. Their density compared
to the one of the ground state η(1) = N , gives the excitation temperature T13; the
latter being determined by a Boltzmann exponent η(3) = η(1) exp(−E13/kBT13)
so that

kBT13 = E13

[
ln
η(1)

η(3)

]−1

(5.6)
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In the second step, a CRM [195, 196] is used to convert T13 into Te. This is
done by employing the r1(3) coefficient to correct the Boltzmann expression into
η(3) = r1(3)η(1) exp(−E13/kBTe). So that

kBTe = E13

[
ln
η(1)

η(3)
+ ln r1(3)

]−1

(5.7)

This r1(3) coefficient, delivered by a CRM, depends in general on Te and ne.
It accounts for the deviations from a Boltzmann distribution with respect to the
ground state governed by Te due to the non-local thermal equilibrium between the
electrons and the heavy particles as well as radiation escape. This coefficient is
determined from the CRM where all important production and loss mechanisms of
some given states are included. We use here an updated cross sections database for
the CRM [14] compared to the previous studies [183, 195, 197, 198]. The electron
temperature obtained via this method is the effective Maxwellian temperature
needed to sustain the excitation-ionization efflux through the argon excitation
space. In the case of excited states densities which are governed by electrons
both for excitation and de-excitation processes (i.e. in the so-called excitation
saturation balance), the dependency in ne is expected to be weak [16]. It depends
then mostly of the ground state density and the electron temperature [183].

5.3.3 Thomson scattering

Thomson scattering (TS) is the scattering of (laser) light on free electrons. The
photon flux in our experiment is generated by a frequency doubled Nd:YAG laser
producing 100 mJ pulses of photons at λ0 = 532 nm with a repetition rate of
10 Hz.

The number of scattered photons is directly proportional to ne, whereas the
Doppler broadening of the scattered photons gives insight in the electron energy
distribution, and therewith Te. This can be determined via the 1/e width λ1/e

[114] of the Gaussian distribution using the expression Te(TS) = 5238 · λ2
1/e. An-

other method is to analyze the Thomson scattered photons density P (δλ) as a
function of δλ = λ− λ0. Since a Maxwellian EEDF leads to [143]:

P (δλ) = A exp

(
−mec

2δλ2

4λ2
0kBTe

)
(5.8)

where A is a proportionality constant, c the speed of light and λ0 the laser
wavelength. In the case of a Maxwellian plasma, we may expect that a plot of
lnP (δλ) versus δλ2 gives a linear trend with a slope equal to −1/kBTe. This
trend is indeed found for all the plasma conditions investigated in this study.
Nevertheless, this can be directly checked only in the low electron energy range;
above 4 eV, the noise is obscuring the Thomson signal.

A typical Thomson scattering spectrum is given in figure 5.2. The intensity
dip in the central region around δλ = 0 stems from blocking of the signal around
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Figure 5.2: The number of counts P (δλ) as a function of the wavelength shift δλ = λ−λ0.
Left: the measured P (δλ) fitted by a Gaussian superimposed on a base line. Right: The
logarithm of P (δλ) plotted versus δλ2 shows, after baseline subtraction, the expected
linear tendency for the first 7 nm 2. For higher δλ-values, the noise obscures the signal.

the central wavelength i.e. at λ = λ0; an action of the triple grating spectrometer
that is needed to reduce the influence of Rayleigh photons and straylight which
obscure the Thomson signal [143].

The scattering intensity decreases with δλ and only the signal corresponding
to relatively small δλ-values can be used to determine the electron temperature.
The scattered photon distribution can only be constructed from the first 3 nm of
wavelength shift δλ, which corresponds to electron kinetic energies up to 4.5 eV.
Nevertheless, a simple integration shows that these electrons represent much more
than 95% of the total population. Thus, we may state that TS gives the mean elec-
tron energy which conversely corresponds to the bulk temperature of the EEDF
and that it does not provide information on the EEDF tail. Note that this is
usually the case for Thomson scattering measurements. Information on the tail of
the EEDF and, consequently, the creation temperature can only be obtained by
Thomson scattering when the assumption of a Maxwellian EEDF is valid. In the
case of very large reactors, we shall mention the studies of Hori et al. [199] and
Crintea et al. [200] who succeeded to probe the changes in the EEDF shape for
energies up to ∼10 eV for argon plasmas by Thomson scattering in low pressure
conditions. This is however still below the expected depletion threshold of the
EEDF tail due to electron inelastic collisions (see figure 5.8 for instance). In that
energy range, one should be however careful with systematic errors in the calibra-
tion of the detection system for the determination of the instrumental function
of the triple grating spectrometer [143]. These errors will be minimized while us-
ing a rotationally resolved Raman spectrum for calibrating the spectrometer both
in wavelength and intensity simultaneously [201]. In this study, a pure nitrogen
gas at room temperature and fixed pressure was used. The fitting method was
described in a previous paper [140].
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5.4 Results

5.4.1 ALI results
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Figure 5.3: Electron temperature Te(ALI) determined by ALI measurements along the
plasma column for 6, 11 and 20 mbar. Te(ALI) remains constant within the error margins
for almost the entire plasma column. On the right, the electron temperature predicted
by equation 5.4 is given in the same conditions. Note the difference in scales between the
two pictures.

In figure 5.3, the electron temperature obtained using the ALI-CRM method
is shown for different pressures and the corresponding values from the ePB are
given as a comparison. The latter are obtained with equation 5.4 in which we
used Λ0 = R/µ with R = 3 mm for the plasma radius meanwhile equation 5.5 is
employed for k(Te).

One can see that the electron temperature obtained from ALI is found to
be constant along the column within the error margins. The ePB gives a similar
trend but with some differences in the quantitative aspects. For the lower pressure
condition of 6 mbar, the electron temperature decreases slightly along the column.
This is because of the decrease in the gas temperature (from 500 to 340 K) which
leads to lower outwards ambipolar diffusion losses to the wall. On the other hand,
the behavior is opposite for higher pressures. A slight increase of the electron
temperature is found towards the end of the column. This effect comes from
the formation of molecular ions which increases the volume losses of ei pairs and
induces an higher demand of electron temperature. Nevertheless, these trends
predicted by the ePB are weak in terms of relative changes along the plasma
column. The discrepancies between the ALI measurements and the predictions
based on the simple ePB at lower pressure are actually larger than the changes
due to the inhomogeneities (in neutral gas and molecular ions densities) along the
plasma. The origin of the differences most likely comes from the fit formula for
the effective ionization rate coefficient. This fit formula was expected to be valid
for plasmas with electron densities 1018 < ne < 1020 m−3 [193]. Nevertheless, the
structure of equation 5.2 shows implicitly that excited species losses is only due to
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electron collisions; making this fit formula for the ionization rate independent of
ne. This suggests that the electron saturation balance is valid, so that radiative
losses are negligible. This assumption is however doubtful under these plasma
conditions, particularly in the lower pressure cases where the electron density
is rather low with ne < 2 · 1019 m−3 (see figure 5.4). The electron saturation
balance equilibrium is then not expected to be reached [202].We will come back
to the almost constant Te axial trends in section 5.5 where the ALI and Thomson
scattering measurements will be compared and discussed.

5.4.2 Thomson scattering results for Te and ne

For the same conditions as in the previous section, the electron temperature (and
density) were measured by Thomson scattering (TS). The results given in figure
5.4, show that close to the launcher, the electron temperature values Te(TS) as a
function of pressure are very similar to the ones found by absolute line intensity
measurements (Te(ALI)). However, the axial trend is very different. In contrast to
Te(ALI), the Te(TS) values are not constant along the column. On the contrary,
Te(TS) increases in the direction of the wave propagation which corresponds to
decreasing ne values. Thus we find that ∂Te/∂ne � 0 rather than being approxi-
mately constant as for the ALI measurements. The rise along the plasma column
is found to be steeper for higher pressures. It is interesting to note that close to
the launcher, Te does not change much along the axis. Moreover, Te(TS) is found
be always larger than Te(ALI) excepted in the region close to the launcher where
the values are very close in absolute value to each other.

The increase found along the plasma column is actually much larger than the
error bars due to the measurements. TS provides accurate values with relative
errors below 5%. Systematic errors on Te(TS) values are difficult to evaluate but
expected to be quite small in these measurement conditions [188]. Discrepancies
between the two methods due to the fact that the ALI measurements are averaged
across the radius while TS gives only local values in the center cannot explain
the trends either. In a previous study [188] we found by TS that the electron
temperature is uniform across the radius for pressures up to 20 mbar. Moreover,
one would expect an increase of Te towards the wall and consequently to find ALI
values being higher than TS instead of being equal or lower. Radial gradients can
be then neglected here and we can consider averaged quantities across the radius
(i.e. use a global plasma model approach).

In the previous section, the effects of the molecular ion and the gas density
profiles were already discussed based on the ePB and cannot explain the trends.
In the next section, we will investigate the shape of the EEDF for different plasma
conditions and discuss whether it can explain the trend of rising Te(TS) along
the plasma column. The discussion will be supported by calculations from a
Boltzmann solver.
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Figure 5.4: Electron temperature Te measured by Thomson scattering along the plasma
column for different pressures. Te(TS) is constant in the region close to the launcher and
increase at the end of the column.

5.5 Discussion

5.5.1 Axial trends : correlation with the ionization degree along the column

In a recent study [25], a 2D self-consistent model was used to study a very similar
surfatron configuration to the one used in this work. Effective Maxwellian rate
coefficients were used and a flat electron temperature Te was found both axially
and radially for a pressure of 20 mbar. This confirms the results of the simple
ePB (equation 5.4), which showed that gas and molecular ion gradients along
the plasma column do not influence much the electron temperature as long as
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effective Maxwellian rates are used. On the other hand, Benova et al. [39] obtained
theoretically an increasing mean electron energy along the plasma column for low
pressure surface wave discharges. This trend only could be obtained while taking
the non-Maxwellian character of the plasma into account [184]. Unfortunately,
the pressure range in those studies was always much lower than in the present
one, so that no direct comparison can be done.

The axial trend in Te(TS) found along the SW discharge is part of a larger
category that can be denoted by the trend of rising Te(TS) in the outer plasma
parts. This was also observed in experimental studies on atmospheric pressure
plasmas (cf. for instance [140, 169, 198, 203, 204]) but also for low pressure
plasmas [33, 188] leading to the conclusion that in regions where ne drops, the Te
(i.e. mean electron energy) values go up.

Compared to the intermediate pressure SW discharge investigated in the cur-
rent study, these atmospheric pressure plasmas have ne-values that are a factor
of about 50 larger; but the same factor more or less applies to the difference in
the neutral gas density N. Consequently, similar behaviors for completely differ-
ent plasmas sources and operation regimes (i.e dielectric barrier discharge [204],
radio-frequency [169] and microwave induced plasmas [140, 203]) are found for
pressures above a few mbars. The common trend is the lower ionization degree
towards the edges/end of the plasma.
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Figure 5.5: The ratio R = Te(TS)/Te(ALI) as a function for α−1 = N/ne obtained
experimentally for different pressures. The values follow a common trend independent of
pressure which is an inverse function of the ionization degree of the plasma.

In order to find out whether the discrepancy between Te(TS) and Te(ALI)
depends on the ionization degree we compared the ratio R = Te(TS)/Te(ALI)
as a function of α = ne/N . The results, given in figure 5.5, are taken from the
measurements presented in figure 5.3 and 5.4.
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They show a common dependency; lower α-values lead to higher R ratios.
Note here again, that ALI is based on the assumption of a Maxwellian EEDF
whereas TS measures the bulk electron temperature of the EEDF and does not
give any direct information about the tail of the EEDF. This may suggest that the
phenomenon of axially rising Te(TS) is related to the departure from local maxwell
equilibrium (LME). Indeed, in the case where the ionization degree is (too) low,
the Coulomb collisions are not sufficient anymore to thermalize the upper part of
the EEDF (see figure 5.6). TS gives insight in the bulk of the EEDF (from 0.2 to
4 eV) meanwhile the absolute line intensities (ALI) measurements combined with
the collisional radiative model [14] determine an effective Maxwellian electron
temperature (i.e. the shape of the tail of the EEDF). The ratio between these two
methods could be seen then as a measure of the depletion of the tail of the EEDF
due to insufficient thermalization via Coulomb collisions.

Figure 5.6: Schematic representation of the EEDF and the effective ionization cross
section for ei pairs creation; small degrees of ionization will lead to a depleted EEDF tail
which as a response demands for an increase of the bulk electron temperature to keep a
constant ionization rate.

In [192, 205, 206], studies of the effect of the ionization ratio α = ne/N on
the departure from LME were presented. A criterion was found for the presence
of LME setting a lower limit for the ionization degree α for a plasma to be in
Maxwellian equilibrium. LME is expected to be present if

α >> αcrit with αcrit =
C(Ar)

2 lnλc

(
kBTe
E∗12

)2

(5.9)

In the case of argon [192] we have C(Ar) = 0.3 and E∗12 ≈ 12 eV . Inserting for
the Coulomb logarithm lnλc = 7 and kBTe = 1.2 eV we find that αcrit ≈ 2 10−4.
Analyzing figure 5.5, on can see that the temperature ratio R departs from 1 for
ionization degrees which are indeed lower than this critical value (1/α > 5 · 103).

In the presentation of equation 5.2, it was assumed that the EEDF is
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Maxwellian and that for the computation of Te, the Maxwellian formula for the ef-
fective ionization rate coefficient can be used; that is k(EEDF) = k(TMe ). However,
if the EEDF is non-Maxwellian we need another formula for k(Te), a formulation
that no longer depends on just one single Te-value but in principle on the whole
EEDF. For moderate deviations from LME, this rate can be written as

k(EEDF) = kM (T bulke )f(α) (5.10)

where the first factor at the rhs is the Maxwellian rate given by the bulk
temperature (or mean energy) whereas f(α) gives a correction factor based on the
departure from LME. In the case of plasmas with low reduced electric fields, this
factor depends mostly on the ionization degree α.

Coming back to the ePB given by equation 5.2, it can be re-written as3

kM (T bulke )f(α) =
Da

Λ2
0N

(5.11)

where the lhs takes the deviations from Maxwell equilibrium into account by
correcting the kM (T bulke ) with the function f(α). This function has the property
that a decreasing α leads to smaller f(α)-values. The reason is that for lower α-
values the Coulomb collisions between electrons are not able to compete with the
loss of high-energy electrons by inelastic collisions as demanded by a Maxwellian
rate. This leads to an EEDF with depleted tail. As depicted in figure 5.6 the
resulting decrease in f(α) will demand for higher T bulk

e -values to keep the same
k(EEDF ) rate coefficient value. This is indeed seen in the behavior of Te(TS)
while moving in the direction of decreasing ne and thus decreasing α. To keep the
ei pair creation at the same strength to compensate the losses by diffusion and
volume recombination which are mostly constant in our conditions, an increasingly
depleted EEDF tail needs a correspondingly higher bulk temperature.

The fact that Te(ALI) does not change (much) for decreasing α-values suggests
that Te(ALI) probes the efflux of ei pairs and is directly connected to the right
hand side of equation 5.2. The latter does not change much if we go along the
plasma column towards lower ne regions. In figure 5.3, the electron temperature
profile predicted by the electron particle balance is changing along the plasma
column because of the non-homogeneous gas and molecular ion densities profiles.
However, these effects are weak (± 0.1e V).

Therefore the 4p radiations, and thus T13, probes the ionization efflux in the
excitation space and thus the ei pair creation. This show that Te(ALI) probes
the creation of ei pairs and can be best defined as the creation temperature of the
plasma: T crea

e . Since its value is determined by using a Maxwellian rate in the

3Note that the following discussion is for purely diffusive plasmas. The extension of the
ePB for plasmas where volume recombination and/or radiations losses are important is rather
straightforward and will not be discussed here.
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ePB balance

kM (T creae ) =
D∗aN

Λ2
0

, (5.12)

we come to the following definition: the creation temperature T crea
e is the temper-

ature that a Maxwellian electron gas would have in order to sustain the creation
and to support the efflux of electron-ion (ei) pairs with the prescribed transport
rate.

To resume the discussion about the axial trends, we may state that the dis-
crepancy between the Te(TS) and Te(ALI) seems to be based on the departure
from Maxwell equilibrium that comes when the degree of ionization α become too
low.

For sufficiently high α-values for which the LME condition given in equation 5.9
is fulfilled, we would expect that T bulk

e = T crea
e and so that Te(TS) = Te(ALI). This

is indeed what was found in this study. For low α-values we find that R > 1. The
experimental ratioR is proposed as a tool to investigate the EEDF departure from
a Maxwellian distribution. The validity of this proposition will be investigated in
the next section while computing the EEDF with a Boltzmann solver for different
plasma conditions.

5.5.2 Absolute electron temperature trends: Comparison with the results
from Bolsig+

In this section we address the absolute differences between the experimental Te
values. From the previous sections, it was found that in the case of this inter-
mediate pressure SW discharge, the effective electron temperature Te is defined
by the total ionization rate needed to compensate for the ei pairs losses due to
diffusion and volume recombination. This Te value can be determined from the
electron particle balance (ePB) given by equation 5.4 while using a fit formula
from a CRM for the effective ionization rate coefficient.

Equation 5.5 was originally defined for argon plasmas close to the excitation
saturation balance (ESB) [16] and so electron densities ne � 2 ·1019 m−3 . Indeed,
for 20 mbar, the closest agreement between the ePB and the ALI Te-values was
found. At lower pressures, radiation escape leads to an increase of the losses
which is not reflected in that simple ePB balance (i.e. effective ionization rate
coefficient) but was included in the CRM used for the interpretation of the ALI
measurements.

To check whether the experimentally measured rise in the electron temperature
corresponds directly to an increase of the mean electron energy (i.e bulk tempera-
ture of the EEDF T bulk

e ) due to Maxwell deviations along the plasma column, we
take a two-step approach. First, the effective ionization rate as a function of the
position along the plasma column is calculated from equation 5.4 while using the
experimental Te(ALI) values together with the gas density obtained by Rayleigh
scattering in the same plasma conditions [153]. In a second step, the actual EEDF
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of the plasma was computed while solving the Boltzmann equation for the elec-
trons in the approximation of an uniform electric field and two-terms expansion
[207]. To do so, the freely available BOLSIG+ solver was used. For the com-
putation of the EEDF, the experimental ionization degree, electron density and
reduced angular frequency ω/N were used as input and the EEDF was obtained
iteratively for various mean electron energies 〈E〉.

In figure 5.7, the shape of the EEDF as a function of the ionization degree
for a fixed effective total ionization rate is given. The EEDF is indeed found to
be Maxwellian up to 10 eV and the tail of the EEDF to be depleted. Moreover,
for lower ionization degrees, the tail of the EEDF is found to be more depleted
meanwhile the bulk temperature increases. In these calculations, direct ionization
is found to be orders of magnitude lower than excitation towards the lumped
4s states, so that step-wise ionization is the dominant ionization process. Its
corresponding rate coefficient was then directly taken as the effective ionization
rate coefficient.
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Figure 5.7: On the left, effective cross sections [208] used in Bolsig+ [207] to calculate
the deviations from Maxwell equilibrium. On the right, the changes in the EEDF shape
for an argon microwave plasma at 20 mbar are shown for different electron densities (i.e.
ionization degree) and a constant total ionization rate coefficient of 1.9 · 10−19 m3s−1 .

The expected bulk temperature of the EEDF T bulk
e needed to produce the

effective total ionization rate for a given plasma condition was then found while
solving

kM (T crea
e (ALI)) = kEEDF(α,ne, ω/N, 〈E〉) (5.13)

for the mean electron energy 〈E〉 with T bulk
e = 2/3〈E〉. The calculations

were performed for the plasma at 20 mbar for which equation 5.5 can be directly
used with the experimental creation temperature obtained by ALI. The results are
shown in figure 5.8, the T bulk

e temperature from BOLSIG+ is plotted versus the
Thomson scattering results along the plasma column. The electron temperatures
obtained from the ePB and the ALI measurements are also shown for reference. A
good agreement is found, both in trend and in absolute value. In the case of this
intermediate pressure SW discharge, the temperature ratio R between the ALI
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and Thomson scattering values, can be indeed correlated to the departure from a
Maxwellian EEDF with a depleted tail. After correction for Maxwell deviations,
the two experimental temperature methods (Thomson scattering and ALI) agree
within 0.1 eV.

In the cases where the dependency of the effective ionization rate as a function
of a Maxwellian Te is known (as given by equation 5.5 for instance), this iterative
method can be used to correlate the so-called creation temperature of the plasma
found by ALI with the real shape of the EEDF. Nevertheless, one needs to know
plasma parameters such as the ionization degree and reduced electric field for
these conditions and can use then equation 5.13. In the case of plasmas with
low reduced electric fields such as microwave plasmas, the knowledge of the mean
electron energy 〈E〉 is enough on the other hand.
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Figure 5.8: Comparison of the electron temperature obtained by Thomson scattering and
optical emission spectroscopy (ALI measurements) after correction for Maxwell deviations
using a Boltzmann solver (BOLSIG+). The data presented here is for 20 mbar and
compared with the prediction of the electron particle balance (ePB).

Small differences still remain between the Thomson scattering values and the
ALI values corrected for deviations from Maxwell equilibrium but they are rather
small. They might be attributed to uncertainties in the cross sections values
used in the CRM as well as possible errors in the absolute calibration of the
spectrometer for the ALI measurements. More detailed cross section sets could
be also used for the calculations of the EEDF shape with the Boltzmann solver.
In some conditions, electron inelastic collisions with excited states of argon may
change the shape of the EEDF at lower energies [207]. However, cumulative
errors while comparing the two experimental methods are believed to be at least
as important as the small differences found in this study.
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5.6 Conclusions and outlook

Global plasma models (GPMs) are very useful and handy tools in the classification
and characterization of plasmas. They allow the calculation of important plasma
quantities such as the electron temperature and density as well as the gas temper-
ature. In the simple case of diffusive plasmas, the electron particle balance (ePB)
can give the electron temperature in a way that does not depend (much) on the
electron density. The ePB is however rather limited by the usual assumption of a
Maxwellian distribution for the electrons. The experimental determination of de-
viations from Maxwellian equilibrium and its link to the ePB, can then potentially
largely increase the domain of validity of such GPMs.

In this study, we focused on an intermediate to high pressure surface wave dis-
charge where increasingly large deviations from Maxwell equilibrium are expected
down-wave the plasma column. A method for probing these deviations by active
and passive plasma diagnostics, namely Thomson scattering (TS) and absolute
line Intensity (ALI) measurements is proposed. Using a Maxwellian distribution
assumption, rather large discrepancies between these two methods are found to-
wards the end of the plasma, meanwhile they agree well close to the launcher.
However, TS probes the low energy electrons whereas ALI is an optical method
which measures effectively the tail of the EEDF. The link with a change of the
EEDF shape for decreasing ne values is then made. In the case of this SW dis-
charge, the ionization degree is found to play an important role and its effect can
be linked back to the GPM formalism.

To label the “temperature”found by these two methods we use the name cre-
ation temperature T crea

e , the temperature needed for a Maxwellian electron gas to
create the plasma with a prescribed creation ability. TS on the other hand delivers
the bulk temperature T bulk

e of the EEDF.

Using a Boltzmann solver, the link between the creation temperature found by
ALI and the bulk temperature measured by Thomson scattering is done via the
shape of the EEDF. A very good agreement is found provided that the dependency
of the effective ionization rate from the ground state is known as a function of
the (Maxwellian) creation temperature of the plasma. The latter needs to be
determined via a collisional radiative model for a prescribed range of electron
densities and pressures. We confined ourselves to the case where the electron
saturation balance limit (ne > 2 · 1019 m−3 ) is expected to be valid. The mean
electron energy predicted by the Boltzmann solver is found to agree well with the
electron temperature found by Thomson scattering.

The last couple of years, new optical methods based on CRMs are being de-
veloped. Instead of using absolute measurements, these are based on the mea-
surement of intensity ratio of specific atomic lines [209], combination of lines in-
tensities of one atom [166, 210] or atomic lines from different species [211, 212].
These methods might replace the ALI-CRM procedure and make the tasks of the
experimentalist simpler. Working with relative line intensities (RLI-CRM) instead
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of absolute line intensities (ALI) is easier since the complicated absolute calibra-
tion step can be skipped. An additional advantage of these RLI-CRM methods
could be that, apart from the electron temperature, also the EEDF shapes can
be obtained. Nevertheless, these techniques are very sensitive to the cross section
data sets used as input of the CRM. Also, special care needs to be taken for ra-
diation trapping effects which may strongly depend on spatial inhomogeneities of
the lower levels involved in the radiative desexcitation processes. Overcoming the
limitations of a Maxwellian temperature in the ALI method seems to be still a
(more) promising method for plasma diagnostics. Indeed all uncertainties in cal-
ibration and cross sections will be largely reduced in the logarithmic dependence
of Te with the species densities (i.e. 4p states) and cross sections used (included
in the r1-coefficients).

Different (quasi) analytical models exist in the literature [154, 168, 213] which
can be used to extend the description of non-Maxwellian plasmas in terms of two
or more electron temperatures. Such refined models could be used to get a more
detailed relation between plasma parameters such as the ionization degree α and
departure from equilibrium and for the validation of reaction rates used in CRMs.
This is however beyond the scope of the present study.



Chapter 6

Experimental investigation of electron
impact excitation between 3p54s Argon
levels

Abstract.
Electron impact excitation between the 4s states of argon is studied by time

resolved absorption measurements of the 4s states while depopulating selectively
one of the 4s states with a nanosecond pulse laser tuned to a 4s-4p transition. The
4s states are generated by a low pressure surface wave discharge in argon. The
electron density and temperature were measured by Thomson scattering along
the plasma column for different pressures. By carefully selecting the pulsed dye
laser pumping scheme, rate coefficients for electron collisional transfers between
individual 4s states can be determined using this combination of techniques.
Here, we will report preliminary results for the direct electron impact transfer
between 1s states (4s states in Paschen notation) including the one from 1s2
to 1s3 which was never determined experimentally before. A rate coefficient of
4 · 10−13 m3s−1 is found which is much larger than values commonly assumed in
the literature.
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6.1 Introduction

Metastable states play an important role in low temperature plasma kinetics [214].
They can store significant amounts of energy and have a long life time. Argon
metastable states are very well known for their excitation transfer to atomic and
molecular species such as nitrogen (see for instance [215, 216, 217]) and atomic
hydrogen [218, 219] or energy transfer by Penning ionization of atomic/molecular
species with low ionization potentials [220, 221]. Argon is also often used as a
trace gas for optical diagnostics in plasmas for industrial applications [222, 223].

Although being the first stage in stepwise ionization processes, these
metastable states cannot be monitored by optical emission spectroscopy. The
first states of argon that can be easily used for optical diagnostics are the 4p and
5p states which emit radiation in the visible range. Collisional radiative models
are often used for the determination of the electron density and temperature from
the absolute [89] or relative densities of these states [224, 209]. They are however
strongly coupled to the 4s states by electron collisions and radiative decay. An
accurate description of the 4p and higher states kinetics depends then primarily
on an accurate knowledge of the excitation kinetics of the 4s states.

In an optically thin plasma, the coupling of the 1s metastable states1 with the
resonant 1s states will also greatly reduce the effective lifetime of the metastables
due to radiative losses via the resonant 1s. The strength of the coupling between
the 1s states together with the escape factor of the resonant lines will then define
the steady state densities of these metastable states.

Heavy particle impact excitation of the metastables 1s5 and 1s3 in Paschen’s
notation2 have been studied before. The rate coefficients of the processes

Ar1s(3,5) + Ar −→ Ar1s(2,4) + Ar.

were estimated by Tachibana [225] and a value of 2.3 · 10−21 m3/s is usually con-
sidered [226] for the reaction 1s5 → 1s4. For a pressure of 10 mbar, it will then
correspond to a loss frequency of approximately 100 Hz. Heavy particle collisional
transfer from the metastable to the resonant state can then usually be neglected
and electron impact is considered as the main mechanism for collisional mixing
between the 4s resonant and metastable states

Ar1s(3,5) + e− −→ Ar1s(2,4) + e−.

Taking as estimate, the rates coefficients used for instance in [224, 227], for electron
impact exchange between the 1s states we have electron impact rate coefficients in
the order of 2·10−13 m3/s . The impact excitation frequency by electron and heavy
particles can be expressed as a function of the ionization degree of the plasma

1We will use the Paschen notation from now on where the 4s states are designated as 1s states
and the 4p states as 2p states.

2We will use Paschen’s notation for the 4s states in the remaining of the paper where 1s5, 1s4,
1s3 and 1s2 correspond respectively to the levels 3P2, 3P1, 3P0 and 1P1 in L-S coupling notation.
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kene
khN

=
2 · 10−13

2 · 10−21
α = α× 108,

where ne and N are the electron and ground state densities respectively. For an
ionization degree of 10−8 and above, electron impact will be already the dom-
inant transfer mechanism within the 4s group. This condition will usually be
always fulfilled in laboratory plasmas. However, there are hardly any experimen-
tal measurements of the direct excitation transfer within these 1s states of argon.
There were some measurements performed for neon using cw-LCIF, (see the work
of Borthwick et al. [228]). Ferreira et al. [229] reported some estimates by N.
Sadeghi [230] for the 1s5 to 1s4 states excitation transfer and for 1s3 to 1s2 as well
with values of 0.4 and 1 ·10−13 m3/s respectively. We shall also refer to the exper-
imental work of Bochkova et al. [231] who estimated the electron impact transfer
from the metastable to the resonant 1s states within the 2P3/2 and 2P1/2 cores in
the afterglow of a pulsed DC glow argon discharge. They used a kinetic model
and obtained rate coefficients of 4 and 7 ·10−13 m3/s respectively. However, (non-
uniform) reabsorption of resonant radiation by the ground state was not taken
into account in their model. Most recent collisional radiative models refer to the
theoretical calculations of Bartschat and Zeman [232]. These cross sections are
yet to be compared with a consistent set of experimental rate coefficients. The
experimental measurements presented in this study aim to fill this gap.

In this chapter, we will present a study of the 1s3, 1s4 and 1s5 states densities
measured by laser absorption spectroscopy on a low pressure surface wave dis-
charge. One of the 1s states of argon is selectively depopulated by a few nanosec-
onds laser pulse tuned to one of the 1s− 2p optical transition of argon. A careful
choice of the pumping scheme allows to discriminate different repopulation chan-
nels of the 1s states; either by avoiding radiative repopulation of the target state
or using the latter to study its transfer towards another state.

The electron temperature and density are measured under the same conditions
by Thomson scattering. Changing the measurement position along the plasma col-
umn and the pressure, allows us to determine the direct excitation rate coefficient
by electron impact between specific 1s states as a function of the electron density.
In this study, we will present the first results for the transitions between 1s2 and
1s3 states as well as between the 1s3 and 1s5 states. Some estimations for other
population transfers will be discussed as well and compared with literature values.

In the following section, we will first describe shortly the plasma source, the
pulsed dye laser, the cw laser diodes used for the absorption measurements of the
1s states as well as the Thomson scattering setup. In section 6.3, the temporal
response of the 1sx state after the depopulation of one of them by the pulsed
dye laser is discussed. The 1sx states are partially repopulated by direct radiative
decay from the upper level overpopulated by the laser and/or by collisional mixing
between them. Finally, rate coefficients are estimated for different direct excitation
transfer mechanisms.
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6.2 Experimental setup

6.2.1 The surfatron plasma

The plasma used to generate the 1s states is a surfatron plasma belonging to the
category of surface wave discharges. These plasmas are created by a launcher that
generates an electromagnetic wave propagating at the interface between the quartz
vessel wall and the plasma. Thus, the plasma makes the propagation possible so
that the wave can transport EM energy to regions further away from the launcher
were the plasma is sustained by the wave [25, 144]. At low pressure (p¡40 mbar),
this plasma has an almost constant electron temperature along the column while
the electron density decreases (quasi) linearly from the launcher till the end of the
plasma column.

The plasma was generated with a driving frequency of 2.45 GHz inside a quartz
tube with 6 mm inner (8 mm outer) diameter in a pressure range from 0.65 to
105 mbar. The microwave source was set to an input value of about 100 W to get
a plasma column length of about 40 cm long for pressures between 6 and 20 mbar.
At lower pressure the microwave coupling was less efficient while at high pressure
the electron density increases significantly leading in both cases to much shorter
plasma columns. More details about the setup can be found in [188] and a paper
in preparation by S. Hübner et al [233].

6.2.2 Laser diode absorption measurements

An external cavity diode laser in the Littman configuration (LION-Sacher
Lasertechnik, Marburg, Germany) was used to measure the 1s3 and 1s5 state
densities (772.42 and 772.38 nm lines respectively) by absorption. A second diode
laser in the Littrow configuration from Toptica was used to produce photons in
the 810 nm region. It allowed to detect the 1s4 and 1s5 states while being tuned
to the 810.37 and 811.53 nm argon lines. The latter line was used in the high
pressure regime when the 1s5 metastable density was too low to be detected with
the other laser. The width of the laser lines (< 10 MHz) was much smaller than
the typical bandwidth of the absorption line (≈ 1 GHz) [234]. The laser frequency
was tuned by changing the voltage on the piezoelectric element that moved one
of the cavity mirrors while controlling the temperature of the diode within 0.1 K.
The laser beam from the laser diodes was passed through a beam splitter. Part
of the beam was guided to a Fabry-Perot interferometer (0.3 GHz free spectral
range) to perform on-line calibration of the laser frequency using an argon cell.
To avoid optical saturation of the absorption, the rest of the beam was attenu-
ated to ≤ 10 µW by a set of neutral density filters and sent through the plasma
perpendicular to the column axis.

The detector was a photodiode backed up by a 106 V/A transimpedance ampli-
fier (for steady-state measurements we have used another detector with a 105 V/A
transimpedance amplifier) and for the reduction of unwanted plasma emission a
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band-pass filter (10 nm FWHM and centered at 780 or 805 nm) was set. The
effective time response of the detection system was found to be about 80 ns. The
signal was recorded using a Lecroy Waverunner 6500A oscilloscope.

