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Summary

Poly-diagnostic study of low pressure microwave plasmas

The aim of this study is the understanding of microwave plasmas in re-
lation to deposition processes. The plasmas under investigation are surface-
wave induced, meaning that the propagation of the electromagnetic power
along a plasma-dielectric interface leads to an extended plasma, beneficial for
large area treatment. This leads to the design of microwave plasma sources
in the labs of TU/e, namely the surfatron and the coaxial microwave reactor.
The first is similar to the plasma resonator for producing optical fibers in
the company DRAKA and the second is a part of PECVD reactors employed
at ECN. The latter is used for fabrication and enhancement of thin layers of
amorphous silicon (a-Si:H) utilized in solar cells.

Any improvements of such plasmas go naturally along with precise diag-
nostics to study relevant species densities and temperatures. The main focus
in this work lies on laser based diagnostics such as Thomson and Rayleigh
scattering and laser absorption. The idea is to combine these with more
"easy" optical emission spectroscopy or Langmuir probe measurements in or-
der to provide a poly-diagnostic access. Moreover, these microwave plasmas
are usually non-thermal, meaning that electrons and heavy particles have
different temperatures which leads to a better efficiency of the creation of
radicals than the thermal equivalent. However, this increase of free parame-
ters requires also an increase of diagnostic methods.

The surfatron is basically a directional microwave power coupler to form
an extended plasma column inside a fused silica tube. At intermediate argon
pressure of 1 to 100 mbar the plasma was systematically investigated and
serves consequently as a reference system to describe surface-wave induced
plasmas. The ground state density and gas temperature were determined
by Rayleigh scattering, the intermediate argon metastables were obtained
by tunable diode laser absorption and the electron density and temperature



Summary

were measured by Thomson scattering. For the gas temperature a model was
developed to predict values based on Fourier’s law, providing a tool to de-
termine the heat load of the plasma. A discussion about the various pitfalls
and opportunities of laser scattering is given. One of the first is that only
low energetic electrons are detected by Thomson scattering. That, however,
can turn out beneficial as it is combined with optical emission spectroscopy
to probe the whole electron energy distribution function. Another advan-
tage of a combined diagnostic approach is the mutual cross validation, for
instance comparing the gas temperatures determined by line broadening and
by Rayleigh scattering improves the accuracy.

Another diagnostic method is power interruption. Time-resolved Thom-
son scattering on a pulsed plasma reveals the global response of an argon
system and of more complex gas mixtures. A steep rise of the electron tem-
perature at the plasma pulse start shows the plasma buildup, while at the
decay of the plasma pulse the temperature cools down rapidly. However,
that was found to be very different in gas mixtures where super-elastic heat-
ing can occur. The electron density on the other hand responds generally
more slowly to the power pulse. Its decay is assigned to specific decay chan-
nels such as the formation and consecutive destruction of Ar ion excimers at
higher gas pressures.

In order to understand the actual ECN thin film deposition systems bet-
ter, a coaxial plasma setup was built. The idea is to employ a microwave
transmission line where the plasma replaces the outer conductor. That is
accomplished by means of a fused silica tube which encloses the antenna
and separates it from the surrounding cylindrical plasma in the low pressure
chamber. This system is investigated by means of absolute optical emission
spectroscopy on atomic transitions and continuum radiation, Thomson laser
scattering and Langmuir probe measurements. These provide radial and ax-
ial profiles of the plasma density, but also the power efficiency of the system.
It is found that higher power input increases the ability of the transmission
line to conduct power, such that the efficiency to actually heat the plasma de-
creases. Moreover, the multitude of diagnostics allows a discussion and cross
validation of the methods and results. For instance efficient employment of
Langmuir probes and Thomson scattering is barely possible at a gas pres-
sure of 1 mbar, however, the combination of both provides better insight in
systematic errors. The final part of this study deals with an application-like
coaxial plasma containing hydrogen. The latter is investigated by line ratios
of atomic and molecular systems. These reveal a very high and homogeneous
dissociation degree of the hydrogen in the plasma.

To conclude, numerous diagnostic means, but also comparisons made

vi
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throughout the thesis with simple rate balances, collisional radiative mod-
els and, at least in the last chapter, with a 2D model, supply the handles to
perform cross validations. Surface-wave sustained microwave plasmas were
shown to contain high excited state and electron densities while the gas can-
not be treated as "cold". For instance a surfatron argon plasma at 1 mbar with
about 50 W input power has an ionization degree of up to 10−3, a metastable
to ground state fraction of 10−4 and a maximum of the gas temperature of
450 K. The unique combination of this high plasma densities and the rela-
tively large and homogeneous plasma volume in low pressure seriously chal-
lenges the applications of atmospheric plasmas and enables to perform new
plasma treatments on large scales.

vii
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CHAPTER 1

General introduction

1.1 Microwave plasmas in a broader view

Contrary to popular belief, the term plasma not only describes a constituent
of blood, it also stands for a fascinating state of matter. Heating of matter
changes its state from solid to gaseous, but further heating eventually leads
to the destruction of atoms and molecules. Electrons are detached from the
electron shell, forming a partially or even fully ionized gas. If the free charges
are dense enough such that the gas is electrically conductive, i.e. if the gas
reacts to an electric field, we speak in physics of a plasma.

One can imagine that based on the density and temperature of the free
electrons, as well as the neutral gas, different plasma categories are distin-
guished. For instance in the lower limit of the pressure we find interstellar
clouds and in the upper limit fusion driven plasmas in stars. Man-made plas-
mas cover also a huge spread of all parameters. Densities and temperatures
vary easily over 10 orders of magnitude.

The mentioned heating is not only limited to thermal heating. In plas-
mas utilized on earth usually external electromagnetic fields are the heating
source. The employed electromagnetic frequency range covers a broad spec-
trum. On the one end laser radiation with frequencies of terahertz is used
in laser induced plasmas for elemental analysis as for instance currently em-
ployed on Mars [1]. Also ultra-strong (2 MJ per pulse) laser systems are
used to induce nuclear fusion at the National Ignition Facility, USA [2]. On
the other end of the spectrum are low frequency and direct current elec-
tric fields that are used for example in the common fluorescent tube lamps.
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1 Fields modulated in the intermediate range of megahertz-gigahertz frequen-
cies, also called high frequency (HF), are used to create plasmas for various
surface deposition and etching systems [3–14].

The reason for the wide application range of HF plasmas lies in their
good power efficiency. In a direct current plasma the charges are always
accelerated to the opposite electrode and are eventually lost there. In an
oscillating field with an alternating polarization, it is clear that it is possible
to contain charges for a much longer time. Moreover, high frequency plasmas
can be electrode contact-free. The latter is essential for instance for the laser
induced fusion plasmas, but it is also very preferential in HF high-purity
deposition systems, because no sputtering products from the electrodes are
present in the process plasma.

The plasmas which are dealt with in this theses are solely microwave
induced plasmas. The term microwave is misleading as the electromagnetic
waves have dimensions in the range of millimeter to meter. The term stems
from the distinction to radio frequencies which correspond to longer waves
of up to kilometer length. The microwave frequency spectrum is commonly
used for all kinds of communication purposes. Because of convenient an-
tenna sizes and the high information-carrying capacity many modern com-
munication systems as WLAN and GSM are based on microwave frequencies.

However, a band around f = 2.45 GHz, among others, is reserved for
industrial, scientific and medical applications (ISM band). It is not only used
for the common kitchen microwave oven or radar but also for microwave
induced plasmas. The latter are used in various applications such as the de-
position of layers, for instance the deposition of SiO2 for optical fibers [5] or
for barrier coatings [15], of amorphous silicon for solar cells [7], of diamond-
like films as wear resistant coatings [8, 16] and the deposition of graphene
as transparent conductor [9]. Moreover, MIPs are used for polymer sur-
face functionalization [10], nanoparticle synthesis [11, 12] and sterilization
processes [17, 18]. The widespread use of MIPs originates from their high
efficiency in terms of the creation of large effluxes of radical species versus
power consumption [19]. These outward fluxes can be generated while keep-
ing stable discharge conditions. All of these examples are non-local thermal
equilibrium (non-LTE) plasmas, in a sense that the thermal energy of the
heavy particles is always smaller than the energy of the electrons. That is in
fact for many applications a key issue, because the interest lies in the disso-
ciation or excitation of molecules by fast electrons rather than in heating the
gas.

2
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1.2 Low pressure microwave plasma reactors

1.2 Low pressure microwave plasma reactors

The electrons and ions in plasma deposition reactors provide the crucial en-
ergy to allow or enhance a chemical process to form a stable product or layer
at the surface. That is called plasma enhanced chemical vapor deposition
(PECVD). The understanding of this plasma process is also the reason for
this study in the framework of a STW funded project. Main participant in
the user committee is the organization Energy Centrum Nederland (ECN-
solar). ECN uses PECVD systems for the deposition of amorphous silicon
layers (a-Si:H) for solar cells and passivation of amorphous or crystalline sil-
icon solar cells. Also the companies DRAKA and ASML are acknowledged
for support of the project. The first employs a PECVD systems for the pro-
duction of optical fibers.

A main challenge to accomplish large area or volume treatment is the ho-
mogeneity of the plasma. A logical choice are traveling wave plasmas, such
that no standing wave patterns are formed. The opposite is found in cavi-
ties where standing wave patterns are inherent in the system and promote
non-homogeneous deposition [16]. Large area realizations of such travel-
ing microwave plasmas are slotted waveguide antennas [9] or evenly spaced
radiative elements, also called microwave applicators [20]. These systems
come with limitations such as fluctuating reflected power or arcing at the
atmosphere-vacuum window. A more viable solution is a surface-wave in-
duced discharge. These have been studied and investigated systematically
for half a century [3,21,22]. Surface-wave produced plasmas are created by a
launcher that generates an electromagnetic wave propagating at the interface
between the vessel wall and the plasma. The actual "surface" on which the
wave travels is given by the discontinuity between the two respective permit-
tivities. As a consequence, the plasma makes the propagation of microwaves
possible, so that the wave can transport electromagnetic energy to regions
further away from the launcher to also sustain a plasma there [23,24] and the
plasma is not in contact with any electrodes.

A microwave plasma design that combines all these issues is a coaxial
plasma or plasmaline. The basic idea is to employ a microwave transmis-
sion line, where the plasma replaces the outer conductor. The microwaves
are guided from the generator through waveguides into the vacuum vessel
with working pressures of 0.1-1 mbar. The inner rod of a coaxial waveguide,
which serves as an antenna for the microwaves, remains, but the outer metal
conductor is replaced by a cylindrically shaped dielectric tube. The tube is
vacuum sealed and forms a part of the large vacuum vessel. Consequently
the plasma ignites around the quartz tube in the low pressure volume. That
implies that a surface wave can propagate at the interface between dielec-

3
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1 tric tube and plasma. The plasma density is decreasing along the tube, away
from the input coaxial waveguide. For that reason two powering magnetrons,
situated on each end of the coaxial line can be used. Consequently, this spe-
cific design is also named Duo-plasmaline [25]. The two input power sources
can partly compensate the decay of the electron density along the axis.

Based on the original invention of the "Gigatron" at the University
Stuttgart [26], the company Roth&Rau and others developed a range of sys-
tems, targeting from research to mass production. For that a few plasmalines
parallel to each other are used in order to achieve a two-dimensional ho-
mogeneous area either for batch or for roll-to-roll deposition processes. A
fundamental problem of the coaxial plasma deposition systems is, that the
deposition is naturally always higher at the central coaxial quartz tube than
on a remotely situated substrate. Solutions for that are a magnetic confine-
ment of the flux toward the substrate and a feedstock gas supply only in the
vicinity of the substrate.