6.2.3 Pulsed tunable dye laser

The 1sx states were selectively pumped towards one of the 2p argon states using a
dye laser (Sirah, CobraStretch) pumped by a pulsed frequency doubled Nd-YAG
laser (Edgewave) emitting photons at 532 nm [235]. The pulse repetition rate of
the Nd:YAG laser can be tuned from ∼500 Hz to 5 kHz, with a maximum energy
per pulse of 4 mJ and with a pulse-duration of about 8 ns. The resonator of the
dye laser was installed with an 1800 lines/mm grating allowing optical pumping
in the visible range from 540 to 920 nm. The dye laser was fed with a pyridine-1
dye in ethanol to get a tunable wavelength in the range of 690-720 nm.

To pump argon lines in the higher wavelength range styryl-11 dye dissolved
in ethanol was used to pump any argon lines in the 760 to 830 nm range. The
linewidth of the laser is approximatively 1.8 pm allowing selective probing of
one level with high efficiency while avoiding hole-burning of the line. Indeed the

Doppler width of argon lines is typically λFWHM = λ0

√
8kBT ln(2)
mArc2

≈ 1.4 pm which

means that we pump the complete line at once.

The laser beam generated by the dye laser was expanded using a couple of
negative and positive lenses to get a parallel beam of about 6 mm in diameter.
This allowed to completely fill the plasma tube with the pulsed laser beam and
avoid any problem of re-absorption of the signal before being detected.

6.2.4 Thomson scattering

Thomson scattering (TS) is the scattering of (laser) light on free electrons. At low
laser fluences [117, 236], TS is an accurate and non-intrusive method to determine
the electron density and mean electron energy in plasmas. The photon flux in
our experiment is generated by a frequency doubled Nd:YAG laser (Continuum,
Model Precision II 8010) producing 100 mJ pulses of photons at λ0 = 532 nm
with a repetition rate of 10 Hz.

The number of scattered photons is proportional to ne, whereas the Doppler
broadening of the Thomson spectrum gives insight in the electron energy distri-
bution, and therewith Te. A triple grating spectrometer is used to filter out the
Rayleigh signal, which is many orders of magnitude higher than the Thomson
signal as well as straylight [237]. Raman scattering of a pure nitrogen gas at room
temperature and fixed pressure is used for the calibration in intensity and wave-
length for the calibration in intensity and wavelength (for more details, see [140]
and references therein).
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Figure 6.1: Schematic of the combination of the pulsed dye laser and the cw diode laser
for the selective depopulation of the 1s argon states and their temporal response detection;
DL stands for diode laser and PD for photodiodes. The low pressure argon glow discharge
for the calibration of the laser diodes wavelength is not shown for simplicity as well as the
beam expander for the pulsed dye laser beam.

6.3 Results

6.3.1 1s densities as a function of pressure

The two diode lasers were first used to measure the densities of the 1s3, 1s4 and
1s5 states as a function of pressure close to the surfatron launcher. The results
are shown in figure 6.2. In the experimental range investigated, the metastables
1s3 and 1s5 as well as the resonant 1s4 state densities have the highest densities at
the lowest pressure. For a pressure of 0.65 mbar, a density of 9 · 1017 m−3 for the
1s5 state is found. The densities decrease as a function of pressure but a rather
significant increase is observed for pressures above 20 mbar.

The radially averaged gas temperature was measured by fitting the line absorp-
tion profile with a Voight function (and simply a Gaussian function for pressures
below 10 mbar). As the pressure is known, we can determine in this way the total
gas density. When excitation of 1s states from the ground state is balanced by
ionization

Ar + e− −→ Ar(1s) + e−

Ar(1s) + e− −→ Ar+ + e−
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Figure 6.2: Evolution of the 1s states densities as a function of pressure close to the
launcher measured by laser diode absorption spectroscopy.

one would expect in steady state that

dN1s

dt
= Γ ·NAr(1s) +NAr(1s)A1s,gΛ1s,g + kexce NArne − kione N1sne = 0 (6.1)

to hold, where Λ1s,g is the escape factor of resonant radiation to the ground state,
A1s,g is the Einstein spontaneous emission coefficient and Γ is the transport fre-
quency by convection and diffusion. Using a diffusion coefficient of 2 · 10−5 m2/s
[238], we obtain a diffusion frequency of about 10 Hz for this plasma source which
is a completely negligible loss source. Convection losses can be neglected as well;
for a flow of 50 sccm, a transport frequency of about 500 Hz is found which is
small compared to ambipolar diffusion (a few kHz).

Losses of 1s states back to the ground state can be neglected when resonant
states are radiatively trapped with the ground state. In the present range of study,
6 mbar and above, this is the case and one can consider that resonant radiation
back to the ground state is fully trapped and so that this radiation escape term
is negligible in the total direct or indirect loss terms for the 1s states. Equation
6.1 then reduce to

dN1s

dt
= kexce NArne − kione N1sne = 0. (6.2)

The densities of the 1s states N1s are then only functions of the gas density NAr

and the ratio kione /kexce . In figure 6.3, the ratio between the three 1sx states and
the neutral gas density NAr are shown as a function of pressure. In the high
pressure limit, the ratio is indeed found to be constant. On the other hand, at
lower pressures this ratio strongly varies and the fraction of 1s states increases by
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almost two orders of magnitude. This is due to the change in electron temperature
in the plasma as shown in the same figure obtained by Thomson scattering. The
expected change in the ratio kione /kexce using the rate coefficients given by Jimenez
et al. [25] agrees well with the rise in 1s densities. We can then conclude that in
steady state, the main production and loss mechanisms of 1s states is excitation
from the ground state and losses by ionization. Direct excitation from the ground
state to the 2p levels can significantly contribute to the 1s states population but
in our pressure range, its contribution is negligible [209]. Moreover we found in
a recent study [89] that the tail of the electron energy distribution function is
depleted so direct excitation of 2p states from the ground state is very unlikely.
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Figure 6.3: 1s states densities measured close to the surfatron launcher as a function of
pressure; the electron temperature measured by Thomson scattering is shown as well.

In the complete pressure range, the 1s states are found to be populated closely
to their statistical degeneracy ratios. This means that the states are in equilibrium
with each other via electron collisions while there is no significant radiation escape
of the two resonant states towards the ground state.

Although the electron density increases from about 7 · 1018 to more than
8 · 1019 m3 , the density of the 1s4 state seems to deviate from its statistical equi-
librium value. One possible explanation is that the metastables at higher pressure
are not evenly distributed across the radius but confined close to the wall. The
effective escape factor of resonant radiation to the ground state could slightly in-
crease and conversely decrease the lifetime of the 1s4 state. Other possibilities
would be formation of an Argon excimer, however, looking at the production and
loss constants of Ar∗2, it seems to be (much) slower in our conditions than the
radiative life of the resonant states [239]. Three-body quenching of argon 1s4

resonant state can be also neglected [240].



6.3 Results 103

0 20 40 60 80 100
0.0

0.2

0.4

0.6

0.8

1.0

re
la

tiv
e 

de
ns

ity

pressure [mbar]

 n
1s3

 n
1s4

 n
1s5

Figure 6.4: Evolution of the metastable density as a function of pressure close to the
launcher. The densities are normalized to the density of 1s5 state and compared to their
statistical weight ratio (horizontal lines)

6.3.2 Temporal response of the 1s states after depopulation by the laser pulse

In the visible emission range, there are various argon atomic lines which can be
pumped between the 1s and 2p groups. We used a short, high density laser pulse
to shortly depopulate one of the 1s states and overpopulate a specific 2p level.
The laser beam is expanded in order to pump the optical transition across the full
section of the plasma and the power density is high enough to reach full saturation
of the line [241]. The 2p state is then partially lost by ionization and the rest of
the transferred population radiates back to the depopulated 1s state as well as the
other 1s states which are optically connected to the pumped 2p state. Because,
the laser pulse lasts only a few nanoseconds (8 ns FWHM), the global steady
state situation of the plasma is only slightly perturbated; the electron density will
increase by a few tenths of percent at the maximum3.

In this section, we will first present an overview of the three lower 1s states
response to the 706 nm argon line pumping. The global temporal response of
the argon system due to the laser perturbation will be also discussed. We will
then determine electron rate coefficients from the data using Thomson scattering
results. Due to rapid mixing between some states, it is not possible to obtain
all the rates coefficients from only one pumping scheme. Using global chemical
models like Bochkova et al. [231] we can obtain a complete set of coefficients.

3Note here that we are considering only the pressure range between 6 and 20 mbar for which
the pump-probe measurements were done. Below 6 mbar the 1sx densities significantly increase
whereas the electron density tends to decrease. This estimation can however be easily checked
case by case using the total electron quenching rate of the pumped 2px state as an upper limit
of the total ionization losses during the laser pulse (see chapter 7).
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However, significant systematic errors may be expected due to strong mixing of
some levels. At the end of this section, we will show that the method sensitivity
for the detection of specific excitation channels depends strongly of the pumping
scheme too.

The 706 nm (1s5 → 2p3) pumping scheme

Figure 6.5: Schematics of the excitation of the 2p3 state from the 1s5 state and radiative
repopulation of the other 1s states using the 706 nm pulse dye laser.

In figure 6.5, a schematic for the optical pumping of the 2p3 state from the 1s5

state is shown. Half of the 1s5 level population is transferred towards the 2p3 state
(as they both have an angular momentum J = 2 and so an equal degeneracy of 5).
The 2p3 state radiates weakly back to the 1s5 state and most of its overpopulation
is transferred to the 1s2 and 1s4 states by radiative decay via the 840 and 738 nm
lines respectively. In figure 6.6, typical temporal responses of the 1s3, 1s4 and 1s5

states in this pumping scheme are shown. One can see that the 1s5 state population
decreases during the laser pulse by about 15% while the 1s4 state is overpopulated
by direct radiative decay of the 2p3 state (about 3.5% overpopulation). According
to the ratios between the spontaneous emission coefficients A2p3,1sx of 2p3, 10% of
the total radiative losses of 2p3 will go back to 1s5 while 58 and 32% will go to 1s2

and 1s4 states respectively. An overpopulation of about ∼3.5% is observed for the
1s4 state. Considering that the 1s states are in statistical equilibrium and that
the degeneracy of 1s4 and 1s2 are the same, we can estimate the overpopulation
of 1s2 state to be equal to 3.5%/1.2× 2.2 = 7%. However, this state could not be
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measured by absorption with the two laser diodes at our disposal. Nevertheless,
a significant overpopulation of 1s3 is found of about 15%.

Figure 6.6: Temporal response of the 4s states following depopulation of the 1s5 state
by the dye laser tuned at the 706 nm transition. The pressure was fixed at 6 mbar and
the electron density is 2.43 · 1019 m −3.

Let’s first estimate the relative population densities which rained back to the
1s group (mostly by radiations) from the overpopulated 2p3 state from figure 6.6
which corresponds to typical measurement conditions. For the latter, an electron
density of 2.43 · 1019 m−3 was measured by Thomson scattering. Summing up
over the different 1s states and taking their degeneracy into account, we have a
total fraction of (0.07 × 3 + 1 × 0.15 + 0.035 × 3 + 0.011 × 5)/(0.15 × 5) = 0.52
that repopulates the 1s group. This is while assuming that only 15% of the 1s5

state was effectively depopulated by the laser. About 48% of that fraction of the
population of the 1s5 state is then lost via the 2p3 state through excitation and
ionization processes. Due to the response time of 80 ns of the detector, it is not
possible to determine whether the measurements were performed in full saturation
regime or not (so that 50% depopulation of the 1s5 state as 2p3 and 1s5 have the
same degeneracies.). However, in chapter 7, we will show that the spontaneous
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LIF intensity is already saturated for less than a tenth of the total laser power
used. In the experimental range used in this study, the electron densities varies
from 1 to 6 ·1019 m−3. Based on the estimation done above, we may estimate that
between 30 and 90% of the 2p state pumped by the laser will be lost by stepwise
ionization processes. Although it is difficult to quantify it accurately because of
the slow response of the photodiode, we indeed noticed a significant reduction of
the overpopulation of the 1s4 state by direct radiative repopulation from 2p3 at
higher electron densities.

As 1s3 is not coupled radiatively to 2p3, its increase of population can come
only via collisional transfer. The 1s states are the only levels being significantly
populated in the argon system4 apart from the atomic and ion argon ground states,
it is reasonable to assume that all the population transfer which arrived at 1s3 can
come from its neighbors 1s2 and 1s4, which are overpopulated at the same time.
The decay of the 1s4 state is however much slower than the rise of the 1s3 state
which indicates that the 1s3 state is mostly overpopulated via population transfer
from the 1s2 state.

In figure 6.7, a single exponential rise and decay fit of the 1s3 temporal response
is shown for an electron density of 1.26 · 1019 m−3 at a pressure of 6 mbar. This is
the lowest electron density that could be achieved in the present study and a rise
time of 175 ns is found. For higher electron densities of 2 · 1019 m−3 and above
only a rise time of 80 ns could be measured which corresponds to the rise time of
the detector in the present experimental conditions. From this, we may deduce an
electron transfer rate coefficient of ∼5.5 ·10−13 m3/s . However, it must be pointed
out here that the rise time frequency of the 1s3 state is not directly proportional
to the transfer frequency from the 1s2 state. Indeed, we need to take into account
the transfer back from 1s3 to 1s2 as well. Considering that the degeneracy of 1s3

is only 1 compared to 3 for 1s2, we expect that rate to be 3 times larger from
detailed balancing. The repopulation of 1s2 from 1s3 will lead to an effective
rate coefficient which is larger than the 1s2 → 1s3 direct rate. In appendix C, a
simple analytical formula is given to treat this coupling while solving a system of
differential equations. Moreover, in the case of a frequency determined from the
rise time of the population density, it is necessary to take into account the time
response of the detection system. To do that, one can iteratively make a forward
convolution of the theoretical 1s3 temporal evolution with the apparatus function
and fit it to the experimental data. More details are given in appendix C. From
the fast rise of the 1s3 population density, a rate coefficient is then determined for
the reaction with the following value

Ar 1s2 + e− −→ Ar 1s3 + e− ke
2,3 = 3.2 · 10−13 m3/s .

4Collisional transfer between 2p states and their subsequent radiative decay is another pos-
sibility. We monitored the temporal response of all 2p levels from 2p1 to 2p10 by emission but
only negligible overpopulation of these levels could be found in the order of 20% maximum. Con-
sidering that these states have a statistical population density about 20 times lower than the 1s
states, they will contribution negligibly to the mixing between the 1s states.
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The exponential decay frequency of 1s3 was measured for different electron
densities and pressures and is shown in figure 6.8. An apparent rate coefficient of
about 1·10−13 m3/s is found. The recovery frequency of the 1s5 state was measured
for different electron densities and pressures. A fast and a slow component were
measured and their resulting Stern-Volmer plot is given in figure 6.9. The fast
recovery of the 1s5 state is found to match the decay of the 1s3 state. For the
slow recovery part of the 1s5 state, an electron rate coefficient of 2.5 · 10−14 m3/s
is measured.
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Figure 6.7: Overpopulation and subsequent decay of the 1s3 state following pumping of
the 706 nm line. The pressure is 6mbar and the electron density 1 · 1019 m−3 .

For the 1s3 state, we observed a decay rate frequency which is very similar
to the repopulation frequency of the 1s5 and which can be assigned as a direct
transfer from the 1s3 − 1s2 group to the 1s5 level with a rate coefficient of

Ar 1s2−3 + e− −→ Ar 1s5 + e− ke
2−3,5 = 1 · 10−13 m3/s .

As the 1s2 and 1s3 states rapidly tend to equilibrium, it is difficult to attribute
this rate coefficient to a direct excitation transfer process from one of them. Note
that Stewart et al. [242] estimated, from a combination of cw-LCIF of the 2p states
with a CRM, a value even larger than the one we obtain here of 3 · 10−13 m3/s
which would be similar to the accepted rate coefficient value in the litterature for
the transfer between the 1s4 and 1s5 states. This is however unlikely as the 1s2,3

to 1s5 collisional transfer involves a change in ion core and is then less probable
[232, 243].

As discussed above, the 1s4 state is overpopulated rapidly by radiative decay
from the 2p3 level. In figure 6.6, one can see a fast decay of the state, which goes
below its steady value and then recovers towards steady state. This repopulation
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Figure 6.8: Decay frequency of the 1s3 state (in the 706 nm pumping scheme) as a
function of electron density for 6, 10 and 20 mbar. The data is fitted with a linear curve
with intercept with the origin.
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Figure 6.9: Fast and slow recovery frequencies of the 1s5 state (in the 706 nm pumping
scheme) as a function of electron density for 6, 10 and 20 mbar obtained from a double
exponential fitting the 1s5 state response.

process can be divided into a fast component in the order of few hundreds of
nanoseconds and a slower recovery component taking a few microseconds. The
fast decay and fast recovery were fitted for different electron densities and pressures
and the results are given in figure 6.10. Effective rate coefficients of 1.5·10−13 m3/s
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and 3 · 10−14 m3/s are found for the fast decay and recovery of 1s4 respectively.
The fast decay of 1s4 might be attributed to transfer towards the 1s5 state, but as
we have found a rather large electron impact rate between 1s3 and 1s5, the value
found here is not very conclusive. We will come back to this electron coupling in
section 6.3.2.

The fast recovery of the 1s4 state can be associated with transfer between the
two 1s ion core groups

Ar 1s4−5 + e− −→ Ar 1s2−3 + e− ke
4−5,2−3 ≈ 3 · 10−14 m3/s

but since both ion cores are partially repopulated by radiation from the 2p3

state, this apparent rate coefficient cannot be assigned with certainty to any par-
ticular electron induced excitation process.
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Figure 6.10: Decay and fast recovery frequencies of the 1s4 state (in the 706 nm pumping
scheme) obtained from the double exponential fitting of the data as a function of electron
density for pressure of 10 and 20 mbar.

The 714 nm (1s5 → 2p4) pumping scheme

To investigate the transfer from one core to the other, we also pumped the 714.7 nm
line for which mostly the 1s2 and 1s3 states are radiatively repopulated (see figure
6.11). They will subsequently be transferred by collisions towards the 1s4 and 1s5

states. The density of 1s4 goes significantly below its steady state value and the
recovery frequency of the 1s4 state can be attributed to the transfer between 1s4

and 1s5 with the following rate coefficient

Ar 1s4 + e− −→ Ar 1s5 + e− ke4,5 = 2.8 · 10−13 m3/s .
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Figure 6.11: Schematic of the excitation of the 2p4 state from the 1s5 state and radiative
repopulation of the other 1s states.

In the 706 nm pumping scheme, the 1s4 state is directly overpopulated by
radiative decay of the 2p3 state but then its density goes below steady state. An
electron impact rate coefficient of 1.5 · 10−13 m3/s was measured from its (fast)
recovery frequency. It could be attributed to direct transfer from the 1s4 state to
the 1s5 state. However, we have to keep in mind that, in the 706 nm pumping
scheme, there is a significant radiative repopulation directly from the 2p3 state
as well. The accuracy (with respect to systematic errors) of the determination of
different direct electron rate coefficients will depend strongly on the importance
of the various repopulation channels. Following the discusssion above, the rate
coefficient obtained in the 714 nm pumping scheme for the transfer 1s4 → 1s5 will
be much more accurate.

The 826 nm (1s2 → 2p2) pumping scheme

We also pumped the 2p2 state from the 1s2 state using the 826 nm optical transi-
tion (see figure 6.12). This pumping scheme allows to depopulate the 1s2 state and
mainly overpopulate radiatively the 1s3 state. The 2p2 state radiates back to 1s2,
1s3 and 1s5 in a ratio of 15, 12 and 6. We have then the double absolute amount
of population density increase on 1s3 compared to 1s5. Because the population
of 1s5 is 5 times larger than 1s3, it was difficult to detect the relatively weaker
overpopulation of the 1s5 by laser absorption.

On the other hand, the overpopulation of 1s3 was clearly visible and a de-
cay frequency could be measured as a function of the electron density. A rate
coefficient of about 2 · 10−13 m3/s was found. This agrees quite well with the
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Figure 6.12: Schematic of the excitation of the 2p2 state from the 1s2 state and radiative
repopulation of the other 1s states using 826 nm photons.

rate measured from the decay of 1s3 in the 706 nm pumping scheme which was
attributed to transfer towards the 1s5 state. However, it it is also needed to con-
sider the transfer back to the depleted 1s2 state of a part of the overpopulation
of 1s3. The apparent (total) loss rate of 1s3 will then be higher than the direct
one towards 1s5 as measured in the 706 nm pumping scheme. This is indeed what
we observed as this rate coefficient is almost twice as large as the one reported in
section 6.3.2.

go to

The slow recovery component of the 1s states

In the 706 nm pumping scheme, because of the strong depopulation of the 1s5

state, the 1s4 population is transferred to 1s5 and goes below its own steady state
value. The restoration by electron collisions towards its steady state gives a rate
coefficient of about 3 · 10−14 m3/s (see figure 6.10). This repopulation frequency
corresponds well to the one of 1s5 in the limit of long times (slow recovery frequency
in figure 6.9) which was found to correspond to a rate coefficient of 2.4·10−14 m3/s .
The transfer between the 1s4 and 1s5 states is however almost ten times faster than
that5 and they are expected to be in partial equilibrium (see section 6.3.2). The
transfer between the two cores is much faster as well, since the 1s3 and 1s5 states
are rather strongly coupled. Repopulation mechanisms from upper levels such as
2p can be discarded as well, since their lifetime is (much) shorter than 100 ns
and their densities are low. Excitation from the ground state is then the most

5The fast decay frequency of the 1s4 state in this pumping scheme corresponds to the transfer
of population to the 1s5 state. Here, we discuss the repopulation frequency of 1s4 after its
radiative overpopulation from 2p3 has vanished.
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likely mechanism for this slow recovery of 1s4 and 1s5 states. To obtain a rate
coefficient for excitation from the ground state, this apparent rate coefficient needs
to be multiplied by the ratio between the ground state and the 1s5,4 densities. For
6 mbar, we have a ratio of approximatively 8 · 10−5 and this will give a rate
coefficient of 2 · 10−19 m3/s . If we take the effective rate coefficient from Kabouzi
et al. [61]

ke(g → 4s) = 4.9× 10−15T 0.5
e exp

(
EAr − E4s

Te

)
(6.3)

and an electron temperature of 1.4 eV, we get a value that is even larger6. We
can then attribute this slow recovery to an effective repopulation of the 1s states
by excitation from the ground state. This will compensate for the 2p fraction that
was lost by ionization during the laser pulse.

6.4 Conclusions and perspectives

In this chapter, we have investigated the electron impact transitions between the 4s
states of argon (1s in Paschen notation). The method consists of selectively depop-
ulating one 1s state by optically pumping towards one 2p state with a nanosecond
pulsed laser. The temporal response of the three lower 1s states was then moni-
tored by time dependent laser diode absorption measurements. The characteristic
overpopulation and decay frequencies are then plotted versus the electron density
of the plasma measured by Thomson scattering. This allows us to determine effec-
tive as well as direct electron rate coefficients. The measurements were performed
for different pressures and no significant pressure effects could be detected within
the accuracy of the measurements.

Estimations of direct transitions from single or coupled 1s levels (levels already
in equilibrium with each other) towards other 1s states by electron impact can be
obtained using this method. In the complete pressure (0.6 up to 100 mbar) and
electron density (2 · 1018 up to 1 · 1020 m−3 ) range of this study, the 1s states are
found to be mostly in statistical equilibrium with each other. The ratio between
the different states densities corresponds to their degeneracies. Excitation and
losses of the 1s states group are found to be mostly due to excitation from the
ground state and excitation/ionization processes.

The 1s2 and 1s3 states are found to equilibrate very fast with each other
and significant electron impact collisions transfer between the [1/2] and [3/2] ion
core occurs as well. For the direct electron excitation from the 1s2 to the 1s3

state, a rate coefficient of 5.5 · 10−13 m3/s is estimated while a rate coefficient
of 2.8 · 10−13 m3/s is given for the 1s4 → 1s5 electron transition. Changing the

6This calculation is working well at low pressures until 10 mbar more or less, for higher
pressures the rate coefficient measured experimentally is much too low. At 20 mbar, an electron
temperature of 0.8 eV should be inserted in equation 6.3. This points towards very large depletion
of the tail of the EEDF which was indeed found experimentally in chapter 5.
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pumping scheme also allows the measurement of electron excitation rates between
the two cores. Direct excitation rate coefficients between the two cores could not
be obtained in the present study but they could be estimated to be in the order of
1 · 10−13 m3/s for the [1/2] to [3/2] cores. These values agree in general relatively
well with the theoretical calculations of Bartschat and Zeman usually used in the
literature. However, the 1s2 to 1s3 rate coefficient seems to have been significantly
underestimated in their calculations.

During the laser pulse, part of the 2p population is lost by excitation and
ionization processes. The states are then repopulated via excitation from the
ground state. The slow response of the 1s states (and particularly the 1s4 and 1s5

states) could be correlated to their repopulation from the ground state.
Future measurements are planned where the 1s2 temporal evolution will be

monitored by laser diode absorption spectroscopy as well. It will give more insight
in the overall 1s-population kinetics. Changing the pumping scheme will allow to
obtain a complete set of rate coefficients for the electron transitions between the
1s states.

Further improvements in the rectification of the microwave power supply of
the plasma could allow us to go for lower electron densities (closer to the end of
the plasma column) as well.7 This will allow us to probe with higher accuracy the
fast relaxation processes such as the transfer from 1s3 towards 1s2.

7Indeed, in the present study, temporal oscillations of the metastable states were found while
approaching the end of the column. This prevents us from getting any accurate metastable or
electron density values.
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Chapter 7

Laser collisional induced fluorescence on
an argon plasma

Abstract.
A non-equilibrium and low temperature pure argon plasma is probed in

steady state by a nanosecond laser pulse tuned to different optical transitions.
The relaxation of the argon system following the laser perturbation is probed by
monitoring the temporal response of argon atomic lines coming from different
levels. The electron temperature and density are measured as well by Thomson
scattering. The spontaneous laser induced fluorescence (LIF) responses allow to
probe global collisional quenching losses by electron and heavy particles. Laser
collisional induced fluorescence (LCIF) permits to probe direct excitation and
loss mechanisms between individual states.

The connection between and within the 4s and 4p groups of argon will be
presented in this chapter. One need to be careful with the interpretation of the
results as processes such as radiation trapping can disturb the responses.

Collisional transfer cross sections are the main ingredients of collisional radia-
tive models (CRMs). A one-to-one comparison between a time-dependent CRM
and the LCIF measurements can be used as a tool to verify detailed excitation
cross section datasets between short-lived excited species. This will be briefly
discussed at the end of the chapter.
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7.1 Introduction

The steady state of a non-equilibrium plasma is governed by the balance of local
production and transport mechanisms with local destruction processes and out-
ward transport of species [244]. To probe local production and losses, one can
measure the population densities of the states in stationary state. Power inter-
ruption is also often used to measure the global plasma response; i.e. the total
production/loss rate of excited species. This will however not give direct insight
in the direct excitation mechanisms (see chapter 9).

Pulsed laser induced fluorescence is an alternative method which can probe in
situ the time scales of excitation and destruction of any species pumped by the
laser in the plasma, while keeping the plasma in steady state. It requires only
the knowledge of an excitation scheme by a laser using single or double photon
absorption. The temporal relaxation of almost any specie can be monitored by
measuring its temporal response by emission and/or absorption (for the latter see
chapter 6). One can optically pump a state and measure its relaxation frequency
while monitoring its radiative decay as a function of pressure and electron density.
This allows the determination of total quenching rate coefficients by electrons
and heavy particles. This is the usual purpose of time resolved laser induced
fluorescence (LIF). In addition to monitor the spontaneous decay of the level
which is directly pumped by the laser, we can follow the radiative relaxation of
other states, which are coupled via collisions and radiative decay to the two levels
disturbed by the laser. This ensemble of processes is usually referred to laser
collisional induced fluorescence (LCIF). We will show in this chapter that non-
radiative states can be probed as well, when they are strongly coupled with some
radiative state.

Numerous collisional and radiative processes occur in a plasma which all con-
tribute to various extends to the total population of a level in steady state. For
atomic plasmas, depending on the energy level and symmetry of an excited state,
its total life time will depend mostly of the electron density, the gas pressure and
its natural life time. Usually, states that are close to the ion level and so have
large principal quantum numbers n will have a very short effective lifetime due to
collisional losses by electrons. States with larger total angular quantum number l,
but the same principal quantum number n, are also characterized by larger total
collisional frequency by electrons1. Similar trends can be found as well for heavy
particles quenching.

Optical emission spectroscopy (OES) techniques are widely used in plasma re-
search and industry to monitor the behavior of the plasma and give some insight
in the plasma kinetics. For instance, we shall mention line-ratio methods [245],
actinometry [35], absolute line intensity (ALI) measurements [197] and contin-

1One of the main reasons comes from the lower quantum defect for higher principal angular
momentum quantum number which corresponds to a smaller ionization potential of the state (see
[244] p. 136
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uum radiation measurements [123]. These methods have proven to be relatively
successful in numerous occasions but they rely heavily on a detailed prerequisite
knowledge of the plasma kinetics and cross sections associated to electron impact
processes as well as heavy particle collisions. The development of optical emission
based techniques generates a compulsive demand for accurate and self-consistent
data of cross sections. Theoretical calculations allow to obtain detailed cross sec-
tion sets for direct excitation transfer by electron collisions between individual
states [246, 247]. These data sets need however to be tested and confirmed by
experimental measurements.

In recent years, the use of updated experimental datasets in collisional radia-
tive models (CRMs) proved to be very successful bringing a new level of accuracy
in the collisional radiative processes description of atomic plasmas. For argon
plasmas, Zhu and Pu [224] developed a CRM for the 4s and 4p states while using
experimental cross sections from Lin group [248, 249] for electron processes and
detailed experimental heavy particle quenching reactions between the 4p states
[250, 251]. However, even in this reduced CRM, all cross sections for electron
impact are not known experimentally but they can be calculated from the transi-
tion’s oscillator strength using Drawin’s fit formula [247, 252]. Recently, Gandwar
et al. [227] included electron impact excitation transfer within the 4p group using
relativistic distorted wave cross sections [253]. Their results for the 4p state den-
sities distribution showed much better agreement with the experiments of Zhu et
al. [224] although they claimed that their cross sections are valid only for electron
energies of 25 eV and above. They found however still some large discrepancies
for some of the 4p levels. This motivates us for a more in depth experimental
study of electron/heavy particles kinetics. Our target, however, is not simply to
determine rate coefficients for atomic argon but to evaluate LCIF in combination
with CRMs as a diagnostic tool itself.

Laser collisional induced fluorescence can be used to gather self-consistent ex-
perimental datasets for the validation of these theoretical models. In the example
discussed above, the plasma is stationary and the CRM is used to describe the
population densities in steady state. This is usually the case in most experimental
versus modelling comparisons (see for instance [224, 252, 254, 255]). Fast and se-
lective excitation transfer channels will usually not be apparent. Using nanosecond
laser pulses allow to discriminate different time scales in the processes occuring in
the plasma [256, 257]. The method is mostly sensitive to fast transfer processes
while the steady values are determined by the slow (re)population kinetics.

A time-dependent collisional radiative model (CRM) was developed with the
Plasimo platform [90] to simulate and reproduce LIF experiments. It was exten-
sively presented in the thesis of W. Graef [14] and will be only shortly presented
here in section 7.6 to give its main ingredients. The CRM was developed for the
modelling of a LIF experiment in pure argon but can also simulate other experi-
ments such as TALIF on atomic hydrogen [258, 259]. The comparison between the
experimental LCIF data and the output of the CRM can allow a direct verification
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of the cross sections used for direct excitation transfer between two states as well
as the cascade contribution from other states.

LCIF combined and/or compared with collisional radiative models is not a new
method in itself. In has been quite extensively used for helium plasmas [260, 261]
as well as for neon glow discharges [228, 262, 263]. It can either be used for
the determination of rate coefficients, or, using a CRM for the determination of
(spatially resolved) electron densities [264, 265, 266]. Due to the large differences
in the energy levels of Helium, LCIF has been demonstrated as a sensitive tool
for the electron density determination [261]. An accurate knowledge of electron
impact transfer rate coefficients from one state toward other states can allow the
determination of the density of that state. LCIF has been successfully used for the
determination of the helium metastable density by different groups [267, 268, 269].
Nevertheless, it is interesting to note that collisional losses are usually considered
more as a problem than an advantage for diagnostics. LCIF is usually not even
considered as a diagnostic tool as itself. See for instance, the large review of (new)
laser spectroscopy techniques that was done by Winefordner et al. [270]. For
argon plasmas, the excitation scheme is least favorable and the argon spectrum is
dominated by the 4p and 5p radiative losses to the 4s states. These levels are rather
close in energy and the most intense lines strongly suffer from radiation trapping.
Only collisional induced fluorescence measurements on mixtures including argon
have been reported in the past [271, 272] and chapter 8. In the present study, we
will investigate step-by-step LCIF spectroscopy on argon for the first time. We
will evaluate as well the steps to obtain quantitative results.

LCIF being a “local” method for probing the excitation space of a given system,
the knowledge of the electron density and temperature as well as the gas density
can theoretically allow the determination of the apparent excitation transfer rate
coefficient between two states. Combining this method with a time-dependent
CRM will then allow the users to check for self-consistency and accuracy of their
model. In chapter 8, we will also show that excitation transfer between heteronu-
clear systems can be also measured, for instance, in an argon/hydrogen plasma.

Due to their reactivity and usually long life time, metastable species can play
an important role in plasma kinetics [229, 273]. However, as they do not emit
any radiation, their direct detection can be very complex. Line absorption is the
most commonly used method to measure the density of species in situ in plasmas,
including metastable species [234, 274]. It relies however on a ”line of sight” and
the local density profile can be obtained only via deconvolution techniques such
as Abel inversion [275].

The intensity of laser induced fluorescence allows, in specific conditions, to
measure the relative density of a metastable species density without the need of
any deconvolution. It requires however that no quenching occurs during the laser
pulse [256]. Laser saturation induced fluorescence is another method that permits
to discard the effects of quenching of the upper state in the case of two isolated
levels which are not strongly coupled to other levels nearby [276]. In most systems,
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this assumption was found to be rather doubtful and usually only works for low
pressure plasmas with low electron and gas densities. The use of a time dependent
CRM can allow the determination of the range of validity of such assumptions (see
section 7.3.5) and even to extend it.

In this chapter, we will investigate a low pressure microwave plasma source in
argon at intermediate pressures. This plasma source is a well-known and charac-
terized surface wave discharge in terms of quantities such as the electron temper-
ature and density spatially resolved in axial and radial directions [94, 188] as well
as the gas temperature [153] but also by 2D modelling [25]. In figure 7.9, the elec-
tron density in the center of the discharge along the plasma column measured by
Thomson scattering is shown for pressures in a range of 0.65 to 40 mbar. One can
see that ne decreases linearly along most of the column length but decreases more
steeply close to the end of the plasma. A non-linear fit of ne can be done and we
have then an expression of ne(z) as a function of the distance from the end of the
column (DEC) where for ne(DEC = 0) ≈ 0. The later feature makes the surfatron
a particularly interesting plasma source for the investigation of atomic/molecular
collisions with electrons.

A tunable dye laser system is used to pump the optical transition between the
4s and 4p (or 5p) groups. The temporal response of argon excited states directly
or indirectly perturbated by the laser pulse is measured with nanosecond time
resolution using a monochromator coupled to a photomultiplier and a multichannel
scaler.

In the following section, we will first briefly discuss the (electron induced) ex-
citation kinetics in an atomic plasma. Nanosecond time resolved measurements
following a nanosecond laser pulse allows to decouple different excitation chan-
nels and to probe specifically direct excitation channels. This is usually possible
whenever sufficient differences in time scales for concurrent creation/destruction
channels of one species exist. These situations will be discussed case by case
depending on the couplings between species. In section 7.4, we will present the
experimental setups for the LCIF measurements. The plasma source is the same
as the one described in chapter 2 and will be shortly re-introduced together with
the Thomson scattering setup (see also chapter 4). LIF and LCIF measurements
will be presented and discussed in section 7.5. The results will be finally briefly
compared to a time dependent CRM in section 7.6.

7.2 Electron and heavy particles kinetics in low temperature plasmas

In this section, we will first discuss the general processes governing the excited
species densities in low pressure plasmas. Electron impact excitation, collisional
quenching and radiative processes are the dominant processes resulting in the
steady state population densities.

Shining a laser through the plasma tuned to an optically allowed transition
allows to shortcut two levels [241] and to disturb the atomic state distribution
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function. The perturbation of the plasma by the laser pulse will be discussed
using the radiation transport equation as well as radiation trapping effects.

7.2.1 Particle balance of an atomic excited state

In non-equilibrium plasmas, the electron density steady state is defined by the
balance between creation of electron-ion pairs and their loss by diffusion and/or
recombination processes [89]. The pressure, electron density and degree of depar-
ture from equilibrium (i.e. the Te/Th ratio as well as the shape of the electron
energy distribution function) will conversely define the atomic state distribution
function (ASDF). These state densities are linked together by their balance of
excitation and losses by electrons, heavy particles and radiation.

The density of a level is given in every point of space as the balance between
excitation and deexcitation by electron collisions, collisional quenching2 and radi-
ation losses

(
∂nj
∂t

)
= −Djnj +

c∑
β 6=j

Pβjnβne +
∑
α>i

nαAjαΛjα

−
∑
i

njAijΛij −Kcoll
j ngnj ,

(7.1)

where Dj = kjne is the effective destruction frequency of the species j by electron
collisions, Pβj the production of the species j from any (upper/lower) state β by
electron collisions, Kcoll

j is the effective quenching coefficient by heavy particles
ng, Ajα the spontaneous emission coefficients for all upper levels having optically
allowed transitions down to level j and Aij the spontaneous emission coefficient
of the level j towards lower levels i. Λjα and Λij are their respective radiation
escape factors. Note that Λjα will depends on the density nj in the case when the
plasma is optically thick.

The effective destruction frequency Dj can be decomposed into direct excita-
tion channels by summing up over all discrete levels which are populated from
level j

Dj =
c∑

β 6=j
Dβj , (7.2)

where the level β is at the receiving end of the collisional loss.

For the heavy particle quenching rate, the effective collisional quenching rate
coefficient Kcoll

j , can be also decomposed as a function of the different atomic

2The so-called collisional quenching processes also include excitation transfer to discrete ex-
cited states within and/or between two atomic systems.
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species (and their internal states) nγ which act as a quencher

Kcoll
j ngnj =

c∑
γ 6=j

Kcoll
γj nγnj . (7.3)

The collisional quenching by the species nγ can be as well decomposed into its
direct excitation transfer channels as given in equation 7.2 for electrons.

The second and third terms in equation 7.1 are the total source terms of the
species j from all other states in the system where we considered only electron
excitation and radiative transitions3. The first and fifth terms are the effective
destruction terms respectively by electrons and heavy particles collisions. In the
case of metastable states, the fourth term of the particle balance given in equation
7.1 corresponding to radiative losses of the species j will be of course equal to zero.

Radiation from excited levels can be measured and the intensity of sponta-
neous radiation at the wavelength λ is proportional to the upper level density nj
according to Einstein relation

εji(λ) =
AjiEijnjϕλ(λ)

4π
(7.4)

where εji(λ) is the emission coefficient from the level j to i in Wnm−1m−3sr−1 ,
Aji is the Einstein coefficient, Eij is the energy between the two levels and ϕλ(λ)
is the line shape of the transition and normalized such as∫ ∞

−∞
ϕλ(λ)dλ = 1 (7.5)

Assuming an optically thin plasma, the total loss rate of an atom by radiation
is given by the fourth term of equation 7.1(

dnj
dt

)
rad

=
∑
i

Ajinj , (7.6)

where we used the spontaneous emission coefficient Aji. We have here the impor-
tant result that line emission

∫
εji(λ)dλ from a level j will radiate towards the

levels i′ and i′′ with a line intensity ratio Aji′/Aji′′ . Deviations from this ratio
will be the indication of radiation trapping by the lower level towards which the
upper state decays. Measuring this ratio for different levels radiating back to the
same lower level can be actually used for the determination of the absolute density
of the lower level [277]. In the following section we will discuss in more details
self-absorption phenomenon.

3For high pressure conditions, contributions from heavy particles excitation transfer becomes
important as well like the production of excited states via dissociative recombination. Such
channels are actually unimportant in argon plasma in the pressure range of study. We will
however show in section 7.5 that for redistribution within one levels group, collisional quenching
will be dominant for argon in the case of the 4p group and higher.
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7.2.2 Radiation trapping effects

Excited atoms can lose energy by emission of a photon corresponding to the energy
difference between two energy levels. The reverse process can occur as well when
a photon is absorbed by an atom and the latter is promoted to an higher excited
state. The probabilities of such phenomena is directly related to the Einstein
coefficients for spontaneous emission Aji and absorption Bij . They are related to
each other by the following formula

Aji =
2ω3

(2π~c)2Bji (7.7)

In optically thick plasmas, part of the spontaneous radiations coming down
from a level will be reabsorbed after being emitted and before being detected (i.e.
escaping the plasma volume). In a point of the plasma, radiation flux per unit of
volume, wavelength and solid angle, also called emission coefficient is related to
the spontaneous emission coefficient Aji via

εωdω =
1

4π
njAjiφ(ω)dω (7.8)

where nj is the density of the upper level and φ(ω) is the emission line profile.

Absorption of radiation on the other end is mostly proportional to the density
of the lower level and to the Einstein coefficient for absorption Bij and stimulated
emission Bji. It is described by the absorption coefficient κω

κωdω =
h

4π
[Bijniφa(ω)−Bjinjφe(ω)] dω (7.9)

In the case of plasma emission, the second term can be usually always ig-
nored apart when considering the atoms interacting with a resonant laser field
(see section 7.3.4).

The transport of radiation through the plasma can be generally expressed as

dI(ω, x)

dx
= εω(x)− κω(x)I(ω, x)dx (7.10)

where we reduced the radiation transport equation to one dimension and I(ω, x)
is the spectral radiance in the point of space x.

The total number of photons generated inside the plasma is given by

Eji =

∫
line

dω

∫
dxEji(ω, x) =

∫
line

dω

∫
dxnj(x)Ajiφ(ω) (7.11)

On the other hand, the total escape rate of radiation out of the plasma can be
defined as

Pji =

∫
line

∫
dxnj(x)Ajiφ(ω)dω exp (−τ0(x)φ(ω)) (7.12)
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where τ0(x) is the optical depth along the line x+ dx and is expressed as

τω(A,B) =

∫ B

A
κω(x)dx =

h

4π
Bijφ(ω)

∫ B

A
ni(x)dx (7.13)

The escape factor Λ is defined as the ratio between the total escape rate and
the total number of photons generated in the plasma

Λ =
Pji
Eji

=
1

nj

∫
dxnj(x)

∫
line

φ(ω)dω exp (−τ0(x)φ(ω)) (7.14)

In the last step, we consider that the location where the photons are emitted
and absorbed are proportional. This is actually a volume averaged approximation
which is valid only when the absorber ni is homogeneously distributed along the
line of sight; ni(x) ≈ ni(0). This is a rather strong approximation in general but,
in the framework of collisional radiative models, it is a common step. Indeed they
describe zero-dimensional kinetics in one point of space. It is possible to solve
self-consistently the radiation transport equation for transport sensitive states in
addition to the radiatively coupled levels and obtain exact escape factors. This is
however beyond the scope of the present description and we will refer to the work
of J. van Dijk et al. for further details [278, 279].

The escape factor as well as the optical thickness depends on the line shape of
the atomic line as shown by equations 7.14 and 7.13. In the case of a low pressure
argon plasma, the dominant broadening mechanism is via Doppler broadening. In
cylindrically symmetric plasmas, the escape factor is then given by [15, 280]

ΛDoppler =
1.6

(τ0/2)
√
π ln(τ0/2)

(7.15)

On the other hand, for high pressure plasmas, van der Waals and/or resonant
broadening will usually dominates and the line shape of the atomic line will be
Lorentzian. The escape factor takes then the following form [15]

ΛLorentz =
1.59√
πτ0/2

(7.16)

Note that these expressions for the escape factor Λ which were defined for infinitely
long cylindar of diameter L, are valid only in the limit of the optical depth τ0 ≥ 5.
For more information, see for instance [15]. For a Doppler broadened line, the
optical thickness will be given by the following expression [281]

τ0 = 1.1612× 10−19λ0

√
M

Tg
fijniL (7.17)

where λ0 is the central wavelength of the line in nm, M is the atomic mass of
the radiative atom in a.m.u., fij is the oscillator strength of the line and L is the
optical path length.



124 Laser collisional induced fluorescence on an argon plasma

Note that the oscillator strength is related to the Einstein coefficient for spon-
taneous emission via the relation [282]

fij =
gi
gj

2πε0mc
3

e2ω2
ji

Aji

On the other hand, in the case of a line with dominant Lorentzian wings, it can
be shown that the escape factor becomes almost independent of pressure [283]. In
the case of argon, this is true for pressures of 10 mbar and above.

7.3 Coupled states perturbation in a steady state plasma

In this section, we will discuss the temporal response of excited species in a steady
state plasma following an external perturbation (i.e. a laser pulse). The main
difference compared to power interruption measurements (cf. chapter 9) is that
the amplitude of the perturbation is such that the plasma will not be much affected
as a whole. The propagation of the perturbation will then reflect the steady state
properties of the plasma via its (steady state) rate coefficients. Most importantly
we consider (laser) perturbations that will not affect the electron density nor
temperature or gas density 4.

Figure 7.1: Schematic representation of the perturbation of the 4s and 4p states of argon
by a laser pulse and the collisional redistribution.

The temporal evolution of any (excited) species in the plasma is defined by its
particle balance

Ri =

(
dni
dt

)
= Pi − niDi, (7.18)

4The steady state perturbation of plasmas by high intensity laser beams will be investigated
in chapter 3 with respect to electron gas heating. The electron density steady state value can be
also increased by multi-photon ionization [106, 284] or enhanced stepwise ionization processes.
The latter will be shortly discussed in chapter 6.
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where Pi is the total production rate of the species i and Di its total destruction

frequency. In steady state, we have that
(
dni
dt

)
= 0 and so that Pi = niDi.

Using mass conservation’s law, it can be easily demonstrated that

Pi =
∑
j

Djinj (7.19)

which states simply that the net production rate of one state Pi is equal to the
summation over the net destruction frequency Dji of every species decaying into
that specific state. The total reaction rate of a species Ri can be either positive or
negative when the system is out of steady state. On the other hand Pi and Di are
always strictly positive variables. The net destruction frequency Dji is defined as

Dji = keji(Te, Th)ne + kaji(Th)na +Aij (7.20)

where ke and ka are rate coefficients which are defined as
∫
σ(E)f(E)

√
EdE and

for which σ(E) is the apparent cross section.
The temporal evolution of a perturbated system which is initially in steady

state can be generally described as(
d
(
nSSi + δni(t)

)
dt

)
= Pi(t)−

[
nSSi − δni(t)

]
Di(t) (7.21)

In the limit of small amplitudes, we can make a first order expansion of the
perturbation and the perturbations/fluctuations are damped exponentially in time
with a frequency ν

lim
t→∞

δni(t) = δni(t0) exp(−νt) = 0

.
This is true for stable systems; systems which are in stationary state and are

stable with respect to perturbations of arbitrary sign. Consequently, we will have
that

lim
t→∞

Pi = Dini

If we assume that (Te, ne, Th) are constant in time and that no quenching
between excited ni species occur, we have that

Di(t) ≡ kei (Te)ne + kaji(Th)na +Aij = Di· (7.22)

In the latter formula, we assume that quenching comes mainly from ground
state atoms and from electrons. Note for example that in the case of Ar 4s states,
if Penning ionization5 is an important loss mechanism, this assumption is not valid

5Although this process is widely named after Frans Penning, it was discovered the same year
by Gaylord P. Harnwell [285, 286] and we may actually talk about the Harnwell-Penning effect.
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anymore and Di = Di(t) for the 4s states. In the case of radiation trapping, this
assumption will also lose validity for the upper level.

In general, the production rate of the species i following a perturbation, is
given by

Pi(t) =
∑
j 6=i

Dji(t)
[
nSSj + δnj(t)

]
(7.23)

In first order perturbation treatment, the equations for the steady state values
and the temporal evolution of the perturbation can be decoupled and will be given
separately by (

dnSSi
dt

)
=
∑
j 6=i

Dji(t)n
SS
i − nSSi Di(t) = 0 (7.24)

and (
dδni(t)

dt

)
=
∑
j 6=i

Djiδnj(t)− δni(t)Di (7.25)

where we assume that Di does not depend of time. We have then that P δi (t) =∑
j 6=iDjiδnj(t) and δni(t)Di which are respectively the production and destruc-

tion rate of the perturbation of the species i. We see that both of them, and not
only the destruction rate depends on time via

∑
j δnj(t) and δni(t) respectively.

7.3.1 Positive perturbation

Let’s consider a state nu in steady state which undergoes a positive perturbation.
To recover towards steady state, its density will have to decrease in time. The
balance of the state is given by equation 7.18.

Taking the approximation that Pu(t) = Pu (cf. equation 7.23 for the source
levels j), if Pu > nuDu, then the system would be by definition not in steady
state; the perturbation would grow in time. So for a steady state, we have then
at all times

Dunu ≥ Pu (7.26)

with the limit for long times that

lim
t→∞

Dunu = Pu

Taking the first order Taylor expansion of the perturbation δnu(t) = δnu(t0)+(
∂nu(t)
∂t

)
δt which comes back to assume that Pu and Du are constant in time, we

have then the perturbation δnu(t) which decreases in time as

δnu(t) = δnu(t0) exp (−Dut) (7.27)
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In this first order perturbation treatment, it is not necessary to take into
account explicitely the source of the perturbation and so the explicit depletion of
the state which had received an excess of population.

7.3.2 Negative perturbation

Let’s now consider a state nl which is in steady state and undergoes a negative
perturbation. If Pl < nlDl, then we have that(

dnl
dt

)
≤ 0

The steady state cannot be reached if the total production of the state is slower
than its own destruction rate. For any state which is in steady state and undergoes
a depletion, we have then the general condition that

Pl ≥ nlDl (7.28)

for any time after the depopulation. If P1/n1 < D1, we would have that the
density of the state nl decreases in time and asymptotically does not come back
to its previous steady state.

It can be easily proven, that for any non-equilibrium steady state system (so
with external constraints and eventually positive energy influx) that this two in-
equalities will be always fulfilled for every state in the atomic system. This will
be true in the case of ionizing plasmas where excitation and losses are linear in
the gas and electron densities (first order approximation).

7.3.3 Exponential shape of collision induced response

If we assume that the neighbor species ni 6= n1 to the level 1 evolve in time as
ni(t) ≈ Ai exp(−Dit). As the production of one state comes from the destruction
of other states

P1 =
∑
i

Di1ni

we have that the net production of the state 1 from the other states i is given by∫ t

t0

P1(t)dt =
∑
i

Aiexp(−Di1t). (7.29)

We arrive then at the result that both P1 and D1 lead to exponential recoveries
in time. The collisional response of a level is the summation over the exponential
(positive/negative) relaxation of the neighbor levels.
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Using conservation of mass and equation 7.19, one can get easily that the
temporal evolution for a closed system is given by

δn1(t) =
∑
j

δnj(t0) exp (−Djt) (7.30)

where we assume that the levels j are not significantly coupled between each other.

We shall note that in the case of a negative perturbation, the recovery time νi
of a species i will never be slower than the total destruction frequencies Dj of the
species j it comes from. In mathematical terms it writes

∀j [νi ≥ Dj ] with Dj = Dji +
∑
k 6=j

Djk

Let’s consider now two states which are connected by collisions and that one
has a much higher destruction frequency than the other one Dj > Di. If these
two states are not strongly coupled together to a same third state6, the state i will
recover from the perturbation of the state j with the same characteristic frequency
νi = Dj .

Note that it does not depend on the strength of the coupling between the two
levels. The strength of the coupling between the two states which is given by
keijne in the case of electronic (de)excitation will define only the intensity of the
dip/overshoot of the level i.

4p

4s

ion

ground

losses

laser

pulse

e-

LCIF

Figure 7.2: Schematic representation of the perturbation of the 4s and 4p states of argon
by a laser pulse and the collisional redistribution.

6In the case that the third species is the ion, this will not be a constraint excepted if these
states are in Saha equilibrium.
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7.3.4 Laser perturbation and saturation of an optical transition

In the last section, we treated the perturbation of an atomic system without
describing explicitely the laser pulse itself but considering it as a conserved per-
turbation of the system. Now, we will look in more detail to the laser photon
absorption by the atom itself.

In Fig. 7.2 a schematic depiction of an atomic system is shown. A laser pulse
is tuned to a 4s-4p transition which can be written shortly as u and l levels with
u standing for upper and l for lower level. The two levels have an energy gap of
Eul = hνul.

Atoms in level u absorb a photon from the laser, exciting the atoms to level
l. At the same time the laser photons cause stimulated emission of atoms in level
u, forcing a decay to level l. Meanwhile, level u is also depopulated by all the
usual processes: spontaneous radiative decay to lower levels (l and r), excitation
to higher levels (s), and de-excitation to lower levels (l and r). The same applies,
of course, to level l.

The rate coefficient for population of level u due to the laser is described by:

FL(l, u) =
σLluE

L
e

hνlu
, (7.31)

with hν the photon energy, ELe the laser irradiance in W m−2, and σLlu the
laser absorption cross section. The absorption cross section is proportional to the
Einstein coefficient for absorption Blu

σ(ν) =
1

8π
λ2Aulϕ(ν)

gu
gl
, (7.32)

where we expressed Blu in terms of the spontaneous emission coefficient [282]

Alu =
~ω3

lu

π2c3
Blu

and is related to the Einstein coefficient for stimulated emission Bul by:

Bul =
gl
gu
Blu (7.33)

where g is the degeneracy of a level. This means that the population of level
u by a laser with irradiance ELe can be described by:

dnu
dt

=
σLluE

L
e

hνlu
nl −

σLulE
L
e

hνlu
nu = FLlu

(
nl −

gl
gu
nu

)
(7.34)

Similarly, the depopulation of level l can be described by:

dnl
dt

= FLlu
(
gl
gu
nu − nl

)
. (7.35)
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The laser irradiance can take any temporal shape. In figure 7.3 an arbitrarily
high rectangular pulse in a block shape was taken and used as input for a collisional
radiative model developed by W. Graef [14]. For very short times and in saturation
regime, one can see that the two levels reach their equipartition ratio (see section
7.3.5). For longer times, the two levels will decay together with the loss frequency
of the upper level (higher destruction frequency).

7.3.5 LIF saturation

When sufficiently high laser fluencies are used, saturation of absorption and stim-
ulated emission can be reached and it will lead to equipartition of the upper and
lower state

nu
gu

=
nl
gl
· (7.36)

If saturation conditions are fulfilled, the relative overpopulation of level u and
depopulation of level l can be then expressed in terms of their statistical weights.

Figure 7.3: Influence of the electron density on the saturation density. Shown are the
weighted densities (η = n/g) of the levels 1s5 and 2p2 in Paschen notation as a function
of time for different electron densities. The weighted densities have been scaled so that
at time t = 0 the overlapping η values for the 4p level are at the bottom of the graph,
and for the 4s level at the top. The laser pulse (starting at 1 ns and ending at 11 ns, gray
line) depopulates the 4s level in favor of the 4p level, until saturation is reached: ηp = ηq
or nq/gq = np/gp. During saturation the 4s and 4p curves overlap. After the pulse we
see a bifurcation; the lower level (4s) density goes up while the density for the upper level
(4p) goes back down again, both returning to their initial value (though not visible for
low electron densities).

If we assume that saturation is reached in a time scale much shorter than the
quenching time of the upper and lower levels, the sum of the two level densities



7.4 Experimental setups 131

does not change, meaning that:

n0
l + n0

u = nsatl (t) + nsatu (t), (7.37)

with n0 the density in steady state before the pulse, and nsat(t) the saturation den-
sity. Combined with Eqn. (7.36) this results in the weighted saturation densities:

ηsatl = ηsatu =
1

gl + gu
(glη

0
l + guη

0
l ). (7.38)

If we define

∆0
η = η0

l − η0
u, (7.39)

this can be written as:

ηsatl = ηsatu =
1

gl + gu

(
gl(η

0
q + ∆0

η) + guη
0
u)
)

= η0
q +

gl
gl + gu

∆0
η. (7.40)

For the 696.7 nm line we have gl = 5 and gu = 3. The saturation level, also shown
in Fig. 7.3, is therefore at η0

4p + 5
8∆0

η.
The density of the 4p levels is much lower than the one of the 4s levels. The

calculation of the saturation density shows that the relative increase of the 4p level
is far greater than the depopulation of the 4s level. Since η4p � η4s, the density
difference, equation (7.39), will be ∆η ≈ η4s. The density change factor of the 4s
level will be approximately 5/8, but for the 4p level the density can increase with
a far higher factor, even up to 100.

7.4 Experimental setups

In this section, we present the different setups that were used to probe the (direct)
kinetics of argon excited states in a low pressure microwave plasma. A tunable
dye laser system was used to pump the 1sx state of argon towards the 2py state
in Paschen’s notation. The electron density and temperature were measured by
Thomson scattering while the microwave plasma was generated using a surfatron
(surface wave discharge).

7.4.1 Laser Induced Fluorescence setup

The time resolved LIF experiments were performed with a dye laser pumped by a
Nd-YAG laser [235]. The pulse repetition rate of the Nd:YAG laser can be tuned
from 1 Hz to 5 kHz, with a maximum energy per pulse of 4 mJ; the pulse-duration
is about 8 ns. Two different dye laser systems where used. One working in the
blue region and pumped with a frequency tripled Nd:YAG laser emitting photons
at 355 nm and another one in the close to infrared region pumped by a frequency
doubled Nd:YAG laser producing 532 nm photons. Different dyes were selected
to obtained laser light at specific wavelengths.
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The resonator of the, close to infrared, dye laser was installed with an
1800 lines/mm grating allowing optical pumping in the visible range from 540
to 920 nm. The dye laser was fed with a pyridine-1 dye dissolved in ethanol to
get a tunable wavelength in the range of 690-720 nm. This wavelength range al-
lows to pump the argon lines 696, 706 and 714 nm corresponding to transitions
from the 1s5 state of argon to the 2p2, 2p3 and 2p4 states respectively. To pump
argon lines in the higher wavelength range styryl-11 dye dissolved in ethanol was
used and could pump any argon lines in the 760 to 830 nm range. A schematic
of the 1s and 2p levels with their optically allowed transitions is shown in fig-
ure 7.4. Specific pumping schemes allowed to depopulate all 4s states of argon
towards 4p upper states. The linewidth of the laser is approximatively 1.8 pm
allowing to probe selectively one level with high efficiency but also while avoiding
hole-burning of the line [274]. Indeed the Doppler width of argon lines is typically

λFWHM = λ0

√
8kBT ln(2)
mArc2

≈ 2.4 pm which means that we pump the complete line
at once.

Figure 7.4: Schematic of the argon 1s and 2p levels showing all possible radiative tran-
sitions between the levels. The diagram is taken from [165].

For the argon lines in the blue region, mostly 5p lines, a second dye laser
(Sirah, CobraStretch) was with a pulsed, frequency tripled Nd:YAG laser emitting
photons at 355 nm. The resonator of the dye laser is mounted with a 3000g/mm
grating allowing the amplification of a monochromatic beam with a line width of
1.4 pm. This is slightly narrower than the Doppler width of argon lines. However,
we use large laser fluencies until reaching actual saturation of the atomic line and
we have power broadening due to saturation that will lead to effective pumpinf of
the entire line [274]. To check whether saturation conditions were reached or not,
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the laser induced fluorescence response was measured as a function of the laser
power. In figure 7.6, an example of such saturation curve is shown. It is seen that
the saturation conditions were already reached for laser fluencies almost 100 times
lower than the nominal full laser power. The collisional response is found also to
follow the same trend and agree closely with the intensity of the spontaneous LIF
intensity.

The laser power was controlled by tuning the laser output of the Nd:YAG
lasers and by using neutral density filters after the dye laser to modulate the laser
output if necessary. The fluorescence signal was detected using a monochromator
equipped with a PMT. The entrance slit of the 1 m Jobin-Yvon monochromator
was adjusted each time in order to gain the maximum light intensity while not
measuring overlapping lines. The photons were counted and ordered in arrival time
using a multi-channel-scaler (MCS) Ortec 9353. The maximum time resolution
of the MCS is 0.2 ns. A global schematic of the setup is given in figure 7.5. To
detect the collisional induced fluorescence light from the argon levels, a typical
accumulation time of 1800 s was required meaning that for a repetition frequency
of 1kHz, the fluorescence is averaged over almost 2 million laser shots. In every
case, a maximum of a few photons per laser shot were detected ensuring in that
way the linearity of the MCS response.

Figure 7.5: Schematic of the laser induced perturbation setup: the laser beam is ex-
panded in such a way that the cross section of the plasma is fully illuminated by the
laser. A set of lenses collects the light perpendicular to the plasma which is subsequently
resolved in wavelength by a monochromator. A photomultiplier and a MCS allow time
resolved photon counting.

7.4.2 Thomson scattering setup

Thomson scattering (TS) is a non-intrusive and local method to simultaneously
measure the electron density ne and temperature Te [114] provided that not too
high laser fluencies are used that will heat up the electrons [117]. The intensity of
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Figure 7.6: Intensity of the spontaneous LIF signal compared to the collisional LIF
response as a function of the laser power (1 kHz). The dye laser pumps optically the
696 nm transition between the 1s5 and 2p2 states. The pressure is 4 mbar and the
measurements were done 17 cm away from the end of the column.

the scattered photons is proportional to the electron density while, in incoherent
scattering regime, the full width at half maximum (FWHM) of the TS signal gives
the electron temperature Te [143].

For the TS measurements, a Continuum laser operating at a frequency of 10 Hz
and delivering 532 nm photon pulses of about 100 mJ per pulse was used. A triple
grating spectrometer is used to filter out the Rayleigh scattering signal and most
of the stray light. The signal is collected with an high sensitivity and low noise
Andor iStar (DH734-18U-63) iCCD camera. The intensity of the signal and its
wavelength position on the image are calibrated using Raman scattering on N2 at
a known pressure and temperature [287]. An envelope fitting of the N2 Raman
rotational bands allows to calibrate the spectrometer both in wavelength and in
absolute intensity [140]. A schematic of the setup is given in figure 7.7.

7.4.3 The microwave plasma source

The plasma device is a microwave plasma operating in the intermediate pressure
range of 0.1 < p < 100 mbar at a frequency of 2.45 GHz. It is created by a
home-made surfatron generating a surface wave discharge (SWD) in an argon
flow through a quartz tube with an inner (outer) diameter equal to 6.0 (8.0) mm
[188]. This plasma can also be operated while adding gases such as nitrogen,
oxygen or hydrogen in various concentrations.

One of the advantages of such plasma sources is that for a large pressure and
gas composition range the electron density varies almost linearly along the plasma
column (see figure 7.9). The electron temperature on the other hand is only a
weak function of the axial position (and spatial coordinates in general). For more
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Figure 7.7: Schematic of the Thomson scattering setup and the surface wave discharge
setup: the plasma is placed on a sliding table which allows to shift the plasma with respect
to the entrance slit of the triple grating spectrometer (TGS).

details we refer to [39, 40, 94, 131] for instance. For fixed plasma conditions
(pressure, power and gas composition), this feature allows to probe the variation
of plasma kinetics as a function of the electron density solely while measuring
the plasma properties along the plasma column. For this reasons the results will
be usually discussed first qualitatively as a function of the distance from the end
of the column (DEC). This comes from the classical property of SW discharges,
for which, in low pressure conditions, the length of the plasma increases linearly
with power consumption as so does the electron density at the launcher [94, 288].
The electron density rises at the launcher as a function of power density and
then linearly decays along most of the plasma column. This originates from the
fact that the electron temperature is mostly determined by the electron particle
balance while the electron density is governed by the electron energy balance
[40, 47, 89, 151]. The electron density in the radial direction for this SWD with
an inner tube radius of 3 mm was found by Thomson scattering to follow a Bessel
profile (cf. chapter 4). The electron (creation) temperature on the other hand is
almost completely flat for pressure of 40 mbar and below both axially and radially
[89, 188]. However, for electron excitation between states close in energy, the mean
electron energy is the most important parameter and was found to rise towards
the end of the column (see chapter 5). We shall keep this in mind, for later, in the
discussions. These features make this plasma source a good candidate for studying
plasma kinetics as a function of plasma parameters such as the electron density,
the gas composition and the pressure. Particularly when the electron temperature
is not expected to affect significantly the excitation transfer rate coefficients like
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it was shown in chapter 6.

To avoid any self-absorption of the LIF signal, the laser beam was expanded in
such a way that it covers the full section of the plasma tube. We can then correlate
it to the radially averaged electron density and electron temperature measured by
Thomson scattering.

7.5 Laser collisional fluorescence experiments

7.5.1 Electron and heavy particles quenching rate coefficients for 2p and 3p
states

In this section, we will first start to investigate the temporal response of the
argon system following coupling of the 1s5 and 3p5 states (in Paschen notation)
by pumping the 451 nm line. This state was used by Boffard et al. [209] to probe
by emission spectroscopy the electron temperature of low temperature plasmas.
However what makes this group of 3p states more attractive for us is that their
radiative oscillator strength is much smaller than for the 2p group. Radiative
trapping effects are expected to be small.

Based on equation 7.22, one expects that the decay frequency of an excited
state will be proportional to the electron density and gas density. In figure 7.8, a
schematic of a so-called Stern-Volmer plot is shown. When the decay frequency
of an atomic state is measured as a function of the local electron density, the
extrapolation for ne = 0 will give the total heavy particles quenching of the state
and its total radiative decay frequency

νi(ne = 0) =
∑
j

Aij + kai na· (7.41)

The spontaneous radiative decay frequency of the 3p5 state as a function of
the electron density of the plasma is shown as welll in figure 7.8 for two different
pressures. One can see indeed that the decay frequency is reasonably well linear
with the electron density7. The radiative loss contribution is shown in the figure
for reference. One can see that the dominant loss mechanism is via heavy particles
collisions.

In figure 7.10, the decay frequency of the 2p4 state as a function of the electron
density and gas pressure is shown. One can see that the life time at 0.65 mbar is
found to be even longer than its radiative life time. This suggest radiation trap-
ping and, indeed, in chapter 6 we measured that the 4s state densities are higher
at lower pressures (see figure 7.17). The slope of the Stern-Volmer plot gives the

7At the end of the column, the decay frequency is however slightly smaller than the one
expected from the electron density at the same position. This might be however due to slight
overestimation of the electron density at the end of the column as well for electron densities
below 5 · 1018 m−3 . Indeed the signal to noise ratio increases during Thomson scattering for
lower electron densities.