Two examples of the application of coaxial microwave plasmas shall be
given here more in detail, as they illustrate the demand for a better un-
derstanding. One example is the deposition of amorphous silicon nitride
(SiNx:H) passivation layers on high efficiency crystalline silicon solar cells
[13]. The plasma is operated with a gas mixture of silane and nitrogen or
ammonia. Due to the high power density and consequently high electron
density, the usage or dissociation of these gases is very efficient and a thin
layer, O(10 nm), can be deposited quickly. That is while the surface is not
sputtered by the relatively low ion energies in microwave plasmas compared
to lower frequency driven plasmas [7]. However, in another example this
combination of plasma properties was found to be less beneficial, namely
the deposition of comparably thicker, O(1 µm), layers of amorphous silicon
for solar cells in a silane/hydrogen mixture. High dissociation is enhanc-
ing the growth speed of the layer, but the layer was found to be not dense
enough. The reason might be that low ion energies of below 5 eV are un-
likely to penetrate deep in the layer to fill voids or reform the silicon bound
structure [27]. For the thin film solar cell production also other plasma steps
than the microwave-based are used, such as the deposition by capacitively
coupled RF plasmas of the p/n-type doped layers.

To improve these microwave applications, precise diagnostics to study
relevant species densities and temperatures are required. That is not only
needed in order to understand the plasma in the first place, but also to pro-
vide a validation for models, which can predict the behavior of the plasma
more efficiently. Therefore, this experimental thesis focuses on plasma diag-
nostics, their applications and limitations in the framework of low pressure

4
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1.2 Low pressure microwave plasma reactors

microwave plasmas.

In order to conduct measurements a preliminary setup was constructed,
consisting of a single-side feed coaxial microwave discharge for pressures
around 1 mbar. There, with working gases argon and hydrogen, emission
spectroscopy was performed, shown in chapter 8. To advance, a more realis-
tic copy of the PECVD systems was built. It consists of a cylindrical vacuum
chamber with a diameter of 40 cm and a length of about 1 m. With that the
full axial and radial behavior of the discharge can be studied with no inter-
ference from the metal walls. One plasmaline with two microwave power
sources was operated with a homogeneous plasma in the pressures range of
0.05-10 mbar, using gases such as argon, hydrogen and a 4% silane/argon
mixture. The setup resembles not completely the ECN deposition reactor, in
a sense that no pure silane is available and the precise magnetic confinement
and gas flow pattern is different and therefore no deposition was performed.

The coupling of the microwave power into the coaxial plasma depends
on the plasma itself. The higher the electron density is, the better the plasma
conducts and thus the better the power is transferred along the "plasma-
waveguide". Moreover, the plasma tends to be shaped self-consistently in
such a way that it completely screens the microwave power. That makes
large open view ports possible to study the plasma by optical diagnostics.
For instance laser scattering is applied as described in chapter 9 and optical
emission presented in chapter 10. Figure 1.1 gives an impression of the coax-
ial plasma setup. The plasma is ignited azimuthally symmetric around the
quartz tube in the vacuum chamber. In the very center the antenna can be
seen.

Figure 1.1: Picture of an argon plasma in the plasmaline setup. Microwave
generators and coupling waveguides can be found on each side. At the oper-
ating pressure of 2 mbar the plasma is confined around the central dielectric
tube. The dimensions are: length of the vessel about 1 m and dielectric tube
outer diameter 30 mm.

5
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1 Another example of a microwave surface-wave induced plasma is the
surfatron. A surfatron-like plasma is used for the production of optical
fibers [5, 6]. These plasmas are operated around p = 10 mbar and can
generate high radical fluxes, while the pressure is sufficient low to avoid
constriction and filamentation. The plasma created by the surfatron is a well
understood system and serves here as kind of model to study surface-wave
induced plasmas and plasma diagnostics in general. Consequently, the first
part of this thesis deals with the surfatron.

A surfatron, shown in figure 1.2, is in principle a cavity into which mi-
crowave power is coupled via an antenna. The internal geometry favors the
conversion toward a cylindrically symmetric EM wave mode that can conse-
quently propagate along the plasma column. The plasma is created in the low
pressure tube while the initial plasma breakdown occurs inside the launcher.
After reaching a certain electron density, the plasma is able to act as a waveg-
uide and transports microwave power further away and sustains, if sufficient
power is available, also there a plasma. Close to the launcher, the wave power
content is large, so that the electron density created by the microwave absorp-
tion is high as well. As the wave propagates it will mainly lose energy to the
plasma so that the electron density drops along the z direction.

cavity

antenna

power input

quartz tube

plasma

z-axis

Figure 1.2: Scheme of the surfatron cavity to create a surface-wave sustained
plasma. The low pressure plasma extends along the fused silica tube with an
inner diameter of 6 mm. The plasma length depends on the input power and
gas pressure/composition, at 10 mbar argon driven by 50 W, it is about 35 cm.

1.3 Diagnostics on microwave plasmas

As the aim is a better understanding of microwave plasmas related to depo-
sition processes, it is clear that improvements of these go along with diag-
nostics. More precisely, as in plasma physics the general accuracy is rather

6
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1.3 Diagnostics on microwave plasmas

low, the aim is to develop plasma diagnostic methods that cross-validate each
other.

Fundamentally, one distinguishes active and passive methods. Passive
means the plasma is not disturbed by the measurements, only effluxes are
measured. That includes optical emission spectroscopy or residual gas anal-
ysis. The plasma emission can be analyzed by various methods. In chapter
8 line and continuum emission intensities in an argon plasma are measured
to deduce the densities of the emitting states, and in a second step also elec-
tron parameters. To obtain these, an absolute intensity calibration is needed.
However, also relative line ratios or line-continuum ratios are used, for in-
stance in chapter 10, where the atomic and molecular hydrogen emission
determines the dissociation degree in the plasma.