7.5 Laser collisional fluorescence experiments 137

0.0 3.0x1018 6.0x1018 9.0x1018 1.2x1019
0.0

2.0x107

4.0x107

6.0x107

8.0x107

1.0x108

1.2x108

1.4x108

ATot=3.75 106 s-1

 

 

LIF on 3p5 level
 4 mbar
 0.65 mbar

D
ec

ay
 fr

eq
ue

nc
y 

(s
-1
)

electron density (m-3)

Figure 7.8: Top, a schematic of the decay frequency of an excited state (after laser
perturbation) as a function of the electron density and pressure is shown. Bottom, the
decay frequency of the 3p5 state is measured for different electron densities and pressures.
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Figure 7.9: Electron density and temperature measured by Thomson scattering along
the plasma column for different pressures.

total electron quenching rate coefficient. In figure 7.11 the values obtained exper-
imentally for different pressure are shown. The values are given as a function of
the electron temperature found by Thomson scattering close to the launcher. The
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values for the 2p2 and 2p3 electron quenching coefficients were measured as well.
For lower pressures, the electron temperature was found to be higher because of
the increase in electron-ion pair diffusion losses (see chapter 5 for more details).
The electron quenching coefficient seems to be almost linear with electron temper-
ature Te. However, we assumed here that the electron temperature was constant
along the plasma column. This is correct for the total ionization rate but we
found by Thomson scattering that the mean electron energy was not constant for
a given pressure and increasing towards the end of the column. The uncertainties
on the exact dependence in Te of ka(2p) are then large. It is important to note
that the increase of the quenching rate coefficient for lower pressures cannot be
explained by radiation trapping as it will increase the apparent lifetime (and gives
conversely smaller rate coefficients). The rate coefficients measured here are then
lower estimations of the exact quenching rates.
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Figure 7.10: Decay frequency of the 2p4 state for different pressures as a function of the
electron density in the plasma.

The extrapolation of the 2p state decay frequencies for zero electron densities
allow to get an estimate of the heavy particle quenching coefficients. The experi-
mental heavy particle collision loss frequency as a function of pressure for the 2p2,
2p3 and 2p4 states are shown in figure 7.12. One can see that it is relatively linear
with na but drops for lower pressure. This is again because of radiation trapping
effects that will lead to a strong underestimation of its real value. The systematic
underestimation becomes larger for lower pressure as the 1s densities increase. If
we know the density of the 1s states in the same plasma conditions, it is possible
to correct for it. Nevertheless this might be one step too much and the values
obtained will not be accurate. As these rate coefficients are already known with
good accuracy, it is not our purpose to try measuring them again. We shall only
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Figure 7.11: The total electron quenching coefficient measured for different 2p states
is plotted as a function of electron temperature (i.e. gas pressures) for 2p2, 2p3 and 2p4

states of argon.

report here the trend that the total heavy particle quenching coefficient for the
2p3 state is found to be larger than for the one for the 2p2 and the 2p4 states,
whereas the quenching rate of 2p2 is smaller than the one of 2p4.This trend is
in agreement with the experimental values obtained by Nguyen et al. [250] and
Chang et al. [251].

To conclude the analysis of these measurements, it is interesting to notice that
the electron quenching rate coefficients which were estimated for the 2p states
are quite large but in overall do not contribute much to their total quenching
rate coefficient. To neglect electron quenching within the 2p group in collisional
radiative models is then a reasonably good approximation for low electron density
plasmas (ne < 1019 m−3 ) and high pressure conditions (20 mbar and above).

7.5.2 Probing argon collisional kinetics between the 1s and 2p groups

In the previous section, we have investigated the spontaneous LIF response of the
upper level belonging to the 2p or the 3p groups while being pumped from the
1s5 state of argon. The temporal response of nearby levels induced by collisional
quenching and/or excitation by electrons can be measured as well. As discussed
in section 7.3, any level in the argon system can be connected via collisions to
the upper level which was overpopulated by the laser and to the lower level which
was pumped. In the case that one of these couplings is dominant, it will lead
respectively to a positive and a negative temporal response of this level. The
amplitude of these perturbations will depends on the strength of the coupling and
we can imagine in some cases to observe both a positive and a negative response
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Figure 7.12: The heavy particle quenching coefficient deduced from the extrapolation
to zero electron density is shown as a function of pressure for the 2p2, 2p3 and 2p4 states
of argon.

(if the two levels disturbed by the laser have significantly different lifetimes).

For different pumping schemes, positive and/or negative responses were mea-
sured for all the levels within the 2p group, while they were not directly dis-
turbed by the probe laser. These responses can be directly linked to electron and
heavy particles collisions transfer within the argon system from the levels optically
pumped.

The direct response of the 2p2 state gives a direct overshoot in line intensity
of a factor about 20 times the line emission intensity in steady state [235]. This
depends on the plasma conditions, and mostly on the electron density and pressure
which determine the ratio between the 1s and 2p population densities [183, 224].
The intensity overshoot/dip of the collisionally induced fluorescence is always weak
and rarely exceeds 15% of the steady state line intensity value.

In this experiment, depletion of the light emission from 2p levels could be
detected only for the 2p8 and 2p9 states (radiation from the 2p10 state could
hardly be detected because of the poor sensitivity of the spectrometer in the
higher wavelength range). The dip of the 811 nm line coming from the 2p9 state
was particularly marked. In figure 7.13 a typical line response is shown.

One can see that the temporal response can be separated into three parts;
the steady state where the plasma light is unperturbated by the laser pulse, the
overshoot in line intensity and its subsequent fast decay and an intensity dip
corresponding to a slow restauration time towards the steady state value that was
before the laser perturbation.

In this section, we will focus mainly on the temporal response of the 811 nm
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line corresponding to the 2p9 and link its response to the kinetics of the bottom,
metastable level 1s5.

Following the 1s5 state depopulation by the pulsed laser, it was found that the
2p9 state is the 2p state of argon which is the most depopulated after the laser
pulse. The direct excitation rate coefficient by electron impact between 1s5 and
2p9 can be approximated by [224] k(1s5 → 2p9) = 6 · 10−7 exp(−2/Te) cm3s−1 .
This is the largest cross section for excitation between the 1s and 2p states [248].

Figure 7.13: Example of the 811 nm line response to the perturbation of the plasma by
the laser pulse: the different phases of the line response are shown; before the laser pulse,
the fast rise of the line intensity following the depopulation of 1s5 towards 2p2 and the
slow recovery towards steady state.

In first approximation, we can then assume that the negative temporal response
of 2p9 is directly correlated to the 1s5 kinetics (see figure 7.2 for a schematic of
the LCIF excitation scheme as well as figure 7.1 for a schematic of the temporal
response of the level 2px due to its connection to the depopulated level by electron
excitation).

To investigate and validate experimentally this assumption, we added some
small amounts of nitrogen in the discharge and measure the response of the N2

system and correlate its time response with the argon 1s5 state.

The plasma being in steady state before the start of the laser pulse, the sub-
sequent depletion of line emission intensity of an excited state can be correlated
to a decrease of its population from the level that was pumped down by the laser
pulse (see section 7.3).

A well-known excitation transfer from Ar(1s) to N2 ground state molecules
occurs which produce N2(C) excited state [215, 217, 289, 290, 291]
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Ar(1s) + N2 −→ Ar + N2(C)

This electronic state emits characteristic molecular bands at 337 and 357 nm
which belongs to the so-called second positive system and corresponds to the
radiative transition between the vibrational levels ν = 0 and ν = 1, respectively,
of the N2(C) state towards the N2(B), ν = 0 state. Touzeau et al.[292] found a
effective excitation transfer rate for Ar(1s5) with N2(X) (ground state) of 3.6 ·
10−11 cm3s−1 . Nguyen et al. [217] reported values of 2.75 and 0.66 ·10−11 cm3s−1

for excitation by 3P2 (1s5) and 2P0 (1s3) argon metastables, respectively. For the
1s5 state which was depopulated in this experiment by the laser, Sadeghi et al.
[293] found that the rate coefficient for excitation of the N2(C, ν = 0) was 4.3 times
more efficient than towards N2(C, ν = 1). Although this a quite large difference
in excitation rate transfer, we found that both vibrational states ν = 0, 1 were
similarly depopulated (in relative intensities) at the end of the laser pulse. This
may indicate a fast population transfer from ν = 0 to ν = 1 by electron collisions.

An example of the time resolved emission spectrum of the 811 nm line of
argon and the 337 molecular band response of N2 are shown in figure 7.14 for the
same plasma conditions. The comparison between the response time of 2p9 and
N2(C, ν = 1)8.was repeated for different amount of N2 partial pressure as well
as for different pressures. The restoration times are given in figure 7.15. A good
agreement between the response time of the 2p9 and the SPS of N2 is found for
all the plasma conditions. This indicates that the temporal dip in line intensity of
the 811 nm line is a real probe of the temporal evolution of the metastable density
subsequent to the laser pulse.

cite

Figure 7.14: Comparison between the time resolved response of 811 nm line of argon
and N2(CΠ3

u) band.

8This band was chosen, because of its emission intensity and slightly better signal to noise
ratio compared to the 337 nm band.
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Figure 7.15: Recovery time of the 811nm line of argon compared with the SPS recovery
time of N2 while monitoring the 357 nm line. Similar frequencies are found for all plasma
conditions.

If the negative response of 2p9 is indeed directly correlated to the temporal
evolution of the 1s5 state, one may expect that the temporal response is mostly
independent of the choice of the 2p state towards which its population is trans-
ferred. Part of the overpopulation of that state will come back by radiations to the
1s group and the rest will be mostly lost by stepwise ionization (see chapter 6 for
the experimental measurements of the radiative repopulation of the 1s states). In
figure 7.18, the recovery frequency of the 2p9 state was measured while pumping
the 2p2, 2p3 and 2p4 states in the same plasma conditions. A very good match
is found for all conditions showing that the selection of the upper levels does not
influence the apparent connection between the response of the 1s5 and 2p9 states.

In chapter 6, the direct temporal evolution of the 1s5 was followed by laser
diode absorption spectroscopy (LDAS). The recovery after the laser could be fit-
ted with two exponentials, one for a relatively fast recovery and a slow component
in the range of a couple of microseconds even in the high pressure range. In the
experiments with the 811 nm line, we could not detect any similar slow compo-
nent part because the sensitivity of the detection system is not sufficient. The
recovery time of the 2p9 state can be then directly compared to the fast recovery
of the 1s5 state measured by LDAS. The results of the comparison for a plasma
column at 20 mbar are shown in figure 7.16. One can see that at high electron
densities the comparison is rather good but deviations increase towards lower elec-
tron densities. The 811 nm line emission was found to first very rapidly increases
and then decay within 30-50 ns until going below steady state and finally recover
slowly towards its steady state value. The convolution of this positive and nega-
tive response may render a fit of the recovery frequency less accurate. However
the time scales between the two processes are significantly different and only rela-
tively small systematic errors are suspected. If we analyze the overshoot intensity
along the 20 mbar plasma column, its relative intensity do not change much while
the recovery frequency is coming significantly closer to the one found by LDAS.
On the other hand, the overshoot intensity was found to significantly increases at
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Figure 7.16: Comparison of the single exponential recovery time of the 2p9 state with
the recovery times found by pump-probe measurements of the 1s5 state.

lower pressures while the electron density is decreasing in the same time. If the
positive overpopulation of 2p9 is coming from the 2p2 level, one would expect its
intensity to increases with electron density. The opposite is actually found.
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Figure 7.17: Evolution of the metastable density as a function of pressure close to the
launcher. The densities were obtained by laser diode absorption spectroscopy. For more
details see chapter 6.
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The only collisionally overpopulated lines which show ultrafast rise time (less
than 10 ns) are curiously from transitions with large oscillator strengths. In figure
7.19, the temporal evolution of two lines coming from the same upper level (2p8)
but different oscillator strengths are shown. One can see that the stronger line has
a fast overshoot followed by a depletion below steady state meanwhile the other
optical transition shows only a depletion below steady state. Very importantly,
the line with strong oscillator strength which is the 801 nm line is radiating back
to the 1s5 state. This positive “LCIF”signal is then due to an increase of radiation
escape from the upper level. No overshoot of the atomic line with small oscillator
strength (801 nm) is observed while a positive response is found in the case of the
842 nm line coming from the same upper level. The 1s5state being depopulated
by the laser pulse, we observe then an apparent increase of radiation from the
801 nm line. It is however only an increase of radiation escape from that line due
to the decrease of population of the 1s5 state. It is the same situation as in the
case of the 2p9 state. The metastable 1s5 density increases at lower pressures (see
figure 7.17 and it is reflected in an increase of the apparent “surpopulation”of the
2p9 state while at high pressures, when the plasma is becoming more optically
thin the bump in light intensity of the 811 nm tends to disappear.
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Figure 7.18: Recovery time of the 811 nm line of argon while pumping the 1s5 state
toward different 2px states for two different pressures. The recovery times are found to
be independent of the laser wavelength.

The restoration time of the 1s5 state was measured along the plasma column
for different pressures. Restoration times as long as 2.4 µs at low pressure and low
electron densities were measured whereas for high pressure and correspondingly
higher electron densities, the steady state is recovered within a couple of hundreds
of ns . This is however still much longer than the positive decay that was found
to be in the range of 25 − 50 ns for all conditions and so the two signals could
be easily separated. Moreover, the positive response at higher pressures tends to
completely disappear meanwhile the dip is still clearly visible. This restoration
time can be converted into a frequency and was plotted versus the electron density.
The results are shown in figure 7.20. The frequency for a given pressure is found
to be linear with the electron density but the slope (that will give an electron rate
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Figure 7.19: Laser collisional induced fluorescence response of the 2p8 state following
pumping of the 706 nm transition. The pressure is 6 mbar and the electron density is
equal to 2.43 · 1019 m−3 . The temporal evolution of different lines is affected by radiative
trapping due to the density of the lower 1s levels. Note that the signal from the 842 nm
is weaker in terms of photons counting although its emission strength is larger because
the sensitivity of the photomultiplier was much weaker than for the 801 nm line.

coefficient) is a strong function of pressure. As discussed and shown in chapter
6, the kinetics of the 1s5 state are not a function of pressure and are governed
by electron kinetics. The electron temperature was even found not to play an
important role in our plasma conditions. The 1s5 metastable density, on the other
hand, is a strong function of pressure and does not vary much along the plasma
column. The most likely reason for this higher apparent rate coefficient at lower
pressure is a relatively faster recovery of the optical thickness of the medium
for the 811 nm line. We cannot then measure accurately a electron production
rate of the 1s5 state (from other 1s states for instance) while monitoring the 2p9

state in our plasma conditions. In the limit of high pressure (i.e low metastable
density) and high electron density, the method might work well on the other
hand. Particularly when the electron saturation balance regime of the 2p states
is expected to be fulfilled (ne ≥ 5 · 1019 m−3 ).

7.5.3 Probing excitation transfer between 2p states

In an ideal case where we can neglect any radiation trapping effects, the positive
response of an atomic state can be correlated to a direct or stepwise excitation
transfer from the level that was overpopulated compared to steady state. However,
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Figure 7.20: Recovery frequency of the 811 nm line as a function of the electron density
for different pressures

we have demonstrated in the previous section that we are not in this ideal situation
and radiation trapping hampers the detection of pure collisional radiative transfer
processes.

For the sake of collisional radiative modelling (see next section), we will nev-
ertheless shortly explore the response of the argon atomic system. The electron
excitation cross sections between the 1s and the 2p states were measured by the
electron beam technique [249] and Nguyen & Sadeghi [250] measured direct exci-
tation transfer cross sections between the 2p states via heavy particles collisions.
Based on this knowledge, we can explore whether the signature of specific excita-
tion channels can be observed while using LCIF.

In figure 7.21, the temporal behavior of all 2p states (excepted 2p10) is shown
after pumping 2p2 from 1s5 (696 nm line). One can see that some states have
a positive response whereas other states have only a negative temporal response.
The 2p3 state has the strongest positive response while 2p9 is the state which is
the most depopulated after the laser pulse. Excitation from the 1s to 2p states will
occur only via electron collisions and the largest cross section for electron impact
from 1s5 is towards 2p9 (see for instance [224] and references therein). The transfer
from 2p2 towards 2p3 on the other hand is likely due to heavy particles collisions
(see section 7.5.1). And indeed, if we compare with the experimental results of
Nguyen et al. [250], they found a significant transfer rate coefficient only between
these two states (see table in figure 7.22). If we look at the LCIF results for 2p2,
we find as well a significant transfer only towards 2p3; keeping in mind that the
positive response of 2p9 has been assigned to radiative trapping. Note here the
difference in shape of the two positive responses: the 2p3 population density rises
until the end of the spontaneous relaxation of the 2p2 level whereas the 2p9 state
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Figure 7.21: Laser collisional induced fluorescence response of the 2p states following
pumping of the 696 nm transition (1s5 → 2p2). The pressure is 6 mbar and the electron
density is equal to 2.43 · 1019 m−3 .

apparent density starts to decrease very shortly after the maximum of the laser
pulse intensity. The 2p1 state shows a very similar temporal to the 2p3 state.
This may indicate that direct heavy particle collisional transfer from 2p2 occurs
as well. Unfortunately this state was not measured in the study cited above so we
do not have a direct base of comparison. Finally one may note the small response
of 2p5 which could be interpretated as heavy particle collisional transfer as well.
On the other hand the 2p6 positive response seems to be a composite response
from different sources together with some radiation trapping effect (cf. the fast
rise of the overpopulation).

In addition to measuring the relative overpopulation intensities of the 2p states,
the decay/recovery frequency can be fitted from the data. It is found that the
characteristic relaxation frequencies for the positive response are much slower
than the radiative lifetime of the state; from 50 up to 300 ns typically (at a
pressure of 4 mbar and ne∼1019m−3). This indicate that stepwise processes could
be responsible as well for this overpopulation. Electron impact from the radiatively
overpopulated 1s states might be a possible explanation.

Different pulsed laser scheme can be used to depopulate the 1s5 state. In
figure 7.23, the 706 nm transition was optically pumped which corresponds to the
1s5 → 2p3 transfer. The strongest relative overpopulation is found for the 2p4

and 2p6 states. It can be correlated as well to the direct heavy particles collisional
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Figure 7.22: Table of the direct heavy particle transfer rate coefficients for collisional
transfer between the 2p states of argon taken from Nguyen et al. (1978)

quenching from 2p3 (see figure 7.22). Moreover, like for the 696 nm pumping
scheme, the negative responses are found the strongest for the 2p9 and 2p8 states.
This indicates again that these two states are the 2p states which are the most
strongly coupled to the 1s5 state.

In figure 7.24, the laser collisional induced fluorescence of the 2p state following
optical pumping of the 2p6 state from the 1s4 state is shown (800.6 nm line optical
pumping). Only the 2p8 state shows a weak negative response following the laser
pulse. Coincidentally, it is also for the reaction 1s4 + e− → 2p8 + e− that the
largest electron impact cross section is expected [224]. A similar rate coefficient
as for the 1s5 to 2p9 excitation transfer is excepted from 1s4 to the 2p group.
Although it is indeed the strongest (and only depopulation that we could detect
in the 2p system), we shall stress that the response is globally very weak. This
hints that the absolute values of the cross sections for the transfer from 1s4 to the
2p levels would be lower than usually considered.

On the other hand, a strong positive response is found for the 2p9 state. Unlike
for the 696 nm pumping scheme, we do not expect a priori any radiation trapping
effect as it is the 1s4 state which was pumped. Looking at the table of Nguyen
for heavy particle collisional transfer, we see that some population transfer from
2p6 is indeed expected but should be smaller than towards 2p7 and 2p8 states.
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Figure 7.23: Laser collisional induced fluorescence response of the 2p states following
pumping of the 706 nm transition (1s5 → 2p3). The pressure is 6 mbar and the electron
density is equal to 2.43 · 1019 m−3

Small overpopulations of these two states are found indeed9. However, the 2p6

state is strongly overpopulating the 1s5 state by radiative decay. The Einstein
coefficient for radiative decay from 2p6 towards 1s2 and 1s4 is 4 times smaller
than towards 1s5. As it is the 1s4 state which is pumped by the laser, we will
have after about 30 ns (radiative lifetime of the 2p states) that the 1s5 state
is overpopulated compared its steady state and the 1s4 state underpopulated.
Depopulation of the 1s5 state was reflected in the 696 and 706 nm pumping scheme
with strong depletion of the 2p9 state. We expect then in the case of the 800.6
nm pumping scheme that a part of the overpopulation of the 1s5 state will be
transferred to the 2p9 population. This extra overpopulation mechanism explain
then the strong (collisional) positive response of 2p9 to be even larger than the
2p7 and 2p8 responses.

Piech et al. [294] measured experimentally the electron impact cross section for
transfer from the 1s3 to the 2p group. The largest apparent cross section from 1s3

was found towards the 2p4 state meanwhile the cross section towards 2p3 was too
small to be measured. By pumping the 772.42 m line we can probe the propagation
of the 1s3 depopulation in the 2p levels system. In figure 7.25 the largest dip in

9Note that the 2p8 state is strongly coupled by electron collisions to 1s4 while it will be
overpopulated by heavy particle collisional transfer from 2p6. This explain why the positive
response of 2p8 is actually smaller than the one of 2p7
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Figure 7.24: Laser collisional induced fluorescence response of the 2p states following
pumping of the 800.6 nm transition (1s4 → 2p6). The pressure is 6 mbar and the electron
density is equal to 2.43 · 1019 m−3

line intensity is found indeed for the 2p4 state. A small depopulation is found
for the 2p3 state as well, while no dip is really visible for the 2p5 state on the
other hand. Piech et al. could not measure any transfer from 1s3 towards 2p3 but
could detect a small transfer towards 2p5. Heavy particle collision transfer from
2p4 towards 2p3 may interfere in this case and so we will not draw any definitive
conclusions from this data.

From all the discussions above, it appears that despite all the problems dis-
cussed earlier, and particularly radiation trapping, LCIF on argon can bring a
wealth of informations about the collisional transfer between states. Various pos-
itive and negative responses could be correlated to direct excitation transfers,
either by electrons or heavy particles. LCIF can deliver then information about
cross section data sets which are used in collisional radiative models. However,
to fully understand the L(C)IF experiments and use it at its maximum capacity,
it might be very fruitful to use a time dependent CRM and make a one-to-one
comparison. In the next section, we will present a time-dependent CRM which
was developed by W. Graef [14] and compare some results with the LCIF data
which was presented in this section.

7.6 Comparison with an argon collisional radiative model

The building blocks of collisional radiative models (CRMs) are the cross sections
which are used to described production and losses of excited states and electron-
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Figure 7.25: Laser collisional induced fluorescence response of the 2p states following
pumping of the 772.42 nm transition (1s3 → 2p2). The pressure is 6 mbar and the electron
density is equal to 2.43 · 1019 m−3

ion pair formation. In the thesis of W. Graef, a collisional radiative model was
developed in the Plasimo platform. The model is based on a previous model by
Hartgers et al. [295] and can be used to calculate the atomic distribution function
(ASDF) of the system as well as effective conversion rates. The model is based on
the transition-matrix that defines all the (linear) interactions between the levels by
electron and heavy particle collisions. The values of the transport sensitive states
[296] are given as input of the model. We will use then, as input parameters, the
electron density and temperature found by Thomson scattering as well as the gas
density measured by Rayleigh scattering [153].

From a given set of levels, electron and heavy particle collisions as well as
radiative transitions, the CRM is able to determine the steady state values of the
excited states in the system. In the case of an additional external constraint such
as a laser pulse, the CRM equations can be solved as function of time as well. For
further details on the model, we will refer to [14, 196, 297]. A list of the levels
and data included in the CRM is given in appendix A.

In figure 7.26, the densities of the 1s states measured by laser diode absorption
spectroscopy (see chapter 6) as a function of pressure is compared with the steady
state solution of the CRM. The values of the electron temperature and density as
well as gas temperature were measured experimentally in the same conditions and
used as input for the CRM. One can see a very good agreement above 2 mbar
between the experiments and the model despite a very large change in pressure;
from 0.65 mbar up to 100 mbar. We go from an almost fully corona balance plasma
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Figure 7.26: Comparison of the CRM results with the 1s3, 1s4 and 1s5 densities measured
by laser absorption spectroscopy (see chapter 6).

to a plasma in electron saturation balance for the 2p states10. The deviations
found at low pressure are however mostly due to uncertainties in the electron
temperature found by Thomson scattering.

In the low pressure regime, the 1s states densities increase because of the
change in electron temperature (from 1.2 eV at 20 mbar up to 2.2 eV at 0.65 mbar).
In the high pressure limit on the other hand, the electron temperature does not
change much any longer and the 1s states densities increase proportionally to the
ground state density (see chapter 6 for more discussions).

The comparison with steady state conditions is successful but the main chal-
lenge now for the CRM is to be able to reproduce fast transfer between excited
states in the nanosecond time scale. Indeed, the steady states densities of the
levels will be defined by the overall excitation - ionization effluxes through the
argon excitation system. The steady state values will be ultimately defined by
slow processes. Likewise in the LCIF experiment, we will impose now a pertur-
bation of the steady state densities in the CRM and solve as a function of time
the particle balances. A gaussian laser pulse with a FWHM of 8 ns similar to the
experimental conditions will couple (numerically) the 1s5 and 2p3 states (cf. LCIF
experiments from figure 7.23). The results are shown in figure 7.27. A strong re-
sponse of the level which was optically pumped is observed and the laser fluence

10For the 1s states, we discussed and showed in chapter 6 that the 1s states are always in
electron saturation balance in our pressure regime. Indeed radiations from the resonant 1s states
will be trapped with the ground state.
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Figure 7.27: Temporal evolution of the 2p states after optically pumping the 696 nm
transition of argon obtained from the time dependent collisional radiative model.

was adjusted in a way that the saturation of the transition is obtained as in the
experiment. Positive response of the 2p levels is found for all of them with rather
similar amplitudes. This is in stark contrast to the experimental results which
shows either positive or negative responses with significantly different amplitudes
for each level.

7.7 Conclusions and perspectives

In this chapter, laser collisional induced fluorescence was discussed as a tool for
the exploration of electron and heavy particle kinetics in an atomic system. For
the first time, LCIF was used to investigate the kinetics of a pure argon plasma.
The knowledge of the electron temperature and density allows, moreover, to dis-
criminate electron and heavy particle kinetics.

Direct excitation transfer by heavy particles between 2p states could be high-
lighted as well as the connection of specific 2p states with 1s states. In the case
of an rgon plasma, one need however to be very careful with radiation trapping
effects. Depending on the pumping scheme, several 2p lines where found sensitive
to reabsorption by the 1s levels perturbated by the laser pulse. However, mon-
itoring the temporal response of different lines from the same upper level (with
different oscillator strengths) was found to be a convenient way to check for such
effects.
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The data acquired by time resolved LCIF can be used for the validation of col-
lisional radiative models (CRMs). A short comparison between an existing CRM
and the results presented in this chapter shows that the rate coefficients included
in the model are not describing accurately the detailed fast kinetics between the
2p and 1s states. One obvious and major first step in the improvement of the
CRM would be to include the heavy particles quenching rate coefficients deter-
mined experimentally by Nguyen et al. [250] The steady state results of the CRM
are nevertheless compared with the laser absorption results presented in chapter 6
and a very good agreement is found for the 1s states for pressures above 2 mbar.
The reasons behind this partial agreement is that steady state values are governed
by slow excitation processes while the LCIF measurements probe only the fast
excitation transfer kinetics.

The next step to get quantitative results from LCIF would be to include ra-
diation trapping in a CRM and compare iteratively the experimental results with
the output of the model. One needs to be careful with non-homogeneities of the
1s states acress the tube radius. Due to the small radius of the plasma (3 mm),
it is however not expected to be a problem at low pressures (p < 20 mbar ). This
should be however checked and one way to do that would be to measure the radial
LIF emission using a planar laser beam.

The method is not limited to pure atomic gases and can be used to monitor
excitation transfer between different atomic/molecular systems. By adding small
amounts of nitrogen to the argon plasma, we showed that excitation transfer
between argon 1s states and molecular nitrogen in the ground state could be
detected. In chapter 8, we will apply LCIF to an argon-hydrogen plasma and
demonstrate that it can monitor also heavy particle excitation transfer from one
atomic system to another one (atomic argon states toward atomic hydrogen).
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Chapter 8

Investigation of argon/hydrogen kinetics
by laser collisional induced fluorescence

Abstract. Many different methods exist to probe excitation kinetics in plas-
mas. They mostly rely, however, on a combination of experimental diagnostics
and modelling to distinguish between different paths that contribute to the for-
mation of specific species. Electron induced kinetics are fairly well understood
and can be monitored while probing a species as a function of electron density
and temperature. On the other hand, excitation channels between heavy parti-
cles are more difficult to analyze. In this chapter, we will use laser collisional
induced fluorescence (LCIF) to probe the excitation transfer mechanisms in an
argon/hydrogen plasma by heavy particles collisions. The plasma used for this
purpose is a low pressure microwave plasma.

Different states of argon are over/under populated by a short, nanosecond
laser pulse in situ in the plasma phase and their response is monitored by optical
emission spectroscopy. The specific interaction of these argon states with atomic
hydrogen are then followed by measuring the temporal response of hydrogen
Balmer lines with nanosecond time resolution.

A strong excitation transfer from the 1s5 metastable state of argon to atomic
hydrogen in the level n = 2 is measured. This transfer is well know but was never
shown directly in the plasma phase. For the first time, we also show a direct
excitation transfer between the argon 4p states and the upper excited levels of
the atomic hydrogen system.

The present study demonstrates LCIF as a powerful tool to unravel elec-
tron, but also heavy particle excitation channels between very short lived species.
These species are produced together in situ using the active region of a plasma
as their source.
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8.1 Introduction

In low pressure conditions, plasma kinetics are usually ruled by electron impact
collisions in the gas phase. In the intermediate pressure regime, excitation transfer
may occur between some excited states (typically metastable states due to their
long life time) and atom/molecules in their ground or excited states. In the high
pressure limit, due to the large number of collisions between heavy particles, one
may expect that collisions between excited states can even become dominant. The
assumption of electron ruled kinetics for some given excited states may then prove
to be wrong1.

To probe these excitation channels, the most powerful technique is to selec-
tively pump one state of an atom with a laser and monitor the response of the
system [299]. This method is usually referred to as laser collisional induced fluores-
cence (LCIF). Global electron and/or heavy particle quenching rates of different
states can be probed in the same way as well [241, 300] by monitoring the decay
frequency of the state after optical pumping (see chapter 7 for more details). In
this chapter, we will use LCIF to study heavy particles excitation channels in an
Ar/H2 microwave plasma.

A common and non-intrusive way to probe plasma kinetics is to monitor the
light emission coming from excited states of different species present in the plasma.
In the case of a local thermal equilibrium (LTE) plasma, the relative population of
excited states versus the ground state follows a Boltzmann distribution and can
be described by a temperature.

In the case of relatively small departures from equilibrium, the electrons have
a different temperature than the ions/neutral particles and the plasma can be
characterized using two temperatures, Te and Th, when the electron energy distri-
bution still obeys a Maxwellian distribution.

When electron-electron collisions are not sufficient enough to restore a Maxwell
equilibrium, the electron energy distribution function (EEDF) cannot be described
by a single electron “temperature”. The use of a Boltzmann solver allows to correct
for deviations from Maxwell equilibrium and to determine an effective creation
temperature for the plasma (see chapter 5 for more details).

The electron density and temperature can also be calculated from the ratio of
different atomic lines while correcting for collisional quenching. This is one of the
usual task of collisional radiative models (CRMs) [224, 255]. On the other hand,
some CRMs rely on the absolute line emission intensity of excited states which are
corrected for non-LTE equilibrium and quenching processes [295, 301]. Although
the excitation processes are usually dominated by electron collisions in atomic

1Although this can be the case for some species which can be produced under certain conditions
predominantly by resonant excitation transfer such as Ar(4s) + N2 → N2(C) + Ar, the global
plasma kinetics will be always ruled by electrons as they are the ones carrying the energy from
the electromagnetic field and transferring it to the heavy particles. Local plasma behavior should
not hinder that the plasma creation mechanism is ruled by electrons. Xian et al. [298] give a
different interpretation but local and global kinetics should be always carefully differentiated.
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Table 8.1: Argon and hydrogen lines: energy levels and transition probability

Wavelength Lower level Upper level Radiative transition Transition
[nm] [eV] [eV] probability [ s−1 ]

397.00 10.1988 13.3209 4.39.105 n = 7→ n = 2

410.17 10.1988 13.2207 9.73.105 n = 6→ n = 2

434.05 10.1988 13.0545 2.53.106 n = 5→ n = 2

486.125 10.1988 12.7485 8.42.106 n = 4→ n = 2

656.279 10.1988 12.0875 4.41.107 n = 3→ n = 2

696.54 11.54835 13.32786 6.39.106 1s5 → 2p2

706.72 11.54835 13.3022 3.80.106 1s5 → 2p3

811.53 11.54835 13.07571 3.31.107 1s5 → 2p9

plasmas, significant redistribution of excited states by heavy particles collisions
can occur as well. This was illustrated in chapter 7 for the case of a pure argon
plasma.

In this study, we will focus on the interactions of the argon 4s and 4p states
with hydrogen atoms and compare our results with the input of CRMs available
in literature. The electron density and temperature were measured in parallel by
Thomson scattering while the pressure was also changed to take heavy particle
quenching into account. In the following section, we will first briefly review the
litterature about the known excitation processes in argon-hydrogen plasmas. The
focus will be mainly on the exchanges between the two atomic systems and on the
reactions leading to the production of excited hydrogen atoms.

8.2 Atomic argon and hydrogen levels: kinetics between excited states

In the case of the argon-hydrogen atomic systems, one can see that two excited
states of atomic hydrogen are closely related to the 4s and 4p groups of argon.

A schematic of the main H and Ar levels is shown in figure 8.1. One can see
that the level n = 2 is just below the 4s levels of argon whereas the level n = 3
is slightly above but does not allow direct excitation as the energy gap is rather
large, 0.36 eV , which is far above any thermal collision between neutrals.

On the other hand, the 4p levels of argon are just above the level n = 7 of
atomic hydrogen. Using the pulsed dye laser presented in chapter 6 and 7, we can
perturbate the 4s and 4p states of argon simultaneously and monitor the response
of the atomic hydrogen lines. To introduce and support the discussion of the
results, we will first make a short review of the important processes which are
usually included in argon/hydrogen plasma chemical models as well as CRMs.

An extensive description of argon hydrogen kinetics was reviewed recently by
Bogaerts et al. [302, 303] and Hjartarson et al. [304]. We will focus only on
the reactions involving crossing between the argon and hydrogen (atomic and/or
molecular species) systems.
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8.2.1 Ar∗/H2 kinetics

The quenching of some of the 4p states of argon by ground state molecular hydro-
gen was investigated by Sadeghi et al. [300]. Unfortunately, they did not measure
the total quenching rates for the 4p states that were selected in this study which
are respectively the 2p2 (J=1) and 2p3 (J=2) states in Paschen notation. They
measured only the total quenching rate by H2 in the ground state for the 2p1, 2p5

(J=0), and 2p6 and 2p8 states (J=2). The quenching rate coefficient was found to
be much larger for the latter two compared to the 2p1 and 2p5 states with values
of 6.8 · 10−16 and 5.4 · 10−16 m3/s respectively. If we assume that the quenching
rate is mostly related to the total orbital angular momentum J, we can assume a
quenching coefficient for the 2p3 state of about 6 · 10−16 m3/s .

Wouters et al. [305] estimated the total quenching cross section for the 2p2

state of argon and obtained a value of σH2
Q = 1.3 · 10−19 m2 . This gives a rate

coefficient of about kH2
Q = σH2

Q 〈v〉 = 3.5 · 10−16 m3/s where 〈v〉 =
√

8kBTg/πµ. 2

Another possible channel for hydrogen atom production is the dissociation of
H2 by argon metastables

Ar(1s) +H2 → Ar + 2H(n = 1),

where the hydrogen atoms are both produced in their ground state. Indeed, there
is not enough energy left from the argon metastable to produce one hydrogen atom
in its first excited state n = 2. Note that this reaction occurs via the formation
of an excimer ArH∗ [306]

Ar(1s3P2,0) +H2(X1Σ+
g )→ ArH(A2Σ) +H(1s),

which decays radiatively and directly dissociates to form

ArH(A2Σ)→ ArH(X2Σ) + hν → Ar +H(n = 2).

This reaction was found to be twice as important by Lishawa et al. [306] than
the excitation transfer towards H2(a3Σ+

g ) which will produce continuum emission
in the UV range as well. For a discussion of this UV emission we will refer to
Sadeghi et al. [307].

8.2.2 Argon/hydrogen ions kinetics

In this section, we will discuss ionic chemistry involving argon and hydrogen
species at the same time.

2They also measured the quenching rate coefficient of 2p1 and got a quenching rate coefficient
of 4 · 10−16 m3/s . If we compare it to the value of 0.27 · 10−16 m3/s of Sadeghi et al. [300] it
is almost a factor 20 of difference. This huge discrepancy might come from the differences in
the measurement method. Wouters et al. used an optical emission + collisional radiative model
based method while Sadeghi et al. selectively pumped the 2px state from the ground state by
two-photon absorption. We believe the latter method is much more accurate and we will take
the value obtained for 2p2 by Wouters el al. only as an estimate.
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The formation of excited hydrogen atoms can occur from the direct dissociative
excitation of argon ions with hydrogen molecules, however the process is efficient
only at very high energies [308].

Ar+ +H2 → Ar+ +H(n = 2) +H σ ≈ 4 · 10−19 m2 at 240 eV

In relatively high pressure plasmas, the formation of ArH+ molecular ions can
occur as well. First an associative process will occur [309]

Ar+ +H2 → ArH+ +H(n = 1) k ≈ 6.2 · 10−16 m3/s

which is favored because of the dissociative transfer leading to the production of an
H atom. One should note that the ground state energy of ArH is approximatively
11.5 eV [307] while its ion energy is equivalent to that of argon. The dissociation
energy of H2 is 4.51 eV . Subsequently, the ion can capture an electron and
dissociate to produce atomic excited hydrogen [310]

ArH+ + e− → Ar +H(n ≤ 4).

Note that the dissociative recombination of H+
2 will lead to excited H atoms as

well [310]

H+
2 + e− → H +H∗(n ≤ 3).

In the case of optically pumping the argon system, these processes are not likely
going be perturbated. Indeed, they would need as a first intermediate step the
creation/destruction of extra ions (i.e. ArH+ or H+

2 ) due to the perturbation of
the plasma by the laser. For example, in the case of a plasma where argon ions
can be directly created by Penning ionization (Ar(1s)+Ar(1s)→ Ar+ +Ar+e−),
their destruction by the laser pulse may lead, in first instance, to a lowering of
the net ionization rate of the plasma and so to a lower ion density. It is however
unlikely that shortcutting Penning ionization will lead to a lower ionization rate.
Indeed, in the case of the transfer of the 1s population density to upper levels such
as 2p states, the upper level will be destructed by Penning process as well with
a similar rate coefficient [311]. Moreover, higher levels will have higher ionization
rate coefficients and the net ionization rate of the plasma will become actually
much higher.

8.2.3 Atomic hydrogen kinetics in argon plasma

Depending on the symmetry of the argon metastable there will be a rather large
difference in the excitation rate coefficient of the ground state H atom. Sadeghi et
al. [218] studied the energy transfer between ground state H atoms and the two
Ar metastables which were produced in a stationary afterglow. They selected one
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of the metastables by depopulating the other metastable state via laser pumping.
This allowed the rate of the following reactions to be directly measured

Ar(1s3Pj) +H(n = 1)→ Ar(1S0) +H(n = 2).

They obtained an experimental ratio of kJ=0/kJ=2 = 0.09 ± 0.0025. This
reaction can lead to associative ionization as well [312]

Ar(1s3Pj) +H(n = 1)→ ArH+(X1Σ+, ν) + e−

which would not be detectable, however, in our measurements. The formation
of ArH∗ is also energetically allowed but it needs to be collisionally stabilized [218].

For reactions of higher argon excited states than the 1s states, no evidence of
reaction transfer with hydrogen atoms/molecules could be found in literature. We
will return to this point in the experimental results section 8.4.2. Only a total
quenching rate coefficient by H2 was measured for some specific Ar 2p states, as
discussed above, but no data could be found with respect to atomic hydrogen
solely. However, this can be critical for numerous collisional radiative models,
particularly in the case when hydrogen is largely dissociated and only a small
amount of argon is added.

8.3 Experimental setup

The experimental setup used for the LCIF measurements was already described
in detail in chapter 7. The same surfatron plasma as described in chapters 2
and 4 is used and small admixtures of hydrogen are added to the argon plasma.
There are, however, a few differences in the experimental setup used for this study
compared to chaper 7. The detection branch is composed of a monochromator
for the wavelength selection, a phototube (PT) for the detection, and a multi-
channel scaler (MCS) for recording the signal. In the present experiments the
time step of the MCS is set to 1.6 ns which gives enough time resolution to
measure decays in the order of 15 ns or higher. Furthermore, a Jarrel-Ash 0.5 m
focal length monochromator with a concave grating was used instead of the 1 m
Jobin-Yvon monochromator. The resolution in wavelength is then lower (about
1 nm FWHM instead of 0.1 nm), but it compensates with a better sensitivity for
photons counting.

The Cobra Stretch dye laser from Sirah was pumped by a high repetition rate
doubled frequency Nd:YAG Edgewave laser (532 nm) operating at 1 kHz with a
pulse duration of 8 ns. A pyridine-1 dye was used to generated photons in the
near infrared and produce a monochromatic photon pulse to pump the 706.72 and
696.54 nm transitions of argon. A 2400 lines/mm instead of 1800 lines/mm grating
inside the dye laser resonator was used (as compared to chapter 7) to amplify the
spontaneous emission of the dye pumped by the Nd:YAG laser. The linewidth of
the laser is then a bit more narrow and it can be used also for pumping rotational
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Figure 8.1: Diagram of the optical laser pumping of argon and connection with the
atomic hydrogen system.

bands of molecular species such as NO [313] or OH [314] as it was done in our
group in Eindhoven.

8.4 Laser Collisional Induced Fluorescence results

8.4.1 Atomic hydrogen response to the depopulation of the Ar 4s state

The dye laser was tuned to the optical transition between the 1s5 and 2p3 states
of argon emitting at 706.72 nm. Figure 8.2 shows the response of the first three
hydrogen Balmer lines from Hα till Hγ following the perturbation of the argon
atomic system is shown and a strong dip in emission can be seen. The relative
intensity depletion (Idip/I0) of the Hα line is the largest followed by Hβ and Hγ .

Different 2p levels can be pumped fromt the 1s5 state. In figure 8.7, the relative
depopulation and overpopulation are shown while pumping the 2p2 state of argon.
A similar behavior is found 3 where the lower levels are mostly depopulated while
the upper levels are being overpopulated. The depletion of Hα can be correlated
to a decrease of the population of the level n = 2 of hydrogen due to depopulation
of the Ar 1s5 metastable by the laser. In figure 8.3, the temporal response of the
2p9 state of argon is shown. One can see that the negative temporal evolution of
that state, which was correlated to the one of 1s5 in chapter 7, matches relatively
well the evolution of the lower atomic hydrogen lines.

3In these measurements, the absolute variation of the H lines subsequent to the laser pulse
should not be directly correlated to the intensity of the line in steady state. Indeed, the laser
beam was not fully covering the cross section of the plasma.
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As discussed in section 8.2.3, a coupling between the 1s5 state of argon and
atomic hydrogen in the ground state is expected. An excitation transfer occurs
via resonant energy transfer between the argon 1s metastable and atomic H in the
ground state

Ar(1s) +H(n = 1)→ Ar +H(n = 2), (8.1)

where n = 2 is the only level which is low enough in energy to be excited by
inelastic collisions with Ar 4s. The upper levels (n = 2 and n = 3) of atomic
hydrogen can be connected to the H(n = 2) state by electron impact excitation

H(n = 2) + e− → H(n > 2) + e−.

As we observe a depletion of the Hβ and Hγ lines subsequent to the laser pulse and
as we know that levels n = 3 and n = 4 are not connected with the Ar metastable
states due to the energy gap, these responses can be correlated to transfer by
electron impact excitation from n = 2.

It is, however, interesting to note that the three lower states in the Balmer
series are initially overpopulated as well (before going below steady state) and
decay with a similar frequency in the three cases towards steady state (within
experimental uncertainty). The decay of these states is typically 50 ns. Van der
Heijden et al. [297] reported for a pure hydrogen plasma typical decay frequencies
of 10 ns for the n = 3 level. The measurements were done on a pure hydrogen
plasma with electron densities up to 2 · 1018 m−3 . At 0.65 mbar, the electron
density at the launcher is about 2.5 times larger than this value. The reason
why an apparent decay of 50 ns is observed is then not very clear but might be
associated to radiative trapping by the n = 2 atomic hydrogen level. We will come
back to this point later.

8.4.2 Atomic hydrogen response to the overpopulation of Ar 2p states

Because of the small energy gap between the 4p states of argon and the n = 7
state of hydrogen, one can expect a possible connection between these two groups
by heavy particles collisions. In figure 8.5, the temporal responses of the Hδ and
Hε lines are shown. Indeed, the levels n = 6 and n = 7 show an increase of light
emission shortly after the laser pulse. As described in the previous section already
(see figure 8.2) a slight increase of the line emission intensity is also found for the
lower levels of atomic hydrogen (from n = 3 to n = 5). The relative light intensity
increase (at the end of the laser pulse) decreases while going down in the principal
quantum number n of atomic hydrogen from n = 7 downwards to n = 3. However,
we could not measure hydrogen lines for n = 8 and higher and the n = 2 level is,
unfortunately, not directly measurable either.

We can express the perturbation of the upper levels of atomic hydrogen due
to the overpopulation of the Ar(2p) state in a general form as
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Figure 8.2: Responses of the three lower Balmer hydrogen lines after pumping of the
706 nm line of argon. The pressure is 0.65 mbar with 3% of hydrogen.
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Figure 8.3: Response of the argon 811 nm line following optical pumping of the 706 nm
line; the pressure is 0.65 mbar and 3% of hydrogen is added in the argon plasma. The
measurement was done 12 cm from the end of the plasma column (EoC).
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Figure 8.4: Examples of the decay responses of the 2p3 level pumped by the dye laser
with an 1% admixture of hydrogen at 4mbar. On the left side,the 738 nm line response
is shown and the 840 nm line on the right handside: no difference in response is found
despite a rise from 1 to 3% in hydrogen fraction.
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Figure 8.5: Responses of the n=6 and n=7 levels of hydrogen after pumping the 706 nm
line of argon. Pressure is 0.65 mbar with 3% of hydrogen.

Ar(2p) +H(n = 1)→ Ar +H(n ≤ 7),

where the excited states are directly produced via excitation from the ground
state of atomic hydrogen which is the largest reservoir of atomic hydrogen. We
can reasonably neglect excitation of H(n > 1) levels by Ar 2p states as they
would lead directly to ionization of H and the probability of such an event is
rather small. It would be comparable, at most, to Penning ionization of argon,
which is negligible in our conditions.
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Figure 8.6: Response of the n=7 level as a function of the axial position for a pressure of
4 mbar and an admixture of 1% of hydrogen in an argon plasma. The position indicated
is the axial distance from the end of the plasma column.

The decay time of the H(n = 7) level was fitted and compared with the
corresponding decay of argon 2p3 state and they are found to be similar (see
figure 8.4). The almost identical response of the 2p level and Hε confirms that a
direct transfer of population occurs. In figure 8.6, the Hε line was measured along
the plasma column for a pressure of 4 mbar. The electron density at the launcher
is about 1.8 · 1019 m−3 and remains rather constant downwards the plasma wave.
Contrary to an argon plasma, the electron density hardly decreases along the
plasma column and changes by only about 20%. The relative overshoot of the Hε

line intensity is found to increase along the plasma column while the decay time
of the level remains rather constant within experimental accuracy. The relative
overshoot increase comes mostly from the fact that the hydrogen line intensity
decreases along the plasma column. In absolute value, the overshoot seems to
slightly increase towards the end of the column. We may correlate this to an
increase of argon 1s densities for lower gas temperatures as it is found in the case
of pure argon in chapter 6.

8.5 Discussion of the results

The excitation transfer from argon 1s to H(n = 2) is well documented in the
literature [218, 315] and there is clear evidence that the depletion of the intensity
of the hydrogen lines below steady state is due to the decrease in 1s5 population
density of argon after depopulation by the laser pulse.

The positive response in the upper states of hydrogen is more difficult to
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Figure 8.7: Relative over- and under-population of the atomic hydrogen lines after the
pumping of the argon system. In this case the 696 nm line was optically pumped.

assign. We do not know the density of atomic hydrogen in this plasma source and
radiation trapping effects cannot be excluded to explain the observed responses.
Indeed, the shortcut of the excitation of the n = 2 state by laser pumping of 1s5

will reduce the optical thickness of the plasma for radiations coming back to the
level n = 2. However, we see an increase of the relative increase of light emission
while going upwards in the atomic hydrogen system whereas the oscillator strength
of the Balmer lines decreases in the opposite direction. This indicates that the
overpopulation of the upper states of the hydrogen system could only partially
be related to a radiation trapping relaxation effect. Transfer via collisions occurs
then as well for the upper levels. The Hα and Hβ lines might be strongly trapped
(depending of the density of the n = 2 level) and we will then not discuss their
positive temporal behavior any further.

In figure 8.8, the spontaneous decay of the 2p3 argon level which is pumped by
the laser is measured along the plasma column for a pressure of 4 mbar. The results
are compared between a pure argon plasma column and an argon plasma with 1%
hydrogen addition. One can see that the life time of the level is reduced when
hydrogen is added. The trend (slope) along the plasma column is, on the other
hand, very similar. As discussed in chapter 7, the variation in decay along the
plasma column can be directly associated to the change in electron density. The
offset can then be directly interpreted as a “pressure”effect. The partial pressure
in argon being constant (apart from a small difference in gas temperature), the
observed change can only be correlated to the addition of hydrogen. If we estimate
the quenching frequency of the 2p2 state by ground state H2 using the rate given
in section 8.2.1, we find that it would change the decay time of the 2p2 state by
less than 1 ns. The change of approximatively 3 ns cannot be only explained by
quenching via H2. The temporal response found in the upper part of the hydrogen
system indicates that atomic hydrogen is itself a strong quencher of argon excited
states. However, we need to consider the possibility of quenching by at least the
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Figure 8.8: Decay of the 2p3 argon state along the plasma column at 4mbar: effect of
the addition of 1% of hydrogen to the argon plasma.

first two vibrational states of H2. For a plasma with an electron temperature of
1.4 eV, these two levels are expected to be even more populated than H2(ν = 0).
From these decay frequencies, with and without hydrogen addition, it is then
not straightforward to determine the quenching rate coefficient of argon 2p levels
excepted, of course, in the case of a fully dissociated argon-hydrogen plasma. This
is however doubtful in the present case because of the small radius of the plasma
and significant recombination at the wall [35].

The quenching rate coefficient is expected to strongly depend on the symmetry
of the 2p state as well. In figure 8.9, the temporal response of the Hδ line was
measured in the same plasma conditions while pumping the 2p2 and 2p3 states
of argon. One can see that the relative increase of the n = 6 population is much
larger (twice more for 2p3 compared to 2p2) than the one expected based on the
statistical ratio of the 2p2 and 2p3 levels normalized to the degeneracy of the 1s5

state of argon. On the other hand, the depletions of the two states for longer
times match rather well. The fact that we expect only an extra increase of 33%
in the case of the 706 nm pumping whereas almost a 130% increase is measured,
implies that radiation trapping effects cannot be solely responsible for the observed
increase in line emission of the hydrogen system.

The fast quenching of the argon 4p states towards the upper levels of hydrogen
can be explained through the formation of an excited ArH∗ transient molecule

Ar2p+H(n = 1)→ ArH∗ → Ar +H∗.

This is the mechanism usually evoked in the case of the quenching of the argon
4s state despite relatively lower levels involved in the transition [306, 307]. More
detailed studies would be needed to determine the pathway of formation of the
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Figure 8.9: Response of the n=7 levels of Hydrogen for two different optical pumping
scheme of argon: the 696 nm and 706 nm lines corresponding to the 2p2 and 2p3 argon
levels in Paschen notation.

ArH∗ excimers. However, there are hardly any electron or heavy particles quench-
ing coefficients known in literature nor studies of the dissociation product of the
ArH∗ states. It is, however, expected that their main destruction mechanism is
via radiative de-excitation toward dissociative states [307].

8.6 Conclusions and perspectives

In this chapter, we have used laser collisional induced fluorescence to unravel heavy
particle kinetics between two atomic systems, namely argon and atomic hydrogen.
The well-known excitation transfer from 1s metastable states to H atom in n = 2
state was highlighted in situ in the plasma phase. A transfer from the 2p group to
the upper part of the hydrogen system was determined as well. This mechanism
can contribute significantly to the quenching of the argon states and seems much
more efficient than quenching via H2

4.

Plasmas are very efficient sources of short-lived species and an ideal medium to
study their interactions. In the case of reaction transfer between the 2p and hydro-
gen atom, it would be necessary to determine the absolute density of hydrogen to
be able to determine rate coefficients directly. The pumped 2p state density could
be determined from the 1s density measured by laser absorption spectroscopy (see

4It is known that the quenching of Ar 1s via ArH∗ is more efficient than via H2 despite
the energy gap between the argon 1s5 and H(n = 2) states. One can then expect the excimer
formation to be an even more efficient pathway in the case of the 2p states quenching by hydrogen
as almost resonant energy transfer can occur.
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chapter 6) while using the dye laser in saturation conditions (see chapter 7). On
the other hand, the atomic hydrogen density can be determined by TALIF [297].
Together with the determination of the electron density of the plasma and avoid-
ing self-absorption regime (i.e., going for less dense plasmas), this combination
of methods can allow an accurate determination of the quenching mechanisms of
argon excited states as well as atomic hydrogen.

Although this present study did not allow to directly measure quenching rate
coefficients, it highlighted the limited range of validity of present collisional radia-
tive models for argon/hydrogen mixtures based on Balmer and/or argon 2p group
line emissions. We have shown that 1% of hydrogen will already seriously pertur-
bate the argon atomic emission. On the other hand, adding some small amount of
argon to determine plasma properties, such as the electron temperature, using the
well-known method of “trace rare gases spectroscopy”would be highly doubtful
while using argon in an hydrogen plasma.



Chapter 9

Power modulation of a microwave
plasma: experiments and modelling

Abstract. Pulsed power operation of plasmas is usually considered as a tool
to control deposition processes as well as a diagnostic method. In this chapter,
we will investigate the pulsed operation of a low pressure microwave plasma
source, the surfatron. Thomson scattering and emission spectroscopy will be
used to study the evolution of the plasma during the ignition as well as the
afterglow phase. Special attention will be paid to the time/space coupling along
the plasma column during the ignition phase. The experimental results will be
compared with a global plasma model of the discharge developed in the Plasimo
modelling platform.

The effect of the pulse frequency and duty cycle will be investigated as a
function of power and pressure. The experimental and theoretical results show
that pulsing does not affect notably the (time) averaged plasma properties. This
is due to the time and space coupling of the power dissipation which adapt
depending on the local plasma properties. The results are finally compared with
the literature and the origin of the differences compared to the classical picture
of pulsed power operation are discussed.
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9.1 Introduction

Non-equilibrium plasmas are widely applied due to their large flexibility in order
to attain given fluxes of species densities with required (kinetic) energy levels.
Despite an already large number of control parameters such as power, pressure
and gas composition, time dependent and, particularly, power interruption of the
plasma have proven to be beneficial for certain applications [35, 316, 317]. Most
notably, power interruption was found to be suitable for reducing gas heating of the
plasma while keeping relatively similar radical/ion fluxes compared to the steady
state situation [318]. The ratio between excited species densities and fluxes to the
wall can also be tuned by power interruption of the plasma. Midha et al. [319]
showed for instance that pulsing an ICP chlorine plasma allows to increase the
time averaged chlorine negative ion Cl− density because of electron attachment
in the temporal afterglow. Lazzaroni et al. [320] investigated an argon-oxygen
plasma by global plasma modelling and demonstrated the possibility of tuning
the time averaged atomic oxygen versus electron/ion fluxes to the wall. Numerical
modelling by Lieberman et al. [321] of a low pressure ICP discharges predicted
that pulsed operation can allow to obtain higher densities than continuous wave
(cw) operation mode.

Although the global dynamic plasma response to power interruption is fairly
understood, many details are still not well described, particularly the time-space
coupling during the switching-on phase of the plasma. While changing the duty
cycle, the pulse frequency and the rise time of the power pulse, it is possible to
change the ratio between different species such as photon and electron energy
distributions [322]. The application of an external modulation of the power dissi-
pated in the plasma is a powerful tool to decouple some plasma parameters and
tune their ratios. Similar effects are also obtained while changing the driving
frequency of a plasma [323]. Power interruption is also a quite popular method
for the investigation of plasma kinetics as it allows to study the decay of species
densities and temperatures [324, 325].

To study the evolution of the plasma during the power modulation, one can
either follow the densities of some key species, in the plasma like the electrons,
or monitor the light emission from the plasma. However, in the second case, a
good knowledge of the excitation kinetics leading to the radiative state is needed
in order to deduce which temporally varying internal parameters are observed
through the change in density of that specific state. In this thesis, we studied an
argon surface wave discharge and investigated the main production and losses of
the most important species. We started with the 4s states (chapter 6), then probed
the 4p levels kinetics (chapter 7) and last but not least analyzed the electron-ion
pairs production (chapter 5). Up to now, we considered the plasma only in a
global steady state situation. In this chapter, we will study the effect of power
modulation on its spatial and temporal properties by Thomson scattering and
optical emission spectroscopy. The results will be compared with the predictions
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of a global plasma model developed within the plasma modelling platform Plasimo
[14, 90].

The comparison with the experiments will focus on the kinetics during the
ignition of the plasma and the decaying phase. The differences between the ex-
perimental results and the model are finally discussed and ways to improve the
model proposed.

The temporal evolution of plasma light emission is used as well as a diagnostic
tool. To correlate it with plasma properties it is usually necessary to interpretate
the data with a collisional radiative model (CRM); see chapters 5 and 7. The
CRM used in this thesis can however take into account only linear excitation and
desexcitation processes in the atomic system. Moreover, the electron tempera-
ture and density are input of the model for the computation of the atomic state
distribution function. To circumvent these limitations, we will present another
time-dependent model which allows to use external constraints such as the power
to study their effects on the temporal evolution of the plasma internal properties.
Non-linear reactions between species such as Penning ionization and the formation
of molecular ions can be included.

In section 9.2, the plasma response to an input power modulation is generally
discussed both during the switching-on and -off phases in terms of global plasma
quantities. The importance of the duty cycle on “memory effects” will be dis-
cussed as well as the time-space coupling which occurs during the ignition of the
plasma. The importance of finding the time scales of different excitation pro-
cesses is discussed and their differences compared to the steady state conditions
highlighted.

9.2 Time dependent response of a plasma: theoretical considerations

In the case of a simple square pulse modulation, the evolution of the plasma
during power interruption measurements can be divided in three main phases:
the ignition where the power is injected in the plasma volume, the transient “on-
phase” when the power is constant and the plasma will reach steady state if the
pulse is long enough and the “switching-off”phase where the plasma is decaying
and recombining into its stable components.

In figure 9.1, a schematic of a classical electron density and temperature re-
sponse to the square modulation of the power is shown [91]. One can see that the
electron density rises with the increase of power density and then reaches a steady
state conditions within, typically, a few milliseconds. After switching off the power
pulse, the electron density will decay with some characteristic time depending on
the loss mechanisms due to volume processes and transport. The evolution of the
plasma during the decay phase will depend mostly on the densities of the species
during the steady state and the characteristic size of the system (see section 9.2.1
and references [189, 273] for instance).

During the ignition phase of the plasma, the dynamics are more complex. In-
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Figure 9.1: Schematic of a square power modulation and the corresponding response of
the electron temperature and density.

deed, there is a strong coupling between the electron temperature and the electron
density, which are correlated to each other via cascade ionization processes in the
plasma volume. During the initial stages of the plasma ignition, one may also
need to consider transport effects (the ionization wave propagation for instance)
which will conversely lead to spatially varying excitation rates. This is beyond
the usual task of global plasma models. Nevertheless, for the validation of plasma
chemistry models, one needs to consider, and include if necessary, such effects to
obtain close agreement between temporal measurements and the output of time-
dependent (collisional radiative) global models. This will be more thoroughly
discussed in section 9.2.2.

9.2.1 The switching-off phase

In the steady state, ionization and radical production compensate for the losses.
In the case of an argon microwave plasma, the power density that is coupled lo-
cally to the plasma is such that ionization will be sufficient to compensate for
the electron-ion pair losses by diffusion and volume recombination (see chapter
5)1. This trend, which is usually valid for atomic plasmas will, however, lose
its validity in the case of molecular plasmas where large densities of radicals are
produced and the simple (quasi-analytical) relations between excitation processes
and the effective ionization rate of the plasma do not apply anymore. Indeed,
the creation of electron-ion pairs from one atomic system will spread toward ex-
citation of other atomic/molecular systems where the balance between excitation
and ionization will not have the same weight. Consequently, the power density

1This “self-consistency” in the power density finds its origin in the E-field intensity which, in
the case of microwave plasmas, is such to sustain ionization processes and compensate for losses
of charged particles [47].
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needed to fulfill steady state conditions will not be directly related to an effec-
tive excitation-ionization frequency through an atomic system, but also to energy
losses dues to creation of radicals. These radicals reservoirs are be in some cases,
like for a nitrogen plasma, large (electron) energy sinks [326].

In steady state, the particle balance of any species in the plasma is given by(
∂ni
∂t

)
= Pi −Dini + L∇2ni = 0, (9.1)

where we neglect convection processes, Pi is the effective production of species i
and Di its effective destruction frequency. The L∇2ni term for diffusion can be
expressed as a function of the characteristic length of the system and reduced to
L∇2ni = − L

Λ2ni (see chapter 4).

In the case of species mainly produced by electron impact excitation processes2,
when the power is switched off, the production terms Pi can be taken equal to
zero when the electron temperature has dropped. The evolution of the densities
can be then expressed as a function of a single exponential decay

ni(t) = nssi exp

[
−
(
Di +

L

Λ2

)
t

]
, (9.2)

where nssi is the density of the species i in steady state before switching off the
power pulse. One can see that the evolution of the species densities in the decay
phase mostly depends of the density of the species in the steady state nssi , the

time t and is characterized by a decay time τ =
(
Di + L

Λ2

)−1
.

In the case that the decay frequency ν = 1/τ has no implicit dependence
of time t, the species density follows a pure exponential decay. There can be,
however, some implicit time dependence in the destruction frequency Di (and in
some cases Pi will be, of course, non-zero and nj-dependent as well) that can be
expressed as

Di =
∑
j

k(Te(t), Th(t))nj(t), (9.3)

when the densities of the species involved in one destruction path and/or the rate
coefficients are themselves a function of time. Different approximations can be
done if the characteristic life time τj of a species j is much longer (shorter) than
τi or if the rate coefficient (i.e. electron temperature) changes rapidly (slowly)
compared to the effective destruction frequency νi of the species i.

In the case where the characteristic decay time τj � τi, the species density nj
can be taken as nj(t) ≈ nt0j in the balance of the species i. On the other hand,
if τj � τi, then the destruction frequency of the species i via the channel of the
species j, can be taken equal to the production frequency Pj of the species j.

2We consider here excitation processes with some threshold excitation energy and neglect here
species that would be produced by electron super-elastic collisions.
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In the case of a fast decay of the electron temperature in the afterglow, the rate
coefficient can be calculated using the gas temperature of the plasma. Note that
in the case of a molecular plasma, one needs to check first the characteristic time
of the vibrational temperature and one may take it as a reference for the electron
temperature if its decay is much slower than Te.

9.2.2 Ignition of the plasma

In the initial stage where no power is coupled into the discharge region, the gas is
only composed of neutral species and a few free electrons remnant of cosmic back-
ground radiation ionization events [327]. When an electromagnetic wave is coupled
inside the discharge region, these electrons start to oscillate and gain momentum
and randomize it by collisions with the surroundings resulting in heating. They
create, in turn, new electrons which will lead to the formation of an ionized gas.
These cascade processes will spread over the discharge region and, if one waits
long enough, lead to the formation of a steady state plasma, where production
processes are compensated by losses.

At very high frequencies, the electromagnetic waves propagate preferentially
along a conductive medium which, in this case, is the microwave plasma itself.
The region of space where electron-ion pairs are produced is also determined itself
by the presence of the electromagnetic wave. So we have the situation that the
EM-wave creates the electron-ion pairs but cannot propagate without them either.

Power absorption by the electron gas and electron energy losses by inelastic
collisions do not have the same characteristic times. This means that, depending
on the amount of power coupled to the discharge region, the corresponding increase
in electron temperature will lead to a corresponding higher ionization frequency.
This can be seen, for example, when using the following, Arrhenius fit formula

νion = 6.810−17na(Te/1 K)q exp

(
−I∗

kBTe

)
, (9.4)

where q and I∗ are fit parameters which depend on the plasma conditions and
can be fitted from a Collisional Radiative model (see chapter 5).

In the early stages of the plasma creation, one can assume that there are
mostly ionization processes and only negligible energy losses (by elastic collisions or
radiation for instance) [328]. In this simplified picture, this means that the electron
production rate is proportional to νion whereas the power absorbed per electron
decreases roughly as 1/ne. During the switching-on phase, the electron density
increases while the electron temperature decreases. This is however expected to
strongly depend of the slope of the power curve [91]. The faster the switching,
the higher Te is expected to be in the early stages while for very smooth and slow
(several microseconds) rise time of the power, the electron density will increase
relatively faster so that large overshoot in Te are not expected to occur [329].
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Breakdown of a microwave plasma in pure gas

In the classical case of a DC field, electrons are accelerated until they collide with
an atom/molecule (and sometimes a wall) and consequently gain energy from the
field itself. They will then loose momentum but loose only a little bit of their
energy as their mass is much smaller than the target and will then subsequently
(depending of the scattering angle with the E-field) start gaining momentum again
until the next collision. The energy gained between collisions will be a function of
the reduced electric field E/N where E is the electric field strength and N is the
neutral gas density. Indeed, the larger the electric field, the more energy is gained
while for increasing pressures, the momentum gained between two collisions will
decrease [330].

In the case of an alternative current (AC) field, when the angular frequency
ω = 2πf of the field is small compared to the collision frequency νea between
electrons and atoms, the electrons will behave mostly like in a quasi DC electric
field. The drift current of the electrons oscillates in phase with the field and the
energy transfer will be the same as in the DC case. However, when increasing the
frequency of the field more, the inertia of the electrons will create an out-of-phase
component. The energy coupling to the electrons will then become less efficient.
Using the same expression for the electron energy equation of the plasmas as in
chapter 2, one can define an effective field Ee as

E2
e = E2 νea

νea + ω2
, (9.5)

where E is the rms value of the applied field [331]. However, in most cases, the
criterion for microwave breakdown of a gas will also depend on the anisotropy
of electron diffusion parallel and perpendicular to the field, and in cylindrical
coordinates, it can be descrribed by [332]

νi
De

=
( µ
R

)2
+
DL
De

π2

L2
, (9.6)

where DL is the electron diffusion coefficient along the E-field, De the diffusion
coefficient perpendicular to it, µ the first zero of the Bessel function J0, whereas L
is the length of the plasma. The ratio DL/De depends strongly on the nature the
atoms constituting the gas. Note that in the case where the electrons are mostly
lost by volume recombination or attachment, the criterion for breakdown will then
becomes simply νi = νa, where νa is the total loss frequency by volume processes.