On the other hand there are active methods that should be distinct from
super-active methods. The first is to introduce something into the plasma and
probe the response. The disturbance in the plasma is assumed to be small,
so that the probed parameter is not changed. That is for instance Rayleigh
and Thomson laser scattering, absorption spectroscopy or Langmuir probe
measurements. The first is used throughout the thesis, because the scattering
of photons gives direct and reliable information about densities and velocities
of the scattering particles. Laser absorption spectroscopy is used in chapter
5 to determine absolute densities of argon metastables.

The even more active way is to change the plasma intentionally and study
the response. That includes for instance changing the gas composition, input
power or by the change of specific state densities via photon absorption. The
idea is to disturb the plasma either in a global (power,gas) or specific (states)
sense. In response to that disturbing action the various plasma aspects react
differently. The power interruption, or more general modulation, is studied
for instance by Thomson scattering in chapter 6.

As the thesis title suggests, the combination of passive and active diag-
nostics is needed. Passive diagnostics are typically easy to implement, cheap
in terms of equipment and very flexible, while active ones are more precise,
but demanding and immobile.

7
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Figure 1.3: Different levels of interaction of the experiment with the plasma.
Probe is a generic name for intruding laser beams, Langmuir probes etc.

1.4 Thesis outline

This thesis starts with an introduction about some of the diagnostic methods,
these are laser photon scattering, which is the main employed diagnostic, and
optical emission spectroscopy. Using these methods, a quite complete picture
of an argon surfatron plasma is established by measuring the ground state
density and gas temperature by Rayleigh scattering in chapter 3 and measur-
ing the electron density and temperature by Thomson scattering in chapter
4. Finally, the intermediate but very important states, the argon metastables,
are obtained by tunable diode laser absorption (chapter 5). The advantage
of mutual cross-validation in the poly-diagnostic approach is discussed. For
instance the gas temperature is determined by transition line profiles and
Rayleigh scattering. Moreover, comparison with back-of-the-envelope cal-
culations, simple rate balances, more advanced collisional radiative models
and fully self-consistent 2D simulations serves as validation and cross-check
throughout the thesis.

Power modulation as a method of plasma diagnostic is used in the next
chapters. Thomson scattering was employed on a surfatron plasma in order
to study the global response of an argon system (chapter 6) or of more com-
plex gas mixtures (chapter 7). The findings at the plasma pulse start provide
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1.4 Thesis outline

insight into the breakdown process in the surfatron, while the decay of the
plasma can be assigned to specific decay channels.

The second part of the thesis deals with the coaxial plasma. Results from
passive diagnostics, such as absolute optical emission spectroscopy on atomic
transitions and continuum radiation on an argon plasma are shown (chapter
8). The combination of Thomson laser scattering and Langmuir probe mea-
surements helps to improve and cross-validate the results (chapter 9). The
final chapter 10 deals with an application-like plasma in pure hydrogen, sim-
ilar to the deposition of silane, in a sense that both exhibit a large fraction
of hydrogen gas. The latter is investigated by several line ratios, taking into
account a broad range of processes which determine the underlying state
densities. The results were compared to numerical simulations. The thesis is
completed in chapter 11 by presenting key conclusions.

9
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CHAPTER 2

Active and passive spectroscopy

2.1 Introduction

Experimental findings are the basis for the understanding of plasmas. Any
extrapolation or simulation should be validated against experiments. Desired
is the precise knowledge of the main electron plasma parameters electron
temperature and density, Te and ne, but also the gas density N or conversely
gas pressure and gas temperature Tg. The picture is completed by knowl-
edge of the external parameters such as input power and its coupling into
the plasma. All plasmas dealt with in this thesis are in low pressure, and tak-
ing into account the relatively small power input the plasmas are all not in
local thermal equilibrium (non-LTE) with respect to the heavy particles and
electrons. That implies not only that Te and Tg are different, but also that it is
not straightforward to define a temperature at all. A temperature in a statis-
tical sense requires - at least partial - thermal equilibrium (pLTE) among one
particle species. In how far can we speak then of temperatures in a plasma?
For instance the electrons are very often not in equilibrium, which results in
a so-called non-Maxwellian electron energy distribution function (EEDF) and
an ill-defined electron temperature. That means that the deviation from this
local Maxwell equilibrium (LME) is also a quantity to be known.

In molecular systems additional key parameters appear, as the dissocia-
tion degree and the nature of the dominant ion. On top of that, the different
degrees of freedom of molecules allow different partial equilibrii, leading to
a multitude of temperatures or deviations from these, whose interpretations
are difficult or questionable.

This chapter is based on [28–32].
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And still this is only a fraction of the possible quantities to measure. This
thesis focusses on the plasma itself, a full description would also include the
plasma-wall interaction which contains other measurable quantities as wall
recombination and particle effluxes. Neglecting the latter issues, still many
different techniques are required. Moreover, in view of the large uncertainties
in plasma physics it is advantageous, in fact necessary, to have more than one
technique covering the same quantity. This concept is followed throughout
this thesis. As the chapters of this thesis are written in article form, it is
convenient to have here a summary of the most used diagnostic methods in
order to explain them in detail and not to overload the chapters.

2.2 Analyzing the plasma

One of the most simple plasma diagnostic tool is to measure the photon
efflux. That leads to knowledge of the density of the emitting species. In
order to deduce electron parameters, two passive methods, namely absolute
line and absolute continuum emission (ALI and ACI) are used in chapter 8
and will be introduced in this chapter. With ALI and ACI the electron tem-
perature and density can be determined. The amount of continuum light
radiating from a certain plasma volume is related to bremsstrahlung. In our
study that is mainly generated by electron-atom interactions. This means that
the emission of bremsstrahlung scales with the electron density. A second
passive method is the absolute line intensity method (ALI). The emission in-
tensity of several atomic lines of argon is measured absolutely. From that, the
occupation density of the emitting states is known. When plotting these in a
Boltzmann plot one obtains so-called excitation temperatures. Temperatures
is plural, because for the type of plasmas under study, the result depends on
the excitation energy and on the departure of the plasma from equilibrium
driven by electron-ion pair losses. A technique to correct for that deviation
is based on a collisional radiative (CR) model with a certain electron den-
sity and temperature as a first assumption. Consequently one can calculate
the deviation from partial Boltzmann equilibrium. This leads to an electron
temperature which then improves the accuracy of the CR-model.