Memory effects due to the previous pulse

In the case when the switching off time between two pulses is relatively short,
some residual densities of electron-ion pairs and/or metastables can remain from
the previous pulse. This will enhance cascade ionization processes and the power
absorption per electron will be lower. Lower electron temperatures are then needed
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to stimulate the plasma ignition and shorter times to reach the steady state con-
ditions would be expected. This is what is usually called the memory effect ; the
temporal behavior of the plasma during ignition is sensitive to the previous pulse.

The power coupling to the electrons and the ionization frequency are strong
non-linear functions of other plasma parameters such as ne, Te and metastable
densities. One may then expect that excitation-ionization yields may relax in
different time scales and lead to different bulk properties. This is expected to play
an even more important role in the case when spatial relaxation does not have
time yet to occur [333].

9.2.3 The transient on-phase (plateau)

Between the ignition and decay phases of the plasma, there is a period of time,
in which, if long enough, the plasma will attain the steady state value of the
continuous mode. After the breakdown of the plasma has occurred, the electron
density increases almost exponentially to values which can be above the steady
state values of the continuous wave (cw) mode. The plasma then relaxes toward
its steady state, cw value if enough time is given to the plasma, typically a few
hundreds of µs for a pressure of 1 mbar for instance. The power coupling of the
EM-wave occurs via the electrons which oscillate within the E-field. In the species
balance equations, the absorbed power from the wave is an energy input in the
electron energy balance.

In the case of the surfatron plasma, its properties can be decoupled in the axial
and in the radial direction [334] and we can consider for a given position along
the plasma column, only the sources and transport terms in the radial direction.
This is usually referred as the local axial uniform approximation [61]. For low
pressure surface wave discharges, the axial gradients in the slab between z and
z + ∆z are usually negligible compared to their radial components. The radial
electron energy balance can be written in a general way as following [335]

1

r

d

dr
(e rΓε) + eΓeEs +Qcollne =

1

2
<[σp]E

2
hf , (9.7)

where Γe is the radial electron flux and is given by

Γe = −neµeEs −
d(neDe)

dr
,

and Γε is the electron mean energy ε radial flux

Γε = neεµεEs −
d(neεDε)

dr
,

Es is the electrostatic space charge radial field, Qcoll is the power lost in elastic and
inelastic collisions per electron, <[σp] is the real part of the plasma conductivity
and Ehf is the root-mean-square of the total high frequency electric field.
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The first term on the left hand side of equation 9.7 stands for the energy
flow due to electron transport in the radial direction and the second one, ΓeEs,
for power losses due to diffusion against the DC space charge field (collisional

cooling) and transport by drift in the Es field (Γdriftε = −Esneµεε).
In the case of a local plasma, the first two terms will be negligible and the local

absorbed power (right hand side of equation 9.7) is equal to the power locally
dissipated through elastic and inelastic collisions (Qcollne). Equation 9.7 reduces
in that case to (

Qelcoll +Qincoll

)
ne =

1

2
<[σp]|Ehf |2 (9.8)

where the right hand side term is usually referred to as Ohmic heating [336].
Neglecting radial transport in equation 9.8 implies the assumption of radially
averaged power density and conversely an uniform effective ionization frequency.
In chapter 2, we showed that radial transport of energy is important and that
power absorption from the wave is non-local. Nevertheless, the 2D model showed
as well that the radial electron temperature profile is rather uniform. We then
expect that the assumption of radially averaged quantities is a good approximation
in the limit of steady state. In the case of temporal modulation of the amplitude
of the electromagnetic field, we may keep in mind that this assumption can lose
its validity. This point is further discussed in the following section.

9.2.4 Time and space coupling: effects on the non-steady state values

In non-equilibrium situations, the steady state is not defined by the balance of
every process with its backward process3 but by an overall balance where global
production and losses of each species are locally equal to each other(

∂ni
∂t

)
= Pi − Li = 0 (9.9)

where production Pi and losses Li of species i can be both by volume reactions
and transport. This also implies that volume production of a species can be
compensated by its transport losses and conversely. As a general rule, we will
then always have that the characteristic time for the plasma to reach steady state
is imposed by the slowest process.

In low pressure plasmas, convective transport is usually small and the only
important transport process is diffusion for the particles and conduction for the
electron and heavy particle energy. Radiative losses can also play an important
role but usually at low electron densities, typically for electron density values
ne ≤ 1019 m−3. However, this is not always true and one notable exception is the
case of high intensity density lamps [337, 338].

3For instance, in low pressure, low ionization degree plasmas, direct ionization Ar + e− is not
balanced by its reverse process; electron-electron three body recombination Ar+ + e− + e− but
by diffusion.
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In the situation when the only important loss of a particle is by transport
(i.e. no volume losses), one can imagine that without any sink terms, the plasma
will grow without any restriction until losses at the walls take over. In terms of
temporal evolution, this means that the steady value of the plasma will be reached
only when the steady state spatial profile is first realized and then imposes the
condition Pi = Ltri on the source terms Pi. One typical case are diffusive plasmas
where electrons are lost by ambipolar diffusion towards the walls of the reactor.
The effective ionization frequency (and consequently the electron temperature)
is determined by the losses by diffusion in steady state via the electron particle
balance (see chapter 5 for a more detailed discussion).

During the ignition of the plasma, it is well known that electromagnetic waves
are launched from the surfatron and propagate along the tube [339]. Mohanty et al.
[340] found that high power, pulsed microwave discharges will generate acoustic
waves due to the propagation of the plasma along the plasma. By comparing
different gases (argon or nitrogen), they were able to conclude that these acoustic
waves were related to periodic ionization/energy coupling to the gas.

In a more recent study, Garcia et al. [341] investigated a pulsed atmospheric
pressure surfatron and looked at the propagation of the radial component Er of
the electric field and the light emission along the plasma column. They found that
the plasma bulk light emission propagation velocity decreases along the column
(see also figure 9.11 in this study) and increases close to the launcher to values up
to 105 m/s at low pressure [342] but only 2.5 · 103 m/s at atmospheric pressure.
Moreover, a delay between the temporal rise of E2

r and the light emission was
found toward the end of the plasma column (see figure 9.2).

Figure 9.2: Temporal variation of the radial electric field of an atmospheric pressure
surfatron during pulse ignition and comparison with atomic lines intensities. The results
are taken from Garcia et al. [341] and shown close to the launcher (left) and at the
end of the plasma column. The dashed lines correspond to the light emission while the
continuous line represents the temporal evolution of the electric field.

This pressure (and power) dependence is an interesting observation because
it shows that the plasma is not simply propagating as a streamer-like plasma on
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a dielectric [343] and/or in a gas medium [344]. Indeed, much higher velocities
would be expected in the range of 2 ·104−105 m/s [343, 345] and not to depend of
pressure. On the other hand, the E2

r field velocity associated to the ionization front
was found to be about 105 m/s even at atmospheric pressure [341]. It indicates
that the formation of the surfatron plasma, is initiated by an ionization front with
properties similar to a streamer discharge, which is followed by volume ionization4.
We will come back to this point in the experimental results section 9.3.3.

Another important parameter for the microwave plasma ignition is the group
velocity of the surface wave which will be about 2 · 108 m/s and so much faster
than the ionization front itself [346]. This will lead partially to reflection of the
incoming surface wave which will be absorbed locally afterwards [347]. This effect
is expected to be more pronounced for pressures of 10 mbar and higher [341].

As shown in chapter 2, the local absorbed power is mostly proportional to the
local electron density. The fraction of the wave power that will be absorbed in
one position of the plasma column z + dz can be approximately given by

dPabs = θneSdz (9.10)

where θ is the power absorbed per electron and S is the plasma cross section.
Note that during the breakdown, the value of the latter is actually an unknown
as the assumption of a Bessel profile will not be valid for t < Γamb where Γamb
is the characteristic loss time of electrons by ambipolar diffusion. Nevertheless,
the influence of the profile will be (partially) smoothed out while averaging all
quantities across the radius. The amount of power available to create new electrons
at the end of the propagating plasma column decreases meanwhile the plasma
extends. The absolute amplitude of the electric field will decrease as well meaning
that the total amount of electrons produced per unit of time decreases as well.
Another parameter that has to be taken into account as well is the minimum
electron density for which the power can be absorbed by the plasma. Indeed, the
surface wave cannot propagate below a certain critical electron density which is
about ne = 3 · 1017 m−3 for a wave frequency of 2.45 GHz5. The electromagnetic
wave will then heat up the electron gas and create more ionization processes only
in the regions of the plasma vessel where this critical electron density nce is reached.
This phenomenon means that investigating the ignition of the plasma with a global
model (volume averaged and using a fluid approach) will be limited to the pre-
plasma phase with at least a total ionic density equal to nce. Under low pressure
conditions, where the elastic losses are not very important within the first hundred

4Streamers also emit light but usually much less than steady state plasmas. In this chapter,
while refeering to the plasma light emission, we will only discuss the light produced during volume
ionization.

5Note that we have shown experimentally that the plasma column “stops”even much before
this critical value [134] given by the propagation condition ωf ≤ ωp/

√
1 + εg were ωf is the

driving frequency, ωp the plasma frequency and εg the permittivity of the gas. The electron
density, which varies (almost) linearly along the plasma column, decays abruptly towards the
end of the discharge to reach this critical value and goes below it.
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nanoseconds during ignition, one will expect that the plasma front velocity will
approach the one of a streamer [342].

For the construction of global plasma models, quantities are averaged across
different characteristic lengths of the plasma. In the case of a cylindrical plasma,
the densities and temperatures will be averaged across the radius of the plasma
and its length. In the case of a time-dependent model for surface waves, one will
then have to be particularly careful while averaging the power (input) across the
volume during power modulation. Indeed, as discussed above, the volume of the
plasma will change in time during the breakdown and so will the averaged power
density input. We will come back to this point at the end of section 9.3.3.

9.2.5 Tuning averaged plasma quantities by power interruption

One of the main objectives of pulsed power operation of plasmas is to tune time
averaged plasma properties. An analogy between fast pulsing and the application
of an AC voltage is often made [348]. Going from low to high driving frequencies
plasmas usually helps to facilitate breakdown [349] and increase the densities of
some excited species, particularly the electrons [323] in steady state. Stated and
introduced like this, this fundamental question sounds slightly trivial. Indeed
the microwave frequency will still be the dominant driving frequency. Microwave
plasmas being often compared in terms of behavior to DC glow discharges [350],
it is interesting to see whether applying a temporal modulation of the power can
modify the time averaged properties of the plasma in a similar way as an AC field.

During the ignition of the plasma, the condition that νion − νloss ≥ 0 will
be always fulfilled. This is true for the ions, but will be usually true for all
excited states of the plasma (see chapter 7). In a landmark paper, Ashida et
al. [91] already demonstrated theoretically the possibility of increasing averaged
plasma densities while applying a power modulation on a low pressure capacitively
coupled source. In this chapter, one of our main aims will be to extend this study
to microwave plasmas.

9.3 Pulsed power microwave plasma results

9.3.1 Description of the experimental setups

Our experiments were performed on a surfatron discharge driven by microwaves
with a frequency of 2.45 GHz [40, 43]. The surfatron launcher is placed around a
cylindrical quartz tube with an inner radius of 3 mm where the plasma is ignited.
We worked with argon gas in the pressure range of 8-70 mbar.

We used in a first step an Opthos microwave power supply. The power pulse
frequencies were varied from 30 to 800 Hz with variable duty cycle. To monitor
the power shape a Schottky-diode is connected to the transmission line between
generator and surface wave launcher showing the direct input microwave power.
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For the laser scattering experiments, a Nd:YAG 532 nm laser is aligned along
the surfatron axis [94]. The photons of the laser beam are scattered on ei-
ther bound or free electrons, which creates respectively Rayleigh- and Thomson-
scattered photons. The Rayleigh scattering and stray light created by the scatter-
ing of the laser beam on nearby solid surfaces need to be filtered out, since it is
usually more intense and partially overlaps with the TS signal. In order to resolve
this issue, we use a triple grating spectrograph (TGS) in which the two first grat-
ings form a notch filter for the spectral range of 532±0.2 nm. Only the spectrally
broader signal of TS can pass this filter [351]. After the subsequent dispersion
by the third grating the photons are collected by an iCCD camera (Andor iStar
DH734-18U-63)6. For more details on the Thomson scattering technique we will
refer to chapter 4.

Plasma tube
(moveable)

Spectroscopical
system

Delay generator

variable delay

trigger

Function generator

Oscilloscope for
time monitoring

mw diode

photo diode
(laser)

trigger

photo diode
(plasma)

Nd:YAG Laser, 532 nm,
10 Hz, 1 W

Plasma source, Surfatron

Microwave generator
f = 30-800 Hz (master)

burst of 1 cycle at laser frequency

intensified
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Figure 9.3: Scheme of the experimental setup. The master signal comes from the
microwave generator. To make time-resolved measurements, variable delays can be applied
to the laser and the camera. Diodes monitor the mw-pulse, the laser and the plasma light
emission.

Two different microwave power supplies were used for the experiments de-
scribed in this study. An Opthos generator with internal power modulation from
a frequency of 10 to 800 Hz was first used. Its pulse rise time is about 10 µs
while the minimum pulse length that could be set is 0.3 ms. The timing scheme of
the experiment can be seen in figure 9.3. The master signal for triggering comes
from the microwave generator. Subsequently a function generator is triggered,
that works as a pulse-picker corresponding to the 10 Hz operating frequency of

6In the pulsed experiments we reported in [189], another Andor camera (iStar743) with a lower
sensitivity was used. The new camera improved significantly the detection limit and accuracy of
the measurements during the ignition of the plasma.
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the laser. The laser and the iCCD camera are controlled by a delay generator
triggered by the mentioned function generator. A variable delay enables time re-
solved measurements. In that way the laser is synchronized with the camera and
the plasma, even though the plasma could be operated with a much higher power
pulse repetition rate. The jitter due to the function generator, the delay generator,
the laser and the camera is below 5 ns and negligible compared to the pulse-to-
pulse jitter of the plasma. It was observed that the microwave pulse length has a
jitter of about 1µ s ·ms−1 pulse length.

In a second step, we used a home-built solid state microwave power supply,
which can operate from 0 to 100 W peak power. A voltage controlled oscillator
is used to create a continuous microwave power. This output is then modulated
using a wave function generator before amplification. The power pulse has a rise
time of only 100 ns and the pulse is almost perfectly flat (contrary to the Opthos
output which is overshooting by about 30% before reaching its nominal value).
The power output can be pulsed with a frequency ranging from 1 Hz till 1 MHz
approximately. Due to its better temporal properties, we will use it exclusively in
this study and shortly compare the new results with the ones which were published
earlier by Hübner et al. [189]. In this second experimental scheme, the master
signal for pulsing was then directly the wave function generator instead of the
microwave power supply (cf. figure 9.3).

For the optical emission measurements, a Jarrel-Ash 0.5 m monochromator
with concave grating was used. The photons were collected with a photomultiplier
and the signal recorded with an Agilent 1000 Series oscilloscope. The entrance
slit of the monochromator was adjusted to maximize the gain while avoiding the
collection of more than one atomic line at once. A system of mirrors and lenses
allowed to collect radially averaged light emission over an axial plasma slab of
about 1 mm .

9.3.2 Thomson scattering measurements of (ne, Te)

In this section, we will first review the general temporal response of the electron
density (and temperature) as it was reported in an earlier study [189]. Thomson
scattering measurements were performed 2 cm away from the launcher for pres-
sures of 6 and 70 mbar. The temporal response is shown in figure 9.4. The electron
density starts to rise rapidly at low pressure while at 70 mbar a delay of almost
1 ms is observed. Very high electron temperatures were found which decreased
while the electron density increased. This trend would be expected indeed in the
classical picture of a DC breakdown (see section 9.2.2) but could not be repro-
duced with the new high sensitivity camera (cf. figure 9.5). We will come back to
this point. After growing more or less exponentially during breakdown, the elec-
tron density exceeds its steady state value for the same continuous wave (peak)
power value by about 30%. However, the microwave power in the early stages of
the pulse is also higher than the continuous wave value (see previous section) and
it is then difficult to draw any conclusions from this overshoot. An estimation
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of the non-linearity of the microwave-diode response with power intensity gives
actually an overshoot of about 30 % as well which is similar to the overshoot seen
in electron density. The electron density finally relaxes to reach its steady state
value. The latter value is found to be the same as in continuous mode.

The power is subsequently switched-off and the electron temperature decays
within 10 µs . This corresponds actually to the decay of the microwave power
itself. The electron density on the other hand decays more slowly. This decay is
representative for the main channels of losses of electrons. At low pressure it is
defined by ambipolar diffusion losses while at high pressure, i.e. p > 20 mbar,
volume recombination losses due to dissociative recombination of molecular ion
Ar+

2 dominates (see chapter 4).
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Figure 9.4: Temporal evolution of the electron density and temperature for a pure argon
plasma and a long pulse of about 6 and 22 ms for pressures of respectively 8 (left) and
70 (right) mbar. The microwave power was supplied by the Opthos generator and the
Thomson scattered photons were recorded with the Andor iStar743 camera.

To investigate in more details the plasma behavior during the power switch-on
and relaxation toward its plateau value, we used a second power supply which has
a rise time of 100 ns and a perfectly flat square shape (below 1% deviation). The
Thomson scattering results are shown in figure 9.5. One can see that the temporal
behavior is quite different. The main difference is that the electron temperature
only slightly overshoots compared to steady state conditions; a maximum of 1.8 eV
only is found. This large discrepancy compared to the previous results was found to
be due to an incorrect substraction of laser straylight. At low electron densities, it
can contribute significantly to the total photons signal and has a broad spectrum
with a effective width of about 3 eV or more. One shall note that before that
maximum value during ignition, the electron temperature is even found to be
smaller despite lower electron density values. This trend can be compared to the
results of Murohashi et al. [352] who obtained similar results via Langmuir probe
for a pulsed microwave ring slot antenna. The conditions were however quite
different and it is hard to make any direct comparison. The reason why lower Te
values are found at lower electron densities is not very clear. One may evoke a
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time and space coupling like a change in diffusion length (i.e. the plasma being
more confined close to the wall). A time-dependent 2D model would be needed to
study such couplings (see for instance [71, 353]).

The decay of the electron temperature is much faster than in the case of the
Opthos power supply (rise time of 10 µs versus 100 ns) and a a characteristic time
of about 7 µs for 5 mbar and 2 µs for 40 mbar are found. More measurements as
a function of pressure should be performed but the faster decay can be associated
to electron energy elastic collision losses. In figure 9.5, one can see that the
electron density ne increases toward its plateau, steady state, value. There is no
overshoot of ne and the steady state density corresponding to cw operation is
directly reached. This is a very interesting result and unexpected one. Although
the rise time of the power supply is decreased by a factor 100, no significant
changes (after correction for the power shape) in the ignition behavior are found.
The electron temperature does not significantly increase during the early phase of
ignition as one could expect from classical considerations (see section 9.2.2). In
the early stages of plasma ignition, the electron temperature does not seem be be
defined by the ratio between the power (input) density “injected”in the plasma
volume and the electron density.

Ohgushi et al. [354] investigated a low pressure (∼5 Pa ) surface wave discharge
in argon and studied the effect of the repetition frequency and duty cycle by
emission spectroscopy and Langmuir probe measurements. They found that, for a
fixed time-averaged power, the average ion current density was rather insensitive
to the duty ratio and mostly proportional to the time-on in the center of the
plasma (radius of 10 cm). This is in very good agreement with the trends we
observe here for higher pressure conditions.

In the next section, we will continue to investigate the temporal behavior of the
plasma but via optical emission spectroscopy. Although the interpretation of the
results is not always straightforward, it is much less time consuming. A Thomson
data point takes an average of 30 minutes to measure while the acquisition of an
OES spectrum takes only a few seconds. This will allows us to make a fast and
thorough parametric study of the plasma as a function of pressure, frequency, duty
cycle as well as axial position along the column.

9.3.3 Time resolved optical emission measurements

The experimental setup for the OES measurements was already described in sec-
tion 9.3.1. We will focus mostly on the line emission of 4p levels of argon. They are
the first states above the metastable and resonant states that can be detected opti-
cally in the visible range. Their detailed kinetics in steady state were investigated
and discussed in chapters 6 and 7.

The line emission is found to usually decrease with pressure because of electron
and heavy particle quenching. For an higher sensitivity, we will then start by
analyzing the temporal response of the 4p group at 1 mbar. In figure 9.6, the
temporal response of the 738 nm line is shown during the rise and the decay of the
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Figure 9.5: Temporal evolution of the electron density and temperature for a pure argon
plasma measured by Thomson scattering: the ignition (top) of the plasma and its decay
(bottom) after the power pulse (rise time of 100 ns) are shown for pressures of 5 and
40 mbar. A new camera for the collection of the Thomson scattered photons was used
compared to the results in figure 9.4.

plasma for a frequency of 1 and 20 kHz and a duty cycle of 50%. One can see that
the ignition of the plasma occurs a few microseconds earlier at the higher frequency
while the positive slope is slightly steeper as well. This can be correlated to the



190 Power modulation of a microwave plasma: experiments and modelling

effect of the previous pulse. For higher frequencies, the time-off is shorter and
so higher background ionization is expected as well as larger densities of argon
metastables. The exponential increase in density will then start earlier and be
larger. The light intensity overshoots its steady state value quite significantly in
this frequency range. This might be, in first instance, related to the overshoot
in electron temperature (as shown by Thomson scattering in figure 9.5), which
will lead to an higher production of the 4p states from argon ground state and 4s
metastable states from the previous pulse. We will come back to this point later.

The power decay (switch-off) time being much faster (∼100 ns) than the re-
laxation time of the electron density and temperature, the decay phase of the
plasma does not vary in the pulsing frequency range of this study7.The change in
frequency does not affect much the decay phase of the plasma. This is expected
indeed as the plasma has the time to reach steady state before switching-off.
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Figure 9.6: Temporal evolution of the 738 nm argon line (2p3 state in Paschen’s nota-
tion). The effect of changing frequency for fixed power and pressure is shown during the
switch-on phase (on the left) and also in the decay phase (on the right). No effects are
found in the latter case.

The ignition delay as a function of the pulse frequency and duty cycle can
be studied as well. Measurements for pulse frequencies from 1 Hz till 1 kHz are
shown in figure 9.7. The global ignition delay is found to significantly increase at
lower frequencies. Several milliseconds are needed for pulsed repetition frequency
below 10 Hz. Moreover, one can see that at 1 Hz the plasma needs more than
0.1 s to reach steady state while it was found to take only a few microseconds at
high frequencies (kilohertz range). At low frequencies, shorter duty cycles (time-
on) leads to increased delay in the ignition. This was observed as well at high
frequencies (figure 9.7).

7This will be true until the pulse frequency will become shorter than the decay time of the
afterglow. In the case of argon, for frequencies above a few 100 kHz, one expects an overlap
between the decay and ignition phases.
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Figure 9.7: The effect of the repetition frequency on the ignition time delay is shown
from 1 Hz till 1 kHz. The results are shown with the start of the power pulse for two
different duty cycles of 20 and 80% (on-time) excepted mentioned otherwise.

There is however a curious frequency regime, between 75 and 500 Hz approx-
imately where the duty cycle effect is opposite to what one would expect. The
plasma ignite faster at low duty cycles. This is shown in figure 9.7 as well. The
reason for this behavior is not clear at all. One may think about some surface
charge effects that would hinder the re-ignition of the plasma.

Another feature which is very different at low frequencies is that the light
emission of the 4p states does not overshoot its steady state value at all. For 1 kHz
and above, a significant overpopulation compared to the plateau value is found
on the other hand. The overshoot seems to be well correlated with a decrease
of the time-off of the plasma (see figure 9.6). More electrons and metastables
survive from the previous pulse and one may expect that the latter will rapidly
be converted into 4p and higher states that will then deexcite radiatively. The
overshoot of the 4p densities compared to their steady state values could then be
directly correlated to the 4s densities remaining from the previous power pulse.

The temporal evolution of the light emission can be investigated as a function of
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Figure 9.8: The temporal evolution of the 751 nm line during the switching-on of the
plasma is shown as a function of pressure for a given power. The measurements are done
close to the microwave plasma launcher at a repetition frequency of 1 kHz.

pressure as well. In figure 9.8, the temporal behavior of the 751 nm line belonging
to the 4p group (2p5 state in Paschen’s notation) is shown during the ignition of the
plasma. One can see that the delay before the breakdown of the plasma increases
with pressure. The light intensity decreases on the other hand due to quenching
processes. The increased delay can be explained by the elastic collision losses of
electron energy with heavy particles. As shown in the previous section, the electron
density takes more time before starting to increase exponentially at high pressures.
A direct correlation between the 4p lines intensities and the electron density is
expected as electron impact excitations are their main production mechanisms.
On the other hand, their dominant loss channels are by radiation and collisional
transfer to nearby radiative states (see chapter 7). The experimental rise time of
the 4p line is however much faster than the one of the electron density (a few tens
of µ s compared to a few hundreds of µ s ). The light intensity is then not only
correlated to the electron density but even stronger to the electron temperature.
The use of a global plasma model, that will be presented in the following section,
can help to get more insight in the coupling of the 4p states with other parameters
such as the electron temperature.

In the same way, the temporal decay of the 4p states can be monitored in the
afterglow as a function of pressure. Instead of going down faster with pressure
because of collisional processes, the light emission is actually found to increase
for higher pressures and to start even earlier. This is shown in figure 9.9. The
same temporal response was found for the 5p lines and the afterglow peak is
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Figure 9.9: The temporal evolution of the 751 nm line during the switching-off of
the plasma is shown as a function of pressure for a given power of about 50 W. The
measurements are done close to the microwave plasma launcher at a repetition frequency
of 1 kHz.

actually stronger while normalized to the 5p lines steady state intensities. The
temporal emission of the 420 nm line along the plasma column (i.e. decreasing
electron density) is presented in figure 9.10. The stronger response for higher
energy levels and an almost quadratic response with the electron density point
toward the three-body recombination process

Ar+ + e− + e− −→ Ar∗∗ + e−,

where Ar∗∗ can be argon 4p or 5p states for instance. The “pressure”trend
can be correlated to the electron density increase with pressure in a similar way
as the light intensity overshoot for lower electron densities at a fixed pressure.
The stronger dip in intensity shortly after switch-off for lower pressures can be
related to the higher electron temperature in steady state. three-body electron
recombination (see the rate coefficient in table 9.2) is a very slow process which
becomes effective only for electron temperatures Te < 0.2 eV. For higher pressures,
the electron temperature decays faster (see figure 9.5) and it explains why almost
no dip in the 420 nm line (5p state) can be seen in figure 9.10 for a pressure of
30 mbar.

Another interesting feature is that the light intensity overshoot of the 5p lines
(and 4p as well) during ignition decreases along the plasma until it even completely
disappears at the end of the plasma column. The delay before ignition increases
(as one would expect) but the rise time of the light emission also significantly
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Figure 9.10: The temporal evolution of the 420 nm line during the power pulse is shown
for different positions along the plasma column. On the top and the bottom, the results
are for a pressure of 5 mbar and 30 mbar respectively.

increases (slower ignition).

From the delay before ignition between two points along the plasma column
and their mean distance from the launcher, we can deduce the plasma front velocity
propagation along the tube. The results are plotted for two pressures/powers in
figure 9.11. The plasma front velocity is found to significantly decrease with
pressure and also to depend on the applied power. A factor two in power leads
roughly to an increase of the propagation velocity by almost a factor two as well.
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This confirms the trends which were already discussed in the literature overview
in section 9.2. The ignition of the plasma can take up to several hundreds of
microseconds in the region of the tube where the plasma column ends in steady
state. We may stress here that, excepted at high frequencies, the plasma does
not ignite spontaneously. This is because the amplitude of the microwave field
is not sufficiently high to generate to initiate breakdown. A small spark (kitchen
lighter) produced in the vicinity of the setup is needed to start the plasma. This
spark produced an extra static E field which allows to initiate the avalanche of
electrons within the gap of the surfatron and subsequent plasma breakdown. This
is a difference compared to a streamer discharge [355] where the applied field is
enough to create the transient plasma spontaneously. However, as reported by
Gamero et al. [342], the plasma velocity at low pressure may come close to typical
streamer velocities8. It is well known that the streamer velocity is a function of the
applied potential but also decreases for long distances from the source [356]. The
trends for different microwave powers as well as the distance from the launcher
makes a direct correlation very tempting. The reduction of the velocity with
pressure is not characteristic of streamers on the other hand. We shall stress here
that a streamer formation might facilitate the plasma front propagation and so
will precede its extension. As discussed in the introduction, the main limiting
factor for the extension of the plasma column is that the microwave field will not
propagate below the critical electron density which is, for a field of 2.45 GHz,
approximatively 3 · 1017 m−3 . To fully understand the breakdown and ignition of
this pulsed surface wave discharge, a time-dependent, two dimensional modelling
of the discharge should be performed.

As discussed in section 9.2.5, one of the main reasons for power interruption
is to tune time-averaged species densities. We have shown already in section
9.3.2 that the electron density will be proportional to the averaged power density
injected in the plasma. However, ions are not the only interesting species in the
plasma. Neutral excited species can be important for plasma processing as well.
In figure 9.12, two 4p lines (751 nm from the 2p5 and 800.6 nm from the 2p6 states)
with different pressure behavior9 as function of pressure are compared. The light
emission intensity in pulsed mode is not found to be significantly different than the
pulsed experiments after normalization with respect to the total power density.
This indicates that not only the ionic species, but also the neutrals are not affected
by pulsing the plasma for a given, time averaged power input 10.

8Note that at the time of that study (1988), streamers were still relatively unknown and no
correlations were done. The streamer-like ignition of a plasma generated inside a microwave
focused beam is rather well known (see Chaudhury et al. [353] for instance) but we could not
find such discussion for surface wave discharges.

9The reason behind this difference in behavior is unclear but might be related to different
detailed heavy particle collisional rates between the 4p states; see chapter 7.

10Although not presented here, we also pulsed the plasma at very high frequency up to 1 MHz.
The effects are actually smaller than at lower frequencies because the plasma does not have the
time to switch-off anymore so that the overshoot due to the pulsed injection of power is damped.
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Figure 9.11: For two different pressure/power input, the propagation velocity of the
plasma front is measured along the plasma column. The position of the end of the column
is indicated with an arrow.

In the following section, we will present a time dependent global model to ex-
plore the plasma kinetics. As already extensively discussed in this experimental
results section, the explicit time and space coupling cannot be completely de-
scribed with averaged volume properties. The model, therefore does not aim to
investigate the chemical kinetics in details but will be used as a tool to help un-
derstanding the influence of the pulse repetition frequency. It will also allow us
to check that the experimental trends are consistent with the general assumptions
used up to now. The model that will be presented here can be easily extended for
gas mixtures such as Ar/O2 plasmas. In a more general way, this type of models
is the first step to a complementary experimental and modelling investigation of
plasma chemistry.

9.4 Description of the zero dimensional global model

With some assumptions, plasmas can be described in terms of spatially averaged
quantities. In chapter 5 we discussed the electron particle balance while the kinet-
ics of argon 4s states were discussed in chapter 6, both under steady state condi-
tions. In this section, we will introduce a time dependent global plasma model for
the surfatron discharge. This type of models is rather popular for the investigation
of plasma chemistry. For some examples of complex plasma chemistries we shall
refer for instance to the models of Gudmundsson et al. [176, 357]. The global
plasma model presented here is a zero dimensional, time-dependent model which
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Figure 9.12: The averaged light intensity during power interruption (1 kHz and 50%
duty cycle) is compared with its steady state value. The values are renormalized with
respect to their time averaged power density.

was developed within the Plasimo modelling platform [14]. We will first present
its structure and then discuss briefly the argon chemistry which was implemented
in the model. The model is constituted of two main parts, the particle balances for
the neutral/ionic species and the electron energy balance. The trends and results
will be qualitatively and quantitatively compared with the experimental results
presented in this chapter in section 9.5.

9.4.1 Particle balances

The particles densities are described at any time, and all points of space, by the
zeroth moment of the Boltzmann transport equation

∂ns
∂t

+∇ · (nsvs) = Ss, (9.11)

where ns, vs, and Ss are respectively the density, mean velocity, and source term
of species s. The transport term can be written using a transport frequency:

Fs =
1

ns
∇ · (nsvs), (9.12)

so that equation 9.11 becomes:

∂ns
∂t

+ Fsns = Ss. (9.13)
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For a system of species we can write this in vector notation:

∂n

∂t
+ Fn = S (9.14)

where F is a diagonal matrix with elements give by equation 9.12. In the case
where we neglect transport, the species balance reduces to its source terms S

∂n

∂t
= S· (9.15)

In plasma chemistry, we deal with chemical reactions which can be written in
the generic form

αA+ βB + · · · −→ γC + δD + · · · , (9.16)

where α, β,... are the stoichiometric coefficients νd
s,r of the reactants A, B,... and

γ, δ,... are the stoichiometric coefficients of the products C, D,... denoted shortly
as νp

s,r. In a more mathematical form, we can describe any chemical reaction as

∑
s

νd
s,rXs

kr(T )→
∑
s

νp
s,rXs· (9.17)

It describes the destruction of species Xd
s and the production of species Xp

s ,
with νd

s and νp
s their respective stoichiometric coefficients, and kr(T ) an (electron)

temperature dependent rate coefficient of the reaction r. The reaction rate Rr
gives the rate at which species are converted into each other. It is given by

Rr(n, T ) =
1

νp
s,r − νd

s,r

(
dns
dt

)
= kr(T )

∏
s

n
νds,r
s , (9.18)

where the product runs over all species s, with densities ns. The sum in Eqn. (9.17)
and product in Eqn. 9.18 run over all species included in the model. In the case
that the species are not involved in a specific reaction, the stoichiometric coefficient
νs,r equals 0, so the species is not included in the sum and its element in the
product equals 1.

The reaction rate Rr(n, T ) of a chemical reaction is always expressed in
m−3 s−1, so the units of the rate coefficient kr(T ) depends on the number of species
on the left-hand side in equation (9.17) and their stoichiometric coefficient. The
unit of kr is m3(Nr−1)/s , with Nr =

∑
s ν

d
s,r. Nr = 2 corresponds to bimolecular

reactions while Nr = 3 stands for three-body reactions.

The balance equation (Eqn. (9.13)) of every species involved in a reaction
will receive a source term from that reaction, defined by the net stoichiometric
coefficient multiplied by its reaction rate:

Ss,r =
(
νp
s,r − νd

s,r

)
Rr. (9.19)
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The cumulative source of all reactions for a species can be written as:

Ss =
∑
r

(
νp
s,r − νd

s,r

)
Rr = Ws ·R, (9.20)

where Ws is a vector of net stoichiometric coefficients, one per reaction, and R
is a vector of rates, again one per reaction. The vectors Ws of all species can be
combined in a matrix W, one vector on every row, so that the balance equation
of the system, Eqn. (9.15), can be written in a concise form as:

∂n

∂t
= S =WR. (9.21)

In addition to the species density balances, the model includes the electron
energy balance. This extra balance will allow to describe the energy input from
an external field and its coupling with the power dissipation in the system.

9.4.2 Electron energy balance

In the introduction we already discussed the electron energy balance in the radial
direction of a microwave plasma. Its general form was given by equation 9.7. In
the approximation of spatially averaged plasma quantities and local absorption of
the input power, the electron energy balance can be written as11

∂

∂t

(
3
2nekBTe

)
= Pinput(t)−Qinelas −Qelas +Qextra, (9.22)

with ne the electron density, kB the Boltzmann constant, Te the electron temper-
ature, Pinput the input power density, Qextra the sum of all extra energy source
terms, Qinelas and Qelas are the energy losses from inelastic and elastic processes
between electrons and heavy particles. The input power density Pinput is a param-
eter of the model and is assumed to be equal to the local absorbed power density,
and can take any form as function of time.

The rate coefficients are expressed explicitely as a function of the electron
temperature and/or the gas temperature. In processes involving an electron, the
energy difference between left and right-hand side is attributed to the electrons.
For instance, when we have an ionization reaction of species X, where the ion X+

has an energy of 15eV:

X + e+ (Eion)
kion→ X+ + e+ e, (9.23)

11Apart diffusion which was extensively discussed in chapter 5, no other transport terms will
be included in the global model. This is however relatively straightforward while integrating over
space

1

V

∫
V

∇ · Γd3V =
1

V

∫
V

Γ · nd2A =
A

V
Γbound

where Γbound is the transport flux at the boundary, A is the total area of the wall and V the
volume of the plasma.
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the electrons loose Eion = 15 eV per reaction. For this ionization reaction the
inelastic losses term in the electron energy balance will be:

Qinelas,ion = EionRion = Eion nXne kion. (9.24)

The total inelastic losses are then expressed as:

Qinelas =
∑
r

Ee,rRr = Ee ·R, (9.25)

where Ee is a vector of electron energy transfers, one per reaction.

The extra source term Qextra can be used to add any reaction that does not
fit into the general description of equation 9.25 to the electron energy balance.
An example of this is energy exchange by elastic collisions (Qelas), which will be
implemented as an extra source term12.

9.5 Time dependent global modelling of the surfatron in argon

In this section, the global model presented in the previous section is used to to
investigate the effects of power modulation on the surfatron plasma for a pure
argon discharge. The reactions which were included in the model are described in
table 9.1 and 9.2. The gas density and the temporal power density injected in the
plasma are inputs of the model. During the plasma-on phase, the power density
was set to about 5 · 106 Wm−3 in accordance with the results of the 2D model
presented in chapter 2. The heavy particle balance is not solved by the global
model and so the heavy particle temperature Tg was set to 500 K [153]. For an
argon plasma at low and intermediate pressures (p ≤ 40 mbar ), this assumption
of constant Tg is not expected to change the plasma properties much. Indeed, the
dependence of the argon rates coefficients in Tg is weak. On the other hand, this
assumption will not be true, of course, in the case of plasma assisted combustion
processes [359].

The model can be run for various pressures, plasma sizes (radius) and power
densities. In the exploration of the output of the zero dimensional model we will
focus on the standard conditions of a plasma at 20 mbar close to the launcher.
Under these conditions, the assumption of a local absorption of the energy as
postulated by the form of the electron energy equation (9.4.2) is expected to be
relatively good; non-local electron energy transport is not expected to be as much
important as in lower pressures microwave plasmas [360]. Moreover, for pressure
above 20 mbar, radial contraction of the plasma was observed (see chapter 4)
which infers non-uniform ionization frequency across the radius. The assumption

12The energetic balance of elastic collisions Ar + e− → Ar + e− would be null if we don’t take
into account that electrons and atoms do not have the same temperature. Electron with gain
in average energy by momentum transfer from collisions with heavy particles. The extra sources
terms in the models are mean to take such particular phenomena into account [14]. Note that
Qelas is then part of the term Qextra defined in equation 9.22.
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of radially averaged quantities will then lose validity as well. The choice of 20 mbar
is then a compromise between these two limits.
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Figure 9.13: Time evolution of a pure argon plasma at 20 mbar. The conditions are a
pulse repetition frequency of 500 Hz and a rise time of 10µs . Note: the scale of the 4s
metastable state is on the right hand side.

In figure 9.13, the temporal response of the plasma to a 500 Hz pulse with 50%
duty cycle and 10 µs rise time is shown. The plasma radius is taken as 3 mm.
The electron temperature and density global temporal behavior agree well with
the Thomson scattering results (see figures 9.4 and 9.5). The electron density rises
toward its plateau value without overshooting it whereas the electron temperature
first rises up to temperature of about 1.6 eV and within a few microseconds reaches
its steady state value of 1.2 eV. This value is in excellent agreement with the results
presented in chapter 5 for 20 mbar.

The metastable density rises toward steady state and follow closely the total
ionic density whereas the resonant 4s state overshoot considerably compared to
steady state and then goes down to its steady value. This can be explained by
the relatively large radiative escape frequency which was assumed (see chapter 7
for a discussion of radiation transport). The 4s metastable and resonant states
could be not however measured experimentally during power interruption. We
will therefore not discuss into too much detail their chemical kinetics. We shall
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note however that the temporal behavior of the 4p states match rather well what
we measured by emission spectroscopy at high pulse frequency. Note that if a
very slow repetition frequency is applied in the model, the overshoot does not
disappear at all (as shown experimentally in figure 9.7) and tends even to increases
further. Spatio-temporal effects need to be taken into account for the description
of the exact temporal behavior of the microwave plasma during ignition. This
was already discussed in the introduction, but also other effects such as deviation
from maxwellian equilibrium of the electron energy distribution should be taken
into account as well. This is, however, currently not possible to add in the global
model. We will therefore not study further this aspect of the results.

In the decay phase of the plasma, the dip and subsequent overshoot of the
4p states in the plasma afterglow that was found experimentally in section 9.3.3
is obtained as well from the model. As explained earlier, its origin comes from
three-body recombination of atomic ions with electrons. One shall note that this
4p population is then transferred by radiative losses to the 4s group.

In figure 9.14, the radius of the plasma is changed from 3 mm to 3 cm. A strong
increase of the 4s metastable density in the afterglow is observed and even exceeds
its steady state value. This is explained by the higher electron densities predicted
by the model and a decrease of diffusion losses. The metastable density will then
relatively increases more due to recombination processes in the afterglow. As
shown in chapter 6, the ion/metastable ratio tends to decrease for higher pressures
but also higher electron densities due to stepwise ionization processes.

Changing the radius by a factor 10 does not change the temporal behavior
of the electron density in the model. It increases monotonically toward it steady
state value without exceeding it. This can be understood by the fact that the
total effective ionization rate from the ground state is a very slow process whereas
the main sink of electrons is via ambipolar diffusion. The electron temperature
being itself directly defined such that the total ionization rate and the total loss
of electron-ion pairs remains equal, this monotonic behavior during ignition can
be understood.

Last but not least, we can use the zero dimensional model to investigate the
effect of the pulse frequency on the (time averaged) plasma properties. The af-
terglow behavior was found to be rather well described whereas the ignition for
low frequencies (and so low background levels of ions and metastables) cannot
be modelled accurately. We expect the model to be more accurate in the high
frequency range (above a few kHz). In figure 9.15, the temporal behavior of the
electron temperature and density together with the evolution of the 4s and 4p
states is shown for frequencies from 5 kHz to 0.5 MHz with a duty cycle of 50%.
One can see that, for higher frequencies, the re-ignition of the plasma start to
overlap with the decaying afterglow of the previous pulse. At 0.5 MHz, the power
modulation induces only a small temporal modulation of the plasma. Indeed, the
plasma does not have any time to “switch-off”any longer and the plasma is in
quasi-state during the complete on- and off-periods.
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Figure 9.14: Time evolution of a pure argon plasma at 20 mbar at 500 Hz. A radius of
3cm is taken instead of 3mm as for figure 9.13.

The pulse frequency does not affect much the plateau value of the electron
nor 4s states densities which are the dominant species in the plasma in terms of
densities. Their densities are even found to slightly decrease for high frequencies
while the electron temperature moderately increases. No significant effects on the
4p densities are found either. On the other hand, we can notice that the electron
temperature overshoot is totally erased at high frequencies. This is due to the
electron density from the previous pulse which is still (very) high and the power
absorbed per electron remains then almost the same as in steady state.

9.6 Conclusions

To conclude this chapter, we have investigated, both from a theoretical and an
experimental point of view, the effect of power pulsing on a microwave plasma. The
chemistry of the plasma was kept simple and a pure argon gas was investigated.
This allows to focus on the physics of the plasma ignition and propagation along
the dielectric tube.

The plasma front propagation is found to decrease significantly along the tube
and to be a sensitive function of the power input as well as the gas pressure. The
results suggest an initial “pre-ignition”phase where a streamer like discharge is
formed. The plasma column extends as soon as the electron density overcomes
the critical electron density for the wave propagation at the end of the column.
This image of the plasma is supported by literature findings as well although
further measurements and (2D) time dependent modelling would be required to
gain a complete understanding of the ignition phenomena.

The effect of power interruption on the tuning of time averaged plasma prop-
erties was studied experimentally as well. It is found that no significant effects
can be found and that the time-averaged power density defines the time averaged
species densities as well. Only relatively weak overshoot of 4p and 5p densities
(and electron temperature) could be found close to the launcher during ignition.
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Figure 9.15: Time evolution of a pure argon plasma at 20 mbar and a radius of 3 mm.
The frequency is changed from 5 kHz, 50 kHz to 0.5 MHz with a rise time of 1µs for the
lower frequencies and 0.1µs for the higher frequency.

Towards the end of the column, this effect tends to completely disappear and high-
lights a complex time and space coupling. Moreover, this coupling is suspected
to be the origin of the weak effects of power modulation compared to continuous
wave operation mode.

The experimental results are finally compared with a time dependent global
model for argon. The general trends are in quite good agreement, particularly
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with respect to the effects of the pulse frequency.
One of the initial targets of the study was also to assess the possibility of

using time resolved OES (together with electron temperature and density mea-
surements) as a validation tool for complex chemistry mixtures while using the
surfatron as plasma source. The complex dynamics that were found in the simple
case of argon during the ignition of the plasma render this task more complicated
than first expected. More studies will be needed to achieve that goal. We may
point out, however, that power interruption has traditionally been always more
focused on the afterglow of the plasmas. This plasma does not seem to be very
much different in that respect. However, it is slightly awkward to characterize ion-
izing plasmas by looking at their recombination kinetics and more efforts should
be devoted in that direction.
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Process Rate coefficients

Excitation From Ground State
Ar + e −→ Arm + e 2.5× 10−15T 0.74

e exp(−11.54/Te)
Ar + e −→ Arr + e 2.5× 10−15T 0.74

e exp(−11.62/Te)
Ar + e −→ Ar(4p) + e 1.4× 10−17T 0.71

e exp(−13.17/Te)
Deexcitation
Arr + e −→ Ar + e 4.3× 10−16T 0.74

e

Arm + e −→ Ar + e 4.3× 10−16T 0.74
e

Ar(4p) + e −→ Ar + e 5.07× 10−19T 0.71
e

a

Stepwise Excitation and Deexcitation
Arr + e −→ Ar(4p) + e 8.9× 10−13T .51

e exp(−1.59/Te)
Arm + e −→ Ar(4p) + e 8.9× 10−13T .51

e exp(−1.59/Te)
Arm + e −→ Arr + e 1.5× 10−13

Arr + e −→ Arm + e 3× 10−13

Ar(4p) + e −→ Arr + e 1.5× 10−13T 0.51
e

Ar(4p) + e −→ Arm + e 1.5× 10−13T 0.51
e

Direct ionization
Ar + e −→ Ar+ + 2e 2.3× 10−14T 0.68

e exp(−15.76/Te)
Stepwise ionization
Arm + e −→ Ar+ + 2e 6.8× 10−15T 0.67

e exp(−4.2/Te)
Arr + e −→ Ar+ + 2e 6.8× 10−15T 0.67

e exp(−4.2/Te)
Ar(4p) + e −→ Ar+ + 2e 1.8× 10−13T 0.61

e exp(−2.61/Te)
Radiative losses
Ar(4p) −→ Arm + hν 3× 107

Ar(4p) −→ Arr + hν 3× 107

Arr −→ Ar + hν 3× 106

Table 9.1: Rate coefficients for electron impact excitation processes. The rate coefficients
(in units of m3(N−1)s−1 where N is the number of species involved in the elementary
reaction) for the electron impact processes are taken from Ashida et al. [91] with the
electron temperature expressed in eV. The effective lifetime of the excited state are taken
from Ashida et al. as well although it should be recalculated for every conditions (see
chapter 7). Note: a the rate for superelastic deexcitation of 4p was taken from Jimenez
et al. [25].
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Process Rate coefficients Ref.

Self Penning
Arm +Arr −→ Ar +Ar+ + e 6.4× 10−16 [311]
2Arm −→ Ar +Ar+ + e 6.4× 10−16 [311]
Ar(4p) +Ar(4p) −→ Ar +Ar+ + e 6.4× 10−16 [311]
Dissociative Recombination

Ar+
2 + e −→ Arr +Ar γr×8.5×10−12×

(
Te

300 K

)−0.64
(

Tg
300 K

)−0.86
[150]

Ar+
2 + e −→ Arm +Ar γm×8.5×10−12×

(
Te

300 K

)−0.64
(

Tg
300 K

)−0.86
[150]

Ar+
2 + e −→ Ar(4p) +Ar γ4p×8.5×10−13×

(
Te

300 K

)−0.67
(

Tg
300 K

)−0.58
[358]

Three Body Recombination
Ar+ + 2e −→ Ar(4p) + e 5× 10−39T−4.5

e [25]
Ar+ + 2Ar −→ Ar+

2 +Ar 2.5× 10−43(Tg/300 K )−1 [149]
Electron Impact

Ar+
2 + e −→ Ar+ +Ar + e 1.11× 10−12 exp

(
−2.94−3[Tg(eV )−0.026]

Te(eV )

)
[25]

Atom Impact

Ar+
2 +Ar −→ Ar+ + 2Ar 5.22×10−16

Tg(eV ) exp
(
− 1.304
Tg(eV )

)
[25]

Table 9.2: Rate coefficients (in units of m3(N−1)s−1 where N is the number of species
involved in the elementary reaction) for heavy particles excitation processes and recom-
bination of charged species. They consist of ions chemistry and Penning ionization mech-
anisms. The coefficients γ are a branching ratio factor introduced to try to quantify the
different dissociative recombination channels of Ar+2 . Their exact values are not really
known and some contraction exist in the litterature. However, it is expected to populated
mainly the 4s states. A branching ratio of 0.45/0.45/0.1 was then taken as first estimate.
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Chapter 10

Conclusions

The aim of this work was to investigate microwave plasmas with the purpose of
obtaining a better understanding and control of deposition processes. To under-
stand the basic plasma dynamics, a relatively simple surface wave discharge was
chosen as model system: the surfatron source. One of its main advantages is its
flexible operation range and stability when operated with complex gases. Vari-
ous experimental techniques were used to investigate the plasma properties as a
function of external parameters such as the pressure and the gas composition. For
pure argon, the results were compared with two dimensional simulations of the
plasma source as well as a time dependent global plasma model and a collisional
radiative model. The validity and limitations of different techniques and models
were discussed case by case. The relative simplicity of argon chemistry allowed to
pin-point more easily different aspects and limitations of the models.

Thomson scattering is usually considered as an accurate and non-intrusive
diagnostic for the determination of the electron density and temperature of
non-thermal plasmas. In the field of thermal plasmas, electron-ion inverse
bremsstrahlung (IB) is known as the dominant mechanism that will lead to pertur-
bation of the plasma by the laser. In chapter 3, we showed that plasmas with small
ionization degree but high background pressure can be significantly heated by the
laser due to electron-atom IB. The criterion for non-intrusive measurements by
Thomson scattering was then revisited in the case of non-thermal plasmas while
including both electron-ion and electron-atom IB in the calculation of the crit-
ical laser energy flux. In the low to intermediate pressure regime of this work,
the lasers used for laser diagnostics were found to only insignificantly perturb the
plasma’s electron density and temperature. On the other hand, in the case of reso-
nant absorption of the laser light, large perturbations of the two optically coupled
states occur. This perturbation can be used to monitor excitation kinetics via
laser collisional induced fluorescence (LCIF).

Before investigating electron atoms kinetics, a good understanding of the
plasma wave interactions inside the plasma volume is needed. For this purpose, a
two dimensional self-consistent plasma model was developed in the Plasimo plat-
form for the investigation of steady state surface wave discharges. The plasma-
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wave interactions inside and outside the microwave cavity were described self-
consistently. The predictions of the 2D model are compared with experimental
results for the surfatron. A good agreement is found for the axial behavior of
the electron density (and temperature) outside the launcher. Discrepancies in the
radial plasma behavior are on the other hand found.

In chapter 4, Thomson scattering was used to investigate the radial profile of
the electron density for pure argon plasmas as a function of pressure. A Bessel
profile was found in the low pressure regime (< 20 mbar) while radial contrac-
tion was observed for higher pressures. Interestingly, this feature could not be
obtained as output of the 2D model presented in chapter 2. Different reasons can
be the origin of these discrepancies; one of them is the assumption of a Maxwellian
electron energy distribution function. In chapter 5, the validity of this assump-
tion was investigated by Thomson scattering and optical emission spectroscopy.
Significant deviations from Maxwellian equilibrium are found which scales as an
inverse function of the ionization degree.

After a full axial and radial characterization of the setup in terms of electron
density and temperature, the plasma was used to investigate the argon 4s states
electron impact excitation kinetics in chapter 6. The steady state argon plasma
was perturbated by a laser pulse tuned to an optical transition between the 4s
and 4p groups. The temporal relaxation of the three lower states of the 4s group
of argon was then measured via laser diode absorption. Due to their very small
energy gap, the electron impact transfer rate coefficients between the 4s levels
are very poorly known. The combination of pulsed dye laser pumping and time
resolved absorption spectroscopy was demonstrated as a powerful tool to unravel
their excitation kinetics. Combined with Thomson scattering, the method allow
to determine electron rate coefficients as well. In low pressure plasmas (below
1 mbar), radiation escape of the resonant states will strongly affect the population
densities of the two metastable argon states. An accurate determination of these
rates coefficients is then needed, and, a proof of principle of the method is given.

Argon 4s states are the first and most important intermediate stage in stepwise
ionization processes but none of them can be directly probed by optical emission
spectroscopy. The 4p states are the first accessible radiative states and they actu-
ally dominate the argon spectrum. In chapter 7, the 4p kinetics by electron and
heavy particles induced processes were investigated by LCIF. By selecting care-
fully the optical pumping schemes with a pulsed dye laser, connections between 4p
states and 4s states were highlighted as well as those within 4p states. The results
were compared with data available in the literature and a rather good agreement
in the trends is found. Reabsorption of radiation emitted from the 4p group back
to the 4s group was found as well, which limits any straightforward interpreta-
tion of the data. The nanosecond time resolved collisional LIF data is however
argued as powerful tool for the validation of cross sections data used in collisional
radiative models. A preliminary comparison with an existing argon CRM is done
and strong deviations are found in the case of fast relaxation processes. Using
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LCIF, the fast relaxation kinetics of the argon 4p states are found to be strongly
influenced by heavy particles collisions and radiation trapping effects.

In chapter 8, L(C)IF was used to investigate the interactions between the
argon and hydrogen atomic systems. A well-known excitation transfer from argon
4s states to the hydrogen n = 2 state is shown as well as a previously unknown
transfer from the 4p states towards the upper part of the atomic hydrogen system.
A trace of these collisional excitation transfers were found by monitoring the
atomic hydrogen spectrum temporal response while pumping argon 4s−4p optical
transitions. The total quenching rate of argon 4p states is shown to be stronger
than anticipated for the electron density and molecular hydrogen partial pressure
of the plasma. Extra quenching mechanisms that were previously not accounted
for in argon-hydrogen collisional radiative models need to be considered.

Power interruption is rather widely used to control plasma properties as well
as a diagnostic tool. In this thesis, we explored the potential of both aspects at
the same time in chapter 9. The effect of power modulation was investigated and
compared with the steady state properties of the plasma. No significant differences
between the pulsed and the continuous wave plasma could be measured in terms of
temporally averaged plasma properties. The reasons behind this lack of tunability
of the microwave plasma were discussed and correlated to its ignition behavior. A
strong coupling in time and space was found. Moreover, despite a very fast rise
time of the power supply, the power is only progressively absorbed by the plasma
discharge. These new insights show that only a time resolved 2D model of the
discharge can describe the plasma behavior.

The possibility of combining optical emission spectroscopy (and Thomson scat-
tering) to investigate and validate global plasma chemistry models was finally
benchmarked with the simple case of an argon plasma. The afterglow kinetics
during power interruption (recombination processes) can be quite well reproduced,
but large discrepancies between the global model and the experiments for the ig-
nition were shown. The origin of these differences is correlated to the assumption
of spatially averaged quantities in the model.

A considerable amount of data for a surface wave discharge in argon was gath-
ered. The comparison between the spatially resolved steady-state measurements
and the 2D model shows that still significant improvements of the model can be
done although a relatively good agreement was found already. Maxwell deviations
are an important aspect but radiation transport effects cannot be neglected either.
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[134] E. A. D. Carbone, S. Hübner, E. Iordanova, J. M. Palomares, and J. J. A. M. van der
Mullen. Thomson scattering imaging of the very end of surfatron plasmas. Plasma Science,
IEEE Transactions on, 39(11):2558 –2559, nov. 2011.

[135] E. Castaños Martinez, Y. Kabouzi, K. Makasheva, and M. Moisan. Modeling of microwave-
sustained plasmas at atmospheric pressure with application to discharge contraction. Phys-
ical Review E, 70(6):1–12, December 2004.

[136] E Castaños Mart́ınez, M Moisan, and Y Kabouzi. Achieving non-contracted and non-
filamentary rare-gas tubular discharges at atmospheric pressure. Journal of Physics D:
Applied Physics, 42(1):012003, January 2009.

[137] Yu B Golubovskii, V Nekuchaev, S Gorchakov, and D Uhrlandt. Contraction of the positive
column of discharges in noble gases. Plasma Sources Science and Technology, 20(5):053002,
2011.

[138] E Tatarova and D Zamfirov. A radially resolved experimental investigation of the electron
energy distribution function in a microwave discharge sustained by propagating surface
waves. Journal of Physics D: Applied Physics, 28(7):1354–1361, July 1995.

[139] Joost van der Mullen and Jeroen Jonkers. Non-equilibrium effects induced by mobilities
along steep gradients. Annals of the New York Academy of Sciences, 891(1):273–284, 1999.

[140] A F H van Gessel, E A D Carbone, P J Bruggeman, and J J A M van der Mullen. Laser
scattering on an atmospheric pressure plasma jet: disentangling Rayleigh, Raman and
Thomson scattering. Plasma Sources Science and Technology, 21(1):015003, 2012.

[141] E. I. Iordanova. Polydiagnostic Validation of Spectroscopic Methods. PhD. thesis, Eind-
hoven University of Technology, 2010.

[142] M. J. Van de Sande and J. J. A. M. Van der Mullen. Thomson scattering on a low-
pressure, inductively-coupled gas discharge lamp. Journal of Physics D: Applied Physics,
35(12):1381–1391, 2002.

[143] M J van de Sande. Laser scattering on low temperature plasmas: High resolution and
straylight rejection. PhD. thesis, Eindhoven University of Technology, 2002.
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[186] S Grosse, H Schlüter, and E Tatarova. Axial dependence of the electron energy distribution
function in microwave discharges sustained by propagating surface waves. Physica Scripta,
50(5):532, 1994.
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[188] E A D Carbone, S Hübner, J M Palomares, and J J A M van der Mullen. The radial
contraction of argon microwave plasmas studied by Thomson scattering. Journal of Physics
D: Applied Physics, 45(34):345203, 2012.
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Appendix A

Ar CRM data

CRM model data for Ar model of chapter 7 taken from W. Graef thesis [14].

Table A.1: All levels included in the Ar model, their energy, and statistical weight.

name energy weight name energy weight

ground 0.000000 1

4s[3/2]2 11.548354 5 4s[3/2]1 11.623592 3
4s’[1/2]0 11.723160 1 4s’[1/2]1 11.828071 3

4p[1/2]1 12.907015 3 4p[5/2]3 13.075715 7
4p[5/2]2 13.094872 5 4p[3/2]1 13.153143 5
4p[3/2]2 13.171777 3 4p[1/2]0 13.273038 1
4p’[3/2]1 13.282638 3 4p’[3/2]2 13.302227 5
4p’[1/2]1 13.327856 3 4p’[1/2]0 13.479886 1

3d[1/2]0 13.845038 1 3d[1/2]1 13.863668 3
3d[3/2]2 13.903454 5 3d[7/2]4 13.979237 9
3d[7/2]3 14.012738 7 3d[5/2]2 14.063027 5
3d[5/2]3 14.099055 7 3d[3/2]1 14.152514 3
3d’[5/2]2 14.213671 5 3d’[3/2]2 14.234022 5
3d’[5/2]3 14.236105 7 3d’[3/2]1 14.303668 3

5s[3/2]2 14.068297 5 5s[3/2]1 14.089968 3
5s’[1/2]0 14.241027 1 5s’[1/2]1 14.255085 3

5p[1/2]1 14.463995 3 5p[5/2]3 14.499053 7
5p[5/2]2 14.506067 5 5p[3/2]1 14.524913 3
5p[3/2]2 14.528913 5 5p[1/2]0 14.575948 1
5p’[3/2]1 14.680650 3 5p’[1/2]1 14.687118 3
5p’[3/2]2 14.688290 5 5p’[1/2]0 14.738115 1

6s 14.842395 8 6s’ 15.020082 4
7s 15.182461 8 7s’ 15.359150 4
8s 15.363559 8 8s’ 15.541244 4
9s 15.470217 8 9s’ 15.647963 4



234 Ar CRM data

name energy weight name energy weight

10s 15.539020 8 10s’ 15.716050 4

6p 15.027492 24 6p’ 15.204578 12
7p 15.285607 24 7p’ 15.441823 12
8p 15.418657 24 8p’ 15.595913 12
9p 15.505837 24 9p’ 15.687000 12

4d 14.780255 40 4d’ 14.967431 20
5d 15.146943 40 5d’ 15.316640 20
6d 15.343672 40 6d’ 15.515428 20
7d 15.454865 40 7d’ 15.632548 20
8d 15.530544 40 8d’ 15.713471 20

4f 14.905574 56 4f’ 15.083141 28
5f 15.213270 56 5f’ 15.390949 28
6f 15.380265 56 6f’ 15.557897 28
7f 15.481085 56 7f’ 15.658571 28

ion 15.75961 6

Table A.2: All radiative transitions included in the Ar CRM, their wavelength and
transition probability.

upper lower λ A upper lower λ A
level level [nm] [106 s−1 ] level level [nm] [106 s−1 ]

4s[3/2]1 ground 106.7 119 4s’[1/2]1 ground 104.8 510

4p[1/2]1 4s’[1/2]0 1047.3 0.98 4p[1/2]1 4s’[1/2]1 1149.1 0.19
4p[1/2]1 4s[3/2]1 966.0 5.43 4p[1/2]1 4s[3/2]2 912.5 18.9
4p[5/2]3 4s[3/2]2 811.8 33.1 4p[5/2]2 4s’[1/2]1 978.7 1.47
4p[5/2]2 4s[3/2]1 842.7 21.5 4p[5/2]2 4s[3/2]2 801.7 9.28
4p[3/2]1 4s’[1/2]1 935.7 5.03 4p[3/2]1 4s[3/2]1 810.6 4.9
4p[3/2]1 4s[3/2]2 772.6 24.5 4p[3/2]1 4s’[1/2]0 867.0 2.43
4p[3/2]2 4s’[1/2]1 922.7 1.06 4p[3/2]2 4s[3/2]1 800.8 25.0
4p[3/2]2 4s[3/2]2 763.7 5.18 4p[1/2]0 4s[3/2]1 751.7 40.2

4p’[3/2]1 4s’[1/2]0 795.0 18.6 4p’[3/2]1 4s’[1/2]1 852.4 13.9
4p’[3/2]1 4s[3/2]1 747.3 0.022 4p’[3/2]1 4s[3/2]2 714.9 0.625
4p’[3/2]2 4s’[1/2]1 841.1 22.3 4p’[3/2]2 4s[3/2]1 738.6 8.47
4p’[3/2]2 4s[3/2]2 706.9 3.8 4p’[1/2]1 4s’[1/2]0 772.6 11.7
4p’[1/2]1 4s’[1/2]1 826.7 15.3 4p’[1/2]1 4s[3/2]1 727.5 1.83
4p’[1/2]1 4s[3/2]2 696.54 6.39 4p’[1/2]0 4s’[1/2]1 750.6 44.5
4p’[1/2]0 4s[3/2]1 667.9 0.236

3d[1/2]0 4p[1/2]1 1321.8 8.1 3d[1/2]0 4p’[1/2]1 2397.3 0.36
3d[1/2]0 4p’[3/2]1 2204.6 0.12 3d[1/2]1 4p[1/2]1 1296.0 7.4
3d[1/2]1 4p’[1/2]1 2314.0 0.17 3d[1/2]1 4p’[3/2]1 2133.9 0.032
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upper lower λ A upper lower λ A
level level [nm] [106 s−1 ] level level [nm] [106 s−1 ]

3d[1/2]1 4p’[3/2]2 2208.3 0.14 3d[1/2]1 4p[5/2]2 1612.7 0.039
3d[3/2]2 4p[1/2]1 1244.3 4.9 3d[3/2]2 4p’[1/2]1 2154.0 0.11
3d[3/2]2 4p[3/2]1 1694.5 0.26 3d[3/2]2 4p[3/2]2 1652.4 2.5
3d[3/2]2 4p’[3/2]2 2062.2 0.39 3d[3/2]2 4p[5/2]2 1533.4 0.12
3d[7/2]3 4p[3/2]2 1442.4 0.088 3d[7/2]3 4p[5/2]2 1350.8 11
3d[5/2]2 4p[3/2]1 1391.1 7.3 3d[5/2]2 4p[5/2]2 1280.6 5.7
3d[5/2]2 4p[5/2]3 1255.8 0.12 3d[5/2]3 4p’[3/2]2 1556.0 0.0098
3d[5/2]3 4p[5/2]2 1234.7 2 3d[5/2]3 4p[5/2]3 1211.6 3.1
3d[3/2]1 4p[1/2]0 1409.7 4.3 3d[3/2]1 4p[3/2]1 1264.2 11
3d[3/2]1 4p[5/2]2 1172.3 0.952 3d[3/2]1 ground 87.6 270

3d’[5/2]2 4p’[3/2]1 1331.7 13 3d’[5/2]2 4p’[3/2]2 1360.3 2.2
3d’[5/2]2 4p[5/2]2 1108.2 0.83 3d’[3/2]2 4p’[1/2]1 1368.2 6.2
3d’[3/2]2 4p[3/2]1 1167.2 0.369 3d’[3/2]2 4p[3/2]2 1147.1 3.76
3d’[5/2]3 4p’[3/2]2 1327.6 15 3d’[3/2]1 4p[1/2]0 1203.0 0.42
3d’[3/2]1 4p’[1/2]0 1505.1 5.2 3d’[3/2]1 4p’[1/2]1 1270.6 7.1
3d’[3/2]1 4p’[3/2]1 1214.3 4.5 3d’[3/2]1 4p[3/2]2 1077.6 0.396
3d’[3/2]1 ground 86.7 313

5s[3/2]2 4p[1/2]1 1067.6 4.9 5s[3/2]2 4p’[1/2]1 1674.5 0.31
5s[3/2]2 4p[3/2]1 1382.9 0.46 5s[3/2]2 4p’[3/2]1 1578.1 0.059
5s[3/2]2 4p[3/2]2 1354.8 3.3 5s[3/2]2 4p’[3/2]2 1618.4 0.12
5s[3/2]2 4p[5/2]2 1273.7 1.1 5s[3/2]2 4p[5/2]3 1249.1 11
5s[3/2]1 4p[1/2]0 1517.7 1.3 5s[3/2]1 4p’[1/2]0 2032.3 0.16
5s[3/2]1 4p[1/2]1 1048.1 2.44 5s[3/2]1 4p’[1/2]1 1626.9 0.03
5s[3/2]1 4p[3/2]1 1350.3 4.6 5s[3/2]1 4p’[3/2]1 1535.7 0.45
5s[3/2]1 4p[3/2]2 1323.5 2.7 5s[3/2]1 4p’[3/2]2 1573.9 0.029
5s[3/2]1 4p[5/2]2 1246.0 8.9 5s[3/2]1 ground 88.0 77