These methods are easy to employ as the detection of photons via lenses
or optical fibers, followed by wavelength separation in a monochrometer is
easy to set up. The absolute photon flux calibration is more challenging,
because an emitter with known spectral intensity has to be placed instead
of the plasma. Different solid angles increase the level of difficulty. This
leads to large uncertainties in absolute values. On top of that, there is quite
a theoretical background necessary as will be shown in section 2.3 and only
line of sight information is obtained.

12
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2.3 Optical emission and absorption

Much more demanding in equipment but with better precision are laser
scattering methods. These provide the means to fully probe the mentioned
quantities in the spatial and temporal extent of the plasma. The following
two chapters (3 and 4) focus on the gas properties using Rayleigh scattering
(RyS) and on the electron properties using Thomson Scattering (TS). These
methods are related in the sense that both, TS and RyS, deal with elastic
scattering of photons on electrons. In the case of TS the electrons are free
whereas in the case of RyS they are bound. One of the big advantages of
laser scattering techniques is that they provide spatially resolved information
since only photons generated in the small intersection volume of the optical
axis and the laser beam are detected.

Another advantage of laser-scattering techniques is that direct informa-
tion of the plasma parameter without much theoretical framework is ob-
tained. As an example, RyS gives direct values of the gas density N from
which Tg can be obtained via the pressure p = NkBTg. The rotational distribu-
tion of an admixed molecular gas can be measured. That provides under cer-
tain assumptions, such as an equilibrium distribution for the rotational states,
also a gas temperature. But it is often unclear whether the added molecules
disturb the plasma or if there are processes which over-(de)populate specific
rotational states [33]. A similar advantage by the direct method is found
when determining the electron density via TS, where the absolute scattering
signal directly gives the ne value. Stark broadening, as a passive method,
relates the line broadening of an optical transition to the electric micro-field
surrounding the emitter. A priori knowledge of the line shape as function of
electron density is necessary in order to use this method to full extent. This,
however requires very detailed numerical simulations [34, 35].

Despite the obvious advantages of laser scattering it should be kept in
mind that these systems can usually not be implemented at industrial plasma
sites. That is due to the lack of access, difficulty of the method or simply a
question of investments. It is therefore a valuable task to calibrate for instance
passive with active methods in order to obtain precise and relatively simple
but portable plasma tools.

2.3 Optical emission and absorption

Plasmas emit photons.1 Narrow-band line emission usually arises from elec-
tronic transitions between bound states, whereas a continuous emission is

1One might imagine a fully ionized collision-less plasma, as in a core of a Tokamak plasma,
where no photons are created. But that is certainly not the case here.
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created by interactions of free particles or in free-bound/bound-free transi-
tions. The radiation transport equation

dIλ(λ)

dx
= −k(λ)Iλ(λ) + jλ(λ), (2.1)

shows how the intensity Iλ(λ) in units Wm−3sr−1 is changed along its path
through the plasma due to absorption (sink) and emission (source) processes.
The coefficients are known as the local emission jλ(λ) (in Wm−4sr−1) and the
absorption coefficient k(λ) (in m−1sr−1). The latter

k(λ) = [λ2/(8π)][η(l)− η(u)]g(u)A(u, l)φλ(λ), (2.2)

can best be denoted by total absorption coefficient, as it is composed of two
terms, one from the lower (l) and the other from the upper (u) level. The
first gives the coefficient for pure absorption, the second for stimulated emission.
Here, A(u, l) is the Einstein coefficient of the transition, φλ(λ) the line profile
while η = n/g refers to the level density per number of states; n is the level
density and g the degeneracy. In our plasma conditions, the low lying states
typically obey η(l)/η(u) ≈ 101 − 104 so that the simulated emission can be
safely ignored for absorption experiments.

The case of a plasma that is optically thin regarding the transition of in-
terest gives

∫ x
0 k(λ)dx ≡ τ ≪ 1. Whether that is applicable depends on

the density of the absorbing atoms/molecules η(l), the transition probabil-
ity and the line shape. Note that the line shape depends on the type of
line broadening. That is more elaborated in chapter 5. For instance for an
argon plasma at 10 mbar the Ar(4s)-ground transitions are very strongly re-
absorbed, Ar(4p)-Ar(4s) transitions are partly and all higher ones are not
reabsorbed. Assuming an optically thin plasma and a homogeneous plasma
along the line of sight L, equation (2.1) can be integrated to

Iλ(λ) = jλ(λ)L. (2.3)

Integrating also over the normalized line shape for a specific transition be-
tween states u and l gives the emitting density n(u) by

Iu,l =
n(u)Eu,l Au,l L

4π
, (2.4)

where Eu,l is the energy gap between the two states. Iu,l is the measured
emission from the plasma. It is clear that to determine n absolutely, also the
intensity has to be known absolutely. Note that this method measures n and
not η.

The other limiting case is that of an optically thick medium, so
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∫ x
0 k(λ)dx ≡ τ ≫ 1. One can show that after integrating over x and using

Kirchhoff’s relation the intensity is described by the Planck function, because
a black body is perfectly optically thick

Iλ(λ) = Bλ(λ, T) =
2hc2λ−5

exp(hc/λkBT)− 1
. (2.5)

In order to deduce local quantities in equation (2.1) the projection of the line-
of-sight emission profile onto the detection system needs to be inverted. If
the plasma is cylindrically symmetric an inverse Abel transformation gives
the local values of the emission coefficient from the lateral distribution of the
intensity. Several ways exist to accomplish that. A standard way is to numer-
ically describe the emission profile with functions for which the inversion is
known or simple, e.g. Gaussian functions.

2.3.1 Absorption of an external beam

If the photons originate from an external source, e.g. from a laser beam as in
chapter 5, equation (2.1) simplifies. In a proper experimental handling one
can get rid of the plasma emission term by subtracting it in the raw data. The
remaining radiation transport is ruled by the coefficient k

dIλ(λ)

dx
= −k(λ)Iλ(λ). (2.6)

known as Beer-Lambert’s law. Rearranging terms and integrating along the
line of sight gives the spectral absorbance A(λ)

A(λ) = ln[Iλ(λ, 0)/Iλ(λ, L)] = (λ2/8π)g(u)/g(l)A(u, l)

L
∫

0

n(l, x)φλ(λ)dx,

(2.7)

where L is the length of the plasma-laser intersection region. Note that here
the lower state density is of importance. Subsequently, the integral over the
line shape gives

S =

∞
∫

0

A(λ)dλ = (λ2/8π)g(u)/g(l)A(u, l) 〈n(l)〉 L. (2.8)

The transition and line of sight integral S is a measured quantity and allows
determining the space averaged absorber density of the lower state 〈n(l)〉.
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2.3.2 Absolute line intensity method (ALI)

Absolute optical emission spectroscopy enables to determine the population
of excited states. This makes it possible to construct the atomic state distribu-
tion function (ASDF). By rewriting equation (2.4), the emitting density n(u)
can be described by

n(u) =
Iu,l4π

Eu,l Au,l L
. (2.9)

In an argon plasma in particular the Ar(4p) levels are studied, as they are the
easiest accessible levels by emission spectroscopy. The densities per statistical
weight η(4p) = n(4p)/g(4p) are determined experimentally. Moreover, the
gas density, N, follows from the gas pressure p = NkBTg and the gas temper-
ature determined e.g. by Rayleigh scattering, see chapter 3. In a similar way
as for velocities of particles one can apply the Maxwell-Boltzmann distribu-
tion for electronic excitation. Consequently, comparing the density η(4p) to
the one of the ground state η(0) ≈ N gives η(4p) = η(0) exp(−E4p/kBT0−4p).
The Boltzmann exponent is given by an excitation temperature Texc that is
specific for the transition ground-4p.

The question is, what is T0−4p? Related to that is the question to what ex-
tent the ASDF of our low density plasma obeys the Boltzmann law, or better,
follows the Boltzmann-Saha distribution. If, for all excited states the number
of ionization processes equals that of the corresponding reverse process of
two-electron recombination, we have the Saha-Boltzmann equilibrium. The
corresponding ASDF is depicted by the upper line given in figure 2.1. How-
ever, in the low pressure discharge electron-ion pairs will diffuse to the wall
where they recombine. This demands for another ASDF-shape which, in-
stead of being constant in slope, will gradually change in shape. This is
schematically given by the dashed line in figure 2.1 that anticipates on the
measured ASDFs. Based on the ALI method introduced by de Vries et al. [36]
a factor r can be computed by a collisional radiative model (CRM) that cor-
rects for the deviation from the Boltzmann equilibrium for each level

η(4p) = η(0)r4p exp
−Eu,0

kBTe
. (2.10)

By that the excitation temperature is effectively corrected to an electron tem-
perature. The quantities η(4p) and η(0) are measured, r4p is computed.
Rewriting equation (2.10) gives

kBTe =
E4p

ln(η(0)r4p)− ln(η(4p))
. (2.11)

16



2

2.3 Optical emission and absorption

e.g. Ar(4p)
atomic energy levels ionic levels

exp

S
a

h
a

-j
u

m
p

i

(0)

E

~ 1/k TB e

~ 1/k TB e

~ 1/k TB excitation

ln

ln

ln

ln

ln

ln

Figure 2.1: Schematic of a real ASDF (dashed) and an ASDF in Saha
(Boltzmann)-equilibrium. This study is about ionizing systems, that means
there is an overpopulation in respect to Saha to sustain the losses of electron-
ion pairs. Indicated is the deviation parameter r to the corresponding equilib-
rium distribution state of level "4p". The ionic system is also indicated, having
the same equilibrium temperature Te.

This allows to obtain the "real" electron temperature. The r4p coefficient, de-
livered by the CRM, depends in general on Te and ne. It accounts for the
deviations from a Boltzmann distribution governed by Te with respect to the
ground state. The immense amount of processes that are needed to describe
the population of the level requires a full CR-model such as in [37–39]. Based
on the models, the employed plasmas give values for r4p = 10−3 − 10−4. That
corresponds to certain initial assumptions of the electron density and tem-
perature which have to be iterated to improve accuracy. However, the initial
guess is often quite good as the ALI method is quite insensitive to electron
density [36] because of electron impact saturation. Due to the vast order of
magnitude-difference in the denominator in equation (2.11) also uncertainties
in η(0), η(4p) and Tg are of minor importance.

As the CRM uses Maxwellian rates, the electron temperature obtained
via this method is the effective Maxwellian temperature needed to sustain
the excitation-ionization efflux through the argon excitation space.
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2.3.3 Absolute continuum method (ACI)

The ACI method is using the continuous emission generated by electron-
atom and electron-ion interactions. By doing absolute continuum measure-
ments the electron density ne can be determined, since the measured signal
depends directly on the number density of the interactions, and thus on the
product of the densities of the interacting species. The continuum emission
is composed of three contributions: the free-bound recombination radiation
of electrons with ions jei,fb

λ (λ) and the free-free bremsstrahlung created by
electron-ion jei,ff

λ (λ) or electron-atom interactions jea,ff
λ (λ). Neglecting forma-

tion and destruction of excimers, which is valid for argon plasmas below
atmospheric pressure [40], the continuous emission coefficient of an atomic
gas reads

jλ(λ) = jei,fb
λ (λ) + jei,ff

λ (λ) + jea,ff
λ (λ). (2.12)

To describe the free-free electron-atom radiation we start with the expression

jea,ff
λ (λ) = const · neN

λ2

∞
∫

E0

QBS(E)
√

E f (E)dE (2.13)

that is based on the collision integral of the interacting species. ne depicts
the electron density, N the atom density and λ the bremsstrahlung photon
wavelength. The lower energy boundary E0 corresponds to the minimum
energy that an electron needs to have in order to generate a photon with the
requested wavelength λ = hc/E0. For the cross section for bremsstrahlung
QBS several approaches exist, such as the expression

QBS = const ·
(

2 − hc

λE

)

√

1 − hc

λE
Qmom (2.14)

given by Kasyanov and Starostin [41]. That relates the cross section to the
cross section for elastic momentum transfer collisions of electrons with atoms
Qmom. However, the rate of interactions depicted by the integral in equation
(2.13) is then difficult to solve. A common approach is to treat the problem
like purely elastic collisions [42, 43]

QBS(E) = const · Qmom(E). (2.15)

To further simplify, an energy averaged cross section 〈Qmom(Te)〉 is assumed
using a Maxwellian energy distribution of the electrons f (E)=Maxwell(Te)
in the integration of (2.13). This is based on the observation that QBS is
only a weakly varying function of the energy when outside the Ramsauer
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minimum [41]. It is referred to [41–46] for more details of the derivations.
The latter approach of elastic collisions is followed. That will enable us to
have an energy independent cross section based on the momentum transfer
cross section. Using 〈Qmom(Te)〉 one can write jea,ff

λ as follows

jea,ff
λ = cea

neN

λ2 T3/2
e 〈Qmom(Te)〉

(

1 +
(

1 +
hc

λkBTe

)2
)

exp
(

− hc

λkBTe

)

.

(2.16)

For the cross section Qmom the widely accepted formula determined by
Phelps et al. [47] is used. Furthermore Te is the electron temperature, kB
the Boltzmann-constant, h Planck’s constant and cea a constant, defined as

cea =
e2k3/2

B

3c2ǫ0m3/2
e π5/2

= 1.026 · 10−34 [Jm2K−3/2s−1sr−1]. (2.17)

The emission coefficient of the other two contributions, jei,ff and jei,fb is de-
rived e.g. in Burm [45]. It can be incorporated into one expression

jei,ff+fb
λ = cei

neni

λ2 T−1/2
e

{(

1 − exp
(

− hc

λkBTe

))

ξfb(λ, Te) +

(

exp
(

− hc

λkBTe

))

ξff(λ, Te)

}

. (2.18)

The prefactor equals cei = 1.68 · 10−43 Jm2K1/2s−1sr−1. The ξ(λ, Te)’s are
known as the Biberman-coefficients. They represents the non-hydrogenic
behavior of the electron-ion interaction, and are therefore ion specific [48,49].
A combined Biberman-coefficient ξtot is given by the expression

ξtot =

(

1 − exp
(

− hc

λkBTe

))

ξfb(λ, Te) +

(

exp
(

− hc

λkBTe

))

ξff(λ, Te).

(2.19)

This ξtot is fairly constant for the visible range of emitted wavelength
and also in the temperature range of the microwave plasma under study.
By taking it constant and equal to 1.3 a maximum error of 5% [46] in the Te

range of 0.5-2 eV is made2. To simplify expression 2.16 and 2.18 the functions

2The not accurate but broadly accepted way of denoting the electron temperature in units
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fλ(λ, Te) and gλ(λ, Te) are introduced, so that

jei,fb
λ (λ) + jλ(λ)

ei,ff = (ne)
2 fλ(λ, Te), (2.20)

jea,ff
λ (λ) = (neN)gλ(λ, Te). (2.21)

The cross section for creating electron-ion continuum emission is larger than
that for electron-atom in the Te-range of interest. However, at an ionization
degree of typically ne/N = 6 · 10−4 the electron-atom interactions give the
most important contribution to the continuum as can be seen in figure 2.2.
This is an important fact, since it is in contrast to many plasmas being studied,

200 400 600 800 1000 1200
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 electron-ion, j ei,fb+ff

 electron-atom, j ea

 sum, j ea+j ei,fb+ff

 black body at 500 K, x100

Figure 2.2: Different contributions to continuum radiation in an argon plasma
as a function of the wavelength, calculated for N = 1.5 · 1022 m−3; Te = 1.1 eV
and ne = 1019 m−3. In the visible range the dominant contribution is that
generated by electron-atom bremsstrahlung. Note that ξtot in equation (2.19)
is taken constant, which is only approximately true in the visible wavelength
range and for Te = 0.5 − 2 eV.

such as arcs, shock tubes or most astrophysical plasmas. That also goes along
with the findings that electron-atom inverse bremsstrahlung is the dominant
(laser) heating mechanism in this low pressure plasmas [50]. At a wavelength
of 580 nm the electron-ion interactions contribute with about 24% to the
continuum, so that in contrast to the study of Iordanova et al. [46] the electron-
ion interactions can not be neglected. With formula (2.20) and (2.21) the

of energy is followed throughout the thesis. In fact it should be written as kBTe [eV].
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following expression for the electron density is obtained

ne =
gλN

2 fλ

(
√

1 +
4jλ fλ

(gλN)2 − 1

)

. (2.22)

The measured quantity is jλ, while the function-values of fλ and gλ have to
be computed, based on the electron temperature.

2.4 Laser scattering

2.4.1 Scattering of photons on electrons

Scattering of photons by matter is a very fundamental topic which has at-
tracted highly renowned physicists providing their names for phenomena
such as Compton, Rayleigh, Thomson and Raman scattering. Thomson scat-
tering is of special interest as it can deliver information about the temperature
and the densities of free electrons. That means it is per definition tailored for
the study of plasmas. However, due to the low scattering probability it was
not observed until the late 1950s, when an anomalous reflection of radio
waves in the earth’s ionosphere was explained by this scattering [51]. The im-
pact for laboratory applications came with the development of the first high
power ruby lasers that allow Thomson scattering on a Tokamak plasma [52].
A ruby laser can deliver a single pulse with a laser power of tens of joules.
However, for smaller and more stable laboratory plasmas, accumulation of
multi-pulse lasers with high average output is preferable. The advent of high
power lasers with higher pulse repetition rates of the Nd:YAG type, started
the breakthrough of Thomson scattering on small laboratory plasmas [53].
Using the high photon flux provided by a laser enables also to detect Raman
and Rayleigh scattering to give insight into density and temperature of the
heavy particles.

With reproducible plasmas, the integration time can be increased substan-
tially, and the detection limit is given by the signal-noise ratio of Thomson
scattering. In the case of very good optical systems and large reactors, studies
of Hori et al. [54] and Crintea et al. [55] succeeded to probe in low pressure
conditions electron densities as low as a few 1016 m−3 and energies up to
∼10 eV for argon plasmas.

The interpretation of the experimental scattering results is rather straight-
forward and does not depend on deviations from thermal equilibrium. How-
ever, it has to be ensured that the method is non-intrusive because at too high
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laser power the plasma can be heated [50].

During the laser-plasma interaction the electrons oscillate in the electric
field of the laser beam. Due to this oscillation the accelerated electrons will
emit electromagnetic radiation, which can be seen as the scattering of the
incident laser radiation. In the case of targets being free electrons, it is known
as Thomson scattering (TS) and in the case of bound electrons one speaks of
Rayleigh (RyS) or Raman scattering. The fact that RyS and TS have much
in common implies that the same setup initially developed for TS in our lab
[56–58], can also be employed for RyS. Only minor adjustments are needed.
The same applies for the theoretical treatment.

In our experiments the electron density is always so low that the electrons
oscillate individually. If no phase correlation occurs, one speaks of incoherent
TS [56, 58]3.

The spectral power Px
λ(∆Ω) of the scattered radiation collected in the solid

angle element ∆Ω reads

Px
λ(∆Ω) = PinxL φλ(λ)

dσx

dΩ
∆Ω. (2.23)

Here, Pi is the incident laser power, L the length over which the ob-
served laser-medium interaction takes place, nx the density of the scatter-
ing particles, dσx/dΩ the differential cross section while φλ(λ) contains
the spectral information, assuming that φλ(λ) is normalized, meaning that
∫

φλ(λ)dλ = 1. In the case of TS the spectral information comes from the
Doppler shift induced by the free electrons. The shift is related to the two-
dimensional velocity plane given by the laser beam and the observer. The
projection of this velocity distribution onto the one-dimensional observer
gives φλ(λ). It can be derived on basic principles [56] that for a Maxwellian
distribution the 1D observation is equivalent to the actual 3D distribution4.
Knowing the velocity distribution enables to resolve an electron temperature.
With our setup the velocity distribution of bound electrons (RyS) cannot be
recorded since the thermal velocity of the heavy particles is small. For RyS
only the spectral integrated form of equation (2.23) can be employed, using
the normalization of φλ(λ) The expression (2.23) can be used to obtain both
ne and N by inserting the corresponding value of dσx/dΩ.

3For an electron temperature of 1 eV, coherent Thomson scattering occurs for values of
electron densities ne > 1022 m−3, hundred times our maximum values.

4That relies first on isotropy. To obtain different velocity components different TS observa-
tion angles would be required. Second it depends on the nature of the Maxwellian distribu-
tion, in a sense that the 1D projection of the 2D Gaussian sphere remains a Gaussian function.
The third velocity dimension is not accessible
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The respective cross sections for Thomson scattering per solid angle ∆Ω

of the detection system is dσT/dΩ, which equals [56]

dσT

dΩ
= r2

e
(

1 − sin2 θ cos2 ϕ
)

. (2.24)

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 = e2/4πǫ0mec2).
In our setup, the scattering angle is θ = 90o while the laser beam is vertically
polarized so that ϕ = 90o. That is in numbers dσT/dΩ = 7.94 · 10−30m2sr−1.

For Rayleigh scattering the differential cross section dσRy/dΩ depends
strongly on the gas species, more precisely on the polarizability αv [59]. In
table 2.1 are some values presented for the differential cross sections for scat-
tering of photons with a wavelength of 532 nm on various plasma species.
The Rayleigh cross sections are obtained via [60]

dσRy

dΩ
=

16π4α2
v

λ4

(

1 − sin2 θ cos2 ϕ
)

. (2.25)

Values for αv are found in [61, 62]. Note that here the volume polarizability
is used, and note also that the cross section σRy for RyS depends on λ−4,
whereas the cross section of TS is wavelength-independent. It is clear that

particle cross section [10−32m2sr−1]

e− 794

Ar 5.4

Ar(4s) 4800

He 0.086

N2 6.1

O2 4.8

CO2 12

Table 2.1: Numerical values for the differential scattering cross sections of
photons at 532 nm on free electrons (TS) and bound electrons (RyS) at θ = 90o,
ϕ = 90o.

for argon/air mixtures, Rayleigh scattering is quite straightforward. How-
ever, in combination with helium one has to be careful. An entrainment of
1% air in helium gas produces already a higher RyS signal than that from
helium itself. Another issue is the huge "size" of atoms in an excited state in
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a plasma. For instance argon metastables have a cross section three orders
of magnitude larger than the argon ground state. That can disturb, overesti-
mate, the determination of the gas density in argon plasmas. It is also clear
that even though the scattering of free electrons exhibits a much higher cross
section than the one on bound electrons, the Rayleigh signal will strongly
exceed the Thomson signal, just because the ionization degree corresponds
to 10−3 − 10−5.

2.4.2 Calibration of the Thomson scattering signal

Rewriting equation (2.23), the intensity of Thomson scattered photons is
given by

PT
λ = PineL

dσT

dΩ
∆Ω, (2.26)

where Pi is the intensity of the incident beam of light, L the length of the
beam-plasma interaction zone. In order to avoid determining the specific
values for P, L, ∆Ω, the calibration of the system for TS was done using
rotational Raman scattering [58, 63, 64]. Raman