5s’[1/2]0 4p’[1/2]1 1357.7 5.1 5s’[1/2]0 4p[1/2]1 929.4 3.26
5s’[1/2]0 4p[3/2]1 1159.5 2.22 5s’[1/2]0 4p’[3/2]1 1293.7 10
5s’[1/2]1 4p[1/2]0 1262.5 0.38 5s’[1/2]1 4p’[1/2]0 1599.4 1.9
5s’[1/2]1 4p’[1/2]1 1337.1 3.4 5s’[1/2]1 4p[1/2]1 919.7 1.76
5s’[1/2]1 4p[3/2]1 1144.5 0.28 5s’[1/2]1 4p’[3/2]1 1275.0 2.0
5s’[1/2]1 4p[3/2]2 1125.1 1.39 5s’[1/2]1 4p’[3/2]2 1301.2 8.9
5s’[1/2]1 4p[5/2]2 1068.6 0.21 5s’[1/2]1 ground 87.0 35

5p[1/2]1 4s’[1/2]0 452.4 0.0898 5p[1/2]1 4s’[1/2]1 470.4 0.109
5p[1/2]1 4s[3/2]1 436.5 0.012 5p[1/2]1 4s[3/2]2 425.2 0.111
5p[5/2]3 3d[3/2]2 2081.7 0.076 5p[5/2]3 3d[7/2]4 2385.2 1.1
5p[5/2]3 4s[3/2]2 420.2 0.967 5p[5/2]2 4s’[1/2]1 463.0 0.0383
5p[5/2]2 4s[3/2]1 430.1 0.377 5p[5/2]2 4s[3/2]2 419.2 0.28
5p[3/2]1 4s’[1/2]0 442.5 0.0073 5p[3/2]1 4s’[1/2]1 459.7 0.0947
5p[3/2]1 4s[3/2]1 427.3 0.797 5p[3/2]1 4s[3/2]2 416.5 0.288
5p[3/2]2 4s’[1/2]1 459.1 0.0062 5p[3/2]2 4s[3/2]1 426.7 0.312
5p[3/2]2 4s[3/2]2 416.0 1.4 5p[1/2]0 4s’[1/2]1 451.2 1.18
5p[1/2]0 4s[3/2]1 419.9 2.57 5p’[3/2]1 4s’[1/2]0 419.2 0.539

5p’[3/2]1 4s’[1/2]1 434.6 0.297 5p’[3/2]1 4s[3/2]1 405.6 0.027
5p’[1/2]1 3d[3/2]2 1582.1 0.087 5p’[1/2]1 4s’[1/2]0 418.3 0.561
5p’[1/2]1 4s’[1/2]1 433.7 0.387 5p’[1/2]1 4s[3/2]1 404.7 0.041
5p’[1/2]1 4s[3/2]2 395.0 0.455 5p’[3/2]2 4s’[1/2]1 433.5 0.568
5p’[3/2]2 4s[3/2]1 404.6 0.333 5p’[3/2]2 4s[3/2]2 394.9 0.056
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upper lower λ A upper lower λ A
level level [nm] [106 s−1 ] level level [nm] [106 s−1 ]

5p’[1/2]0 4s’[1/2]1 426.1 3.98

4d 4p[1/2]0 822.6 0.069 4d 4p[1/2]1 661.9 0.53
4d 4p’[1/2]1 853.7 0.16 4d 4p[3/2]1 770.8 0.094
4d 4p’[3/2]1 827.9 0.018 4d 4p[3/2]2 762.0 0.19
4d 4p’[3/2]2 838.8 0.21 4d 4p[5/2]2 735.6 0.20
4d 4p[5/2]3 727.4 0.48

6s 4p[1/2]0 790.0 0.13 6s 4p’[1/2]0 910.0 0.036
6s 4p[1/2]1 640.6 0.88 6s 4p’[1/2]1 818.6 0.11
6s 4p[3/2]1 742.1 0.77 6s 4p’[3/2]1 794.9 0.066
6s 4p[3/2]2 734.0 0.83 6s 4p’[3/2]2 805.0 0.089
6s 4p[5/2]2 709.5 1.03 6s 4p[5/2]3 701.8 1.67

6s’ 4p[1/2]0 709.7 0.11 6s’ 4p’[1/2]0 805.0 0.27
6s’ 4p[1/2]1 586.7 0.52 6s’ 4p’[1/2]1 732.7 1.02
6s’ 4p[3/2]1 670.8 0.23 6s’ 4p’[3/2]1 713.6 0.98
6s’ 4p[3/2]2 664.1 0.12 6s’ 4p’[3/2]2 721.7 1.86
6s’ 4p[5/2]2 644.0 0.038

7s 4p[1/2]0 649.3 0.035 7s 4p[1/2]1 544.9 0.37
7s 4p[3/2]1 616.6 0.22 7s 4p’[3/2]1 652.6 0.020
7s 4p[3/2]2 611.0 0.50 7s 4p’[3/2]2 659.4 0.023
7s 4p[5/2]2 593.9 0.53 7s 4p[5/2]3 588.5 0.81

7s’ 4p[1/2]0 594.3 0.09 7s’ 4p[1/2]1 505.6 0.48
7s’ 4p’[1/2]1 610.4 0.33 7s’ 4p[3/2]1 566.8 0.25
7s’ 4p’[3/2]1 597.1 0.41 7s’ 4p’[3/2]2 602.8 0.68
7s’ 4p[5/2]2 547.6 0.15

8s 4p[1/2]1 504.7 0.29 8s 4p’[1/2]1 609.0 0.028
8s 4p’[3/2]1 595.8 0.056 8s 4p[3/2]2 560.9 0.21
8s 4p’[3/2]2 601.5 0.052 8s 4p[5/2]2 546.5 0.18
8s 4p[5/2]3 541.9 0.38 8s’ 4p[3/2]1 523.3 0.20

8s’ 4p’[3/2]1 548.9 0.14 8s’ 4p’[3/2]2 553.7 0.20

9s 4p[1/2]0 564.3 0.079 9s 4p[1/2]1 483.7 0.064
9s 4p[3/2]2 535.1 0.060 9s 4p[5/2]2 522.0 0.049
9s 4p[5/2]3 517.8 0.15

10s 4p[5/2]2 507.3 0.098 10s 4p[5/2]3 503.3 0.051

6p 4s’[1/2]0 375.2 0.0088 6p 4s’[1/2]1 387.5 0.038
6p 4s[3/2]1 364.2 0.072 6p 4s[3/2]2 356.4 0.088

6p’ 4s’[1/2]0 356.1 0.030 6p’ 4s’[1/2]1 367.2 0.092
6p’ 4s[3/2]1 346.2 0.028

7p 4s’[1/2]1 358.6 0.021 7p’ 4s’[1/2]1 343.1 0.033

4d’ 4p[1/2]0 731.7 0.0087 4d’ 4p[1/2]1 601.7 0.31
4d’ 4p’[1/2]1 756.2 0.15 4d’ 4p[3/2]1 690.5 0.11
4d’ 4p’[3/2]1 735.9 0.11 4d’ 4p[3/2]2 683.4 0.22
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upper lower λ A upper lower λ A
level level [nm] [106 s−1 ] level level [nm] [106 s−1 ]

4d’ 4p’[3/2]2 744.6 0.24 4d’ 4p[5/2]2 662.1 0.047
4d’ 4p[5/2]3 655.4 0.11

5d 4p[1/2]0 661.6 0.029 5d 4p[1/2]1 553.5 0.42
5d 4p’[1/2]1 681.6 0.038 5d 4p[3/2]1 627.7 0.11
5d 4p’[3/2]1 665.0 0.026 5d 4p[3/2]2 621.8 0.18
5d 4p’[3/2]2 672.1 0.069 5d 4p[5/2]2 604.2 0.29
5d 4p[5/2]3 598.6 0.60 5d’ 4p[1/2]0 606.7 0.012

5d’ 4p[1/2]1 514.5 0.37 5d’ 4p’[1/2]1 623.4 0.23
5d’ 4p[3/2]1 578.1 0.24 5d’ 4p’[3/2]1 609.6 0.30
5d’ 4p[3/2]2 573.1 0.21 5d’ 4p’[3/2]2 615.5 0.43
5d’ 4p[5/2]2 558.0 0.27 5d’ 4p[5/2]3 553.3 0.084

6d 4p[1/2]0 598.8 0.023 6d 4p’[1/2]0 665.2 0.0091
6d 4p[1/2]1 508.8 0.21 6d 4p’[1/2]1 615.1 0.016
6d 4p[3/2]1 570.9 0.023 6d 4p’[3/2]1 601.6 0.015
6d 4p[3/2]2 566.0 0.19 6d 4p’[3/2]2 607.3 0.015
6d 4p[5/2]2 551.3 0.074 6d 4p[5/2]3 546.7 0.40

6d’ 4p[1/2]1 475.3 0.22 6d’ 4p[3/2]1 529.0 0.090
6d’ 4p’[3/2]1 555.3 0.067 6d’ 4p[3/2]2 524.8 0.064
6d’ 4p’[3/2]2 560.2 0.18 6d’ 4p[5/2]2 512.2 0.10
6d’ 4p[5/2]3 508.2 0.016

7d 4p[1/2]0 568.3 0.013 7d 4p[1/2]1 486.6 0.24
7d 4p’[1/2]1 582.9 0.0041 7d 4p[3/2]1 543.1 0.034
7d 4p[3/2]2 538.7 0.035 7d 4p’[3/2]2 576.0 0.016
7d 4p[5/2]2 525.4 0.13 7d 4p[5/2]3 521.1 0.22

7d’ 4p[1/2]1 454.9 0.0095 7d’ 4p’[3/2]2 532.0 0.091

8d 4p[1/2]0 549.2 0.0090 8d 4p[1/2]1 472.6 0.043
8d 4p’[3/2]1 551.6 0.0059 8d 4p[3/2]2 521.5 0.038
8d 4p[5/2]2 509.0 0.028 8d 4p[5/2]3 505.1 0.083

4f 3d[1/2]0 1169.1 0.036 4f 3d[1/2]1 1190.0 0.66
4f 3d[3/2]1 1646.4 0.76 4f 3d[3/2]2 1237.2 0.75
4f 3d’[5/2]2 1791.9 0.11 4f 3d[5/2]3 1537.3 1.77
4f 3d[7/2]4 1338.4 2.3 4f 5s[3/2]2 1480.8 0.053

4f’ 3d’[3/2]1 1590.6 1.38 4f’ 3d[3/2]2 1051.0 0.68
4f’ 3d’[3/2]2 1460.2 2.3 4f’ 3d’[5/2]3 1463.7 5.1
4f’ 3d[7/2]3 1158.3 0.20
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Appendix B

Racah & Paschen notation

The following two tables can be used to translate Paschen notation into Racah
notation and vice versa.

Orbital Block

s
4s 5s 6s 7s
1s 2s 3s 4s

p
4p 5p 6p 7p
2p 3p 4p 5p

d
3d 4d 5d 6d
3d 4d 5d 6d

Table B.1: The blocks in Racah notation (top row) and the corresponding blocks in
Paschen notation (bottom row). Note that the four primed d levels in Racah notation are
denoted as s in Paschen notation.
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Orbital Levels

s
[3/2]2 [3/2]1

′[1/2]0
′[1/2]1

s5 s4 s3 s2

p

[1/2]1 [5/2]3 [5/2]2 [3/2]1 [3/2]2
p10 p9 p8 p7 p6

[1/2]0
′[3/2]1

′[3/2]2
′[1/2]1

′[1/2]0
p5 p4 p3 p2 p1

d

[1/2]0 [1/2]1 [7/2]4 [7/2]3 [3/2]2 [3/2]1
d6 d5 d ′4 d4 d3 d2

[5/2]2 [5/2]3
′[5/2]2

′[5/2]3
′[3/2]2

′[3/2]1
d ′′1 d ′1 s ′′′′1 s ′′′1 s ′′1 s ′1

f
[7/2]3,4 [9/2]4,5

′[7/2]3,4 [3/2]1,2 [5/2]2,3
′[5/2]2,3

U V W X Y Z

Table B.2: The orbitals (Racah notation) and the levels they contain. The top line
shows the Racah notation and the bottom line the corresponding Paschen notation (in
italics). The prime in the Racah notation denotes the configuration of the core: P3/2 for
unprimed, P1/2 for primed.



Appendix C

Electron impact rate coefficient between
1s2 and 1s3 states

In this appendix, we will treat the collisional transfer between the 1s2 and 1s3

states after the 1s2 state has been radiatively overpopulated by the laser pulse
tuned to the 1s5 → 2p3 transition of argon (see chapter 6).

We consider that at time t = 0, the 1s2 state is overpopulated by radiative
decay from the level 2p3 while pumping the 706.7 nm optical transition with
an amplitude ∆0(1s2). The 1s3 state is not coupled radiatively with the upper
level and we assume that its main production source comes from the 1s2 state by
electron collisions with a rate coefficient ke2,3. The main losses of 1s3 are assumed
to be towards the 1s4 and 1s5 states with a rate coefficient ke3−4,5. The density of
the 1s3 state is also lost back to the 1s2 state with a rate coefficient ke3,2 which is
given by detailed balancing from its reverse process

ke3,2 = ke2,3
g2

g3
exp

(
− E2,3

kBTe

)
(C.1)

where g2 = 3, g3 = 1 and E2,3 = 0.1049 eV .

At t = 0, we assume that the density of the 1s3 is unperturbated compared to
steady state and so that ∆0(1s3) = 0. We will further assume that the 1s3 state is
lost only towards the 1s4 and 1s5 states with a rate coefficient ke3−4,5 and make the
further assumption that ke3−4,5 = ke2−4,5. Production of 1s states from the ground
state and losses to the ion are much slower processes than redistribution between
the 1s states. We will neglect them in this treatment and consider the 1s states
as a closed system after the end of the laser pulse and radiative repopulation of
the 1s states from the 2p3 state.

The temporal evolution of the perturbation of the 1s2 and 1s3 states can then
be described by the following system of differential equations
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d∆(1s2)

dt
= −ke2−3ne∆(1s2) + ke3−2ne∆(1s3)− ke2−4,5ne∆(1s2) (C.2)

d∆(1s3)

dt
= −ke3−2ne∆(1s2) + ke2−3ne∆(1s3)− ke3−4,5ne∆(1s3) (C.3)

Defining collision frequencies kene = ν and combining these two equations,
one finally ends up with

d2∆(1s3)

dt2
+ u

(
d∆(1s3)

dt

)
+ v ·∆(1s3) = 0 (C.4)

where u = ν3−2 +ν2−3 +ν2,4−5 +ν3−4,5 and v = ν3−4,5×ν2−3 +ν2−4,5×ν3−2 +
ν2−4,5 × ν3−4,5. Considering that ∆0(1s3) = 0 at t = 0 and also at t = ∞, the
solution of the differential equation is

∆(1s3)(t) = H (exp(−n · t)− exp(−m · t)) (C.5)

where n =
(
u−
√
u2 − 4v

)
/2 and m =

(
u+
√
u2 − 4v

)
/2. H is the ampli-

tude of the overpopulation of the state 1s3.
The temporal evolution of the 1s3 state can then be fitted using three param-

eters which are respectively H, m and n.

Figure C.1: Example of fitting of the 1s3 state temporal evolution following pumping
of the 706 nm line (at a pressure of 10 mbar and electron density of 5.5 · 1019 m−3 ). The
experimental data is fitted using equation C.5 while making a forward convolution with
the apparatus function of the detection system.



Summary

Microwave induced plasmas are applied in many fabrication processes such as the
deposition of SiO2 for the production of optical fibers and the deposition of Si to
make solar cells. To control these deposition processes a good understanding of
the plasma kinetics is required.

Experimental investigation and modelling are two complementary strategies
for the investigation of plasmas. In this thesis, the surfatron source is chosen as a
model system for the validation of different diagnostic techniques and models. One
of its main advantages is its flexible operation range and stability when operated
in complex gases.

Various experimental techniques, such as Thomson scattering, laser (colli-
sional) induced fluorescence and optical emission spectrometry, are used to in-
vestigate the plasma properties as a function of external parameters (e.g. the
pressure and the gas composition). For pure argon, the results are compared with
two-dimensional simulations of the plasma source, a time dependent global plasma
model and a collisional radiative model. The validity and limitations of the various
techniques and models are discussed case by case.

The radial electron density and temperature profiles are measured by Thomson
scattering for various pressures. Radial contraction is observed for pure argon
plasmas above 20 mbar. Molecular ions are found to be partially responsible for
that trend but other effects such as Maxwell deviations cannot be neglected either.
Deviations from maxwellian equilibrium are investigated as well along the plasma
column by a combination of experimental and modelling methods. It is found
that the tail of the electron energy distribution function is increasingly depleted
for lower ionization degrees.

Electron and heavy particles kinetics are an important part of plasma dynamics
and need to be included in any plasma model. In combination with different
diagnostic techniques, plasma sources can be used for the determination of rate
coefficients as well. Electron transfer rate coefficients between the metastable and
resonant 4s states of argon are measured using laser diode absorption spectroscopy
and pulsed dye laser perturbation of the plasma in steady state. Pulsed laser
collisional induced fluorescence (LCIF) can be used as well for studying electron
and heavy particles kinetics. The method is applied, for the first time, to a
pure argon plasma. The results are compared with a time-dependent collisional
radiative model (CRM) simulating the LCIF experiment. The argon CRM is found
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to give relatively good results for steady state but significant discrepancies are
found in the case of fast relaxation processes. Based on the experimental results,
a path for improvements of the CRM is given. LCIF is used to probe quenching
mechanisms in the case of an argon-hydrogen plasma. Significant quenching by
atomic hydrogen of argon 4p states is demonstrated.

Power modulation is a commonly used method to tune time-averaged plasma
properties. The ignition and decay of the plasma are studied using different ex-
perimental techniques. The results are compared with a zero-dimensional plasma
model and a relatively good agreement is found. It is shown that power interrup-
tion has a very small influence on the plasma properties when normalized to time
averaged power density. The reasons for this behavior are finally discussed.

The criterion to avoid perturbation of the plasma during scattering measure-
ments is revised in the case of high pressure, low electron densities plasmas. It
is shown that electron-atom inverse bremsstrahlung contributes predominantly to
laser heating of the electron gas for low ionization degree plasmas.

In resumé, advanced (time-resolved) diagnostic techniques and modelling tools
are combined to obtain a complete picture of the plasma dynamics. The surfa-
tron source is shown to be a flexible and relatively simple tool for the investiga-
tion of plasma chemistry. Although argon plasmas are usually considered to be
rather simple, if not trivial, the extensive comparison between experimental re-
sults and state-of-the-art modelling shows that significant improvements can still
be achieved in our understanding of (microwave) argon plasmas.



Résumé

Les plasmas micro-ondes sont utilisés dans de nombreux procédés de fabrication
tels que le dépôt de couches de SiO2 pour la production de fibres optiques et la
formation de couches minces de Si pour des cellules photo-voltäıques. Pour obtenir
le contrôle de ces procédés de dépôts, une bonne compréhension de la cinétique
du plasma est demandée.

L’étude expérimentale et la modélisation sont deux stratégies complémentaires
pour l’investigation des plasmas. Dans cette thèse, le surfatron est choisi comme
un système modèle pour la validation de différentes méthodes expérimentales et
de modèles numériques. L’un de ses avantages est son large domaine d’opération
et sa stabilité lors de l’addition de mélanges gazeux complexes.

Des méthodes expérimentales variées telles que la diffusion Thomson, la fluores-
cence collisionelle induite par laser (laser collisional induced fluorescence (LCIF))
et la spectrométrie d’émission optique, sont utilisées pour analyser les propriétés
du plasma en fonction de paramètres externes (par exemple la pression totale et
la composition du gaz). Pour l’argon pur, les résultats sont comparés avec des si-
mulations 2D de la source plasma, un modèle temporel global de la décharge et un
modèle collisionnel radiatif. La validité et les limitations des différentes techniques
et modèles sont discutées cas par cas.

Les profils radiaux de densité et température électronique sont mesurés par
diffusion Thomson à différentes pressions. Une contraction radiale de la densité
électronique est mesurée pour des pressions d’argon pur supérieures à 20 mbar. Les
ions moléculaires sont partièllement responsables de cette tendance mais d’autres
effets tels que des déviations de l’équilibre maxwellien ne peuvent être écartées
non plus. La forme de la distribution d’énergie des électrons est aussi analysée par
une combination de méthodes expérimentales et numériques. Il est démontré que
la queue de la distribution d’énergie des électrons est dépeuplée progressivement
en fonction inverse du degré d’ionisation du plasma.

La cinétique chimique des électrons et particules neutres est une partie impor-
tante de la dynamique des plasmas en général et doit être inclue dans tout modèle.
Combinées avec différentes techniques expérimentales, certaines sources plasmas
peuvent être utilisées pour la détermination de coefficients de réaction. Des vi-
tesses de réaction de transfert collisionel électronique entre les états résonants et
métastables 4s de l’argon sont mesurés en combinant la détection temporelle des
états 4s par absorption continue avec un laser diode et la perturbation de l’état
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stationnaire du plasma avec un laser à colorant pulsé. La fluorescence (collision-
nelle) induite par laser pulsé peut être utilisée aussi pour étudier la cinétique
des électrons et des états excités des atomes. Cette méthode est appliquée, pour la
première fois, à un plasma pur d’argon. Les résultats sont comparés avec un modèle
temporel collisionnel radiatif qui reproduit les effets du pulse laser. Le modèle col-
lisionnel radiatif prédit des valeurs relativement précises pour l’état stationnaire
mais des différences importantes sont trouvées pour les cinétiques de relaxation
rapide. Basé sur ces résultats expérimentaux, un chemin pour l’amélioration du
modèle est défini. La méthode LCIF est aussi utilisée pour sonder les mécanismes
de quenching dans un plasma argon-hydrogène. Un important quenching des états
4p de l’argon par l’hydrogène atomique est démontré.

L’opération de plasmas en mode pulsé est une méthode commune pour modu-
ler les propriétés moyennes du plasma. L’allumage et l’extinction du plasma sont
investigués en utilisant différentes méthodes experimentales. Les résultats sont
comparés avec un modèle zéro-dimensionnel de la décharge et un accord relative-
ment bon est trouvé. Il est montré que l’opération pulsée du plasma n’a qu’une
faible influence sur les propriétés moyennes du plasma quand elles sont normalisées
par rapport à la densité moyenne de puissance. Les raisons de ce comportement
sont discutées.

Le critère pour éviter une perturbation du plasma pendant des diagnostic lasers
est révisé dans le cas de plasmas a haute pression et faible densité électronique. Il
est démontré que le bremsstrahlung inverse via collisions entre électrons et atomes
contribue de façon dominante à l’échauffement laser du gaz électronique pour les
plasmas à faible degré d’ionisation.

En résumé, des méthodes avancées (temporellement résolues) de diagnostics
et de simulations numériques sont combinées pour obtenir une image complète de
la dynamique du plasma. Le plasma créé par le surfatron est démontré être un
instrument relativement simple et flexible pour l’étude de la chimie des plasmas.
Quoique les plasmas argon sont en général considérés être relativement simples,
sinon trivial, la comparaison extensive entre des résultats expérimentaux et des
modèles numériques récents montre que des améliorations significatives peuvent
encore être apportées à notre compréhension des plasmas (micro-ondes) d’argon.



Samenvatting

Microgolfplasma’s worden toegepast in een groot aantal productieprocessen, zoals
de depositie van SiO2 voor de productie van optische vezels en van Si voor de ver-
vaardiging van zonnecellen. Een goede beheersing van dit depositieproces vraagt
om een goed begrip van de plasma-kinetiek.

Experimenteel onderzoek en modellering zijn twee complementaire strategieën
voor onderzoek aan plama’s. In dit proefschrift is de ‘surfatron’ plasma-bron geko-
zen als modelsysteem voor de validatie van verscheidene diagnostische methoden
en modellen. Een van de grote voordelen van het surfatron is zijn grote opera-
tionele bereik en zijn stabiliteit, ook indien het wordt bedreven met complexe
gassoorten.

Verscheidene experimentele technieken, zoals Thomson-verstrooiing, laser
(botsings-) gëınduceerde fluorescentie en optische emissie-spectroscopie zijn inge-
zet ter bepaling van de plasma-eigenschappen als functie van controle-parameters
(in het bijzonder de druk en de gassamenstelling). In het geval van puur argon zijn
de resultaten vergeleken met twee-dimensionale simulaties van de plasma-bron,
met een tijdafhankelijk globaal plasma-model en met een botsings-stralingsmodel.
De geldigheid en de beperkingen van de technieken en modellen worden van geval
tot geval besproken.

De radiële profielen van de elektronendichtheid en -temperatuur zijn bij ver-
scheidene drukken bepaald met behulp van Thomson-verstrooiingsexperimenten.
In het geval van puur argon bij drukken hoger dan 20 mbar is daarmee een radiële
vernauwing van het plasma waargenomen. Moleculaire ionen zijn deels verant-
woordelijk gebleken voor deze trend, maar ook andere effecten, zoals afwijkingen
van de Maxwellse verdelingsfunctie kunnen niet worden uitgesloten. Met behulp
van een combinatie van experimenteel en modelmatig onderzoek zijn zulke afwij-
kingen van Maxwells evenwicht ook onderzocht als functie van de plaats op de
plasma-zuil. Hierbij is gebleken dat de hoog-energetische staart van de energie-
verdelingsfunctie in toenemende mate onderbezet raakt voor een lagere ionisatie-
graad.

De elektronen- en zware-deeltjeskinetiek zijn een belangrijk onderdeel van
de plasma-dynamica en dienen te worden meegenomen in een plasma-model.
Door gecombineerd gebruik van diverse technieken kunnen plasma-bronnen
ook worden gebruikt voor de bepaling van reaktieconstanten. Reaktiecon-
stanten voor elektron-gëınduceerde overgangen tussen de metastabiele en reso-
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nante 4s-toestanden van argon zijn bepaald aan de hand van van laserdiode-
absorptiemetingen en door verstoring van de stationaire plasma-toestand met be-
hulp van en gepulste dye laser. Laser-botsings-gëınduceerde fluorescentie met
een gepulste dye laser (LCIF) kan ook worden ingezet voor onderzoek naar de
elektronen- en zware-deelteskinetiek. Deze methode is nu voor het eerst toegepast
op een puur-argonplasma. De resultaten zijn vergeleken met een tijdafhankelijk
botsings-stralingsmodel (CRM) van het LIF-experiment. Het CRM voor argon
heeft bewezen zeer behoorlijke resultaten te genereren voor de stationaire plasma-
toestand. Significante discrepanties treden op in het geval van processen met een
korte relaxatietijd. Op basis van het experimentele werk is een verbetervoorstel
geformuleerd voor het CRM. LCIF is ook ingezet voor onderzoek naar quenching
mechanismen in het geval van een argon-waterstofplasma. Een significante quen-
ching van de argon 4p-toestanden door atomair waterstof is hierbij aangetoond.

Vermogensmodulatie is een veelgebruikte methode voor de regeling van tijd-
gemiddelde plasma-eigenschappen. De ontsteking en het verval van een plasma
zijn bestudeerd met behulp van verscheidene experimente methoden. De resul-
taten daarvan zijn vergeleken met een nul-dimensionaal model van het plasma,
waarbij een behoorlijk goede overeenstemming is aangetoond. Ook is aangetoond
dat vermogensonderbreking weinig invloed heeft op de tijd-gemiddelde eigenschap-
pen van het plasma, waarvoor slechts het tijd-gemiddelde vermogen van belang
blijkt. De redenen van dit gedrag worden besproken.

Het criterium voor de verstoring van het plasma tijdens verstrooiingsexperi-
menten is herzien voor plasma’s met een hoge druk en een lage elektronendichtheid.
Aangetoond is dat elektron-atoom inverse bremsstrahlung het meeste bijdraagt aan
de verhitting van het plasma-gas in het geval van een lage ionisatiegraad.

In het kort gesteld zijn geavanceerde tijd-opgeloste diagnostische technieken en
modellering gecombineerd ter verkrijging van een volledig beeld van de plasma-
dynamica. Het surfatron-plasma is een flexibel en betrekkelijk eenvoudig instru-
ment gebleken voor het onderzoek aan de chemie in het plasma. Hoewel gewoonlijk
voorgesteld als een tamelijk eenvoudig, zo niet ‘triviaal’ systeem, toont de uitge-
breide vergelijking van resultaten van experimenten en modellering aan dat een
aanmerkelijke verbetering van ons begrip van (microgolf) plasma’s in argon nog
altijd tot de mogelijkheden behoort.



Zusammenfassung

Mikrowellen-Plasmen werden in vielen Fertigungsprozessen genutzt, wie etwa zur
Abscheidung von SiO2 und für die Herstellung von optischen Fasern oder der
Abscheidung von Si zu Solarzellen. Zur Überwachung dieser Prozesse ist ein gutes
Verständnis der Plasmakinetik erforderlich.

Experimentelle Untersuchungen und Simulationen sind zwei komplementäre
Strategien zur Analyse von Plasmen. Die Surfatron Plasma Quelle wurde in die-
ser Dissertation als Modelsystem herangezogen, um verschiedenste experimentelle
Diagnostiken und theoretische Modelle zu evaluieren. Ein entscheidender Vorteil
dieses Plasmas ist die Flexibilität und Stabilität im Umgang mit verschiedensten
Gasen und Gasgemischen.

Mehrere experimentelle Herangehensweisen wie Thomson Streuung, Laser-
induzierte (Stoß-transferierte) Fluoreszenz und optische Emissionsspektroskopie
wurden angewandt, um Plasmaparameter als Funktion der externen Kontroll-
paramter wie Druck und Gaszusammensetzung zu untersuchen. Die Ergebnisse
für ein reines Argon Plasma wurden mit Simulationen durch ein zweidimensiona-
les Modell, einem null-dimensionalen zeitabhängigem und einem Stoß-Strahlungs-
Modell verglichen. Die Zulänglichkeit und Limitationen der verschiedenen experi-
mentellen Techniken und Simulationen wurden fallweise untersucht.

Für verschiedene Drücke wurden die Elektronendichte und -temperatur radi-
al aufgelöst mit Thomson Streuung gemessen. Es wurde eine radiale Verengung
des Plasmas für Argon über 20 mbar gefunden. Teilweise bedingt ist dieser Effekt
durch Molekulare (Argon) Ionen, andererseits lassen sich Ursachen wie Abwei-
chungen der Elektronenverteilung von einer Maxwell-Verteilung nicht ausschlie-
ßen. Letztere wurden auch mit einer Kombination aus Modell und Experiment
entlang der räumlichen Ausdehnung des Plasmas untersucht. Eine Verarmung der
hochenergetischen Elektronendichte bei geringerem Ionisierungsgrad wurde gefun-
den.

Die Kinetik von Elektronen und schweren Teilchen sind ein integraler Bestand-
teil der Dynamik im Plasma und müssen in jedem Modell miteinbezogen werden.
Die Kombination aus verschiedenen experimentellen Diagnostiken erlaubt die Un-
tersuchung und Bestimmung von Ratenkoeffizienten in Plasmen. Die elektronen-
induziert Transferrate zwischen den metastabilen und den resonanten Argon 4s
Zuständen konnte untersucht werden. Dazu wurde Absorptionsspektroskopie mit
einem Diodenlaser an den 4s Zuständen und eine Störung des Gleichgewichtsplas-
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mas durch einen gepulsten Farbstofflaser benutzt.
Des Weiteren wurde Laserinduzierte Stoß-transferierte Fluoreszenz (LCIF) an-

gewandt um die Kinetik der Elektronen und Neutralteilchen zu untersuchen. Zum
ersten Mal konnte diese Technik an einem Argon Plasma angewandt werden.
Die Ergebnisse wurden mit einem Stoß-Strahlungs-Modell (CRM) verglichen. Das
CRM erlaubt eine relative gute Vorhersage für das Plasma im Gleichgewicht. Aller-
dings sind starke Abweichungen für schnellere zeitabhängige Reaktionen vorhan-
den. Auf Grund der gewonnenen Ergebnisse konnten Routen für die Verbesserung
von zukünftigen CRMs aufgezeigt werden.

LCIF wurde auch herangezogen um ein Argon-Wasserstoff Plasma zu untersu-
chen. Es zeigte sich dabei eine signifikante Abregung der Argon 4p Atomen durch
atomaren Wasserstoff.

Eine weithin anerkante Methode um zeitgemittelte Plasmaparamter zu vari-
ieren, ist die Modulation der Leistung. Die Zündung und Abschaltung des Plas-
mas wurde untersucht und wiederum mit einem nulldimensionalen Modell ver-
glichen. Die guten Übereinstimmungen zeigen deutlich, dass Leistungsmodulation
nur einen sehr geringen Einfluss auf die Plasmaparameter hat. Die Gründe hierfür
werden diskutiert.

Das Kriterium um eine Störung des Plasmas durch den eingesetzten
(Diagnostik-) Laser zu beschreiben wurde überarbeitet. Im Falle von höheren Gas-
drücken und niedrigen Elektronendichten zeigt sich, daßdie Elektron-Atom inverse
Bremsstrahlung hauptsächlich zur Heizung der Elektronen in einem Plasma mit
geringem Ionisationsgrad beiträgt.

Moderne (zeitaufgelöste) diagnostische Techniken und Simulationen wurden
kombiniert um ein möglichst vollständiges Bild der Dynamik von Plasmen zu
erhalten. Das Plasma erzeugt in der Surfatron-Konfiguration ist ein flexibles und
relative einfaches System um die Plasmachemie zu studieren. Auch wenn Argon
Plasmen im Prinzip als einfach gelten, zeigt sich doch durch den Vergleich zwischen
Experimenten und neuesten Simulationen, dass eine deutliche Verbesserung im
Verständnis von (Mikrowellen) Argon Plasmen erreicht werden kann.
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[3] E. Iordanova, S. Hübner, E.A.D. Carbone, J.M. Palomares Linares, and
J.J.A.M. van der Mullen. Central axial profiles of main gas density and tem-
perature determined with Rayleigh scattering. Journal of Instrumentation,
7(Feb):C02032/1–1/12, 2012.
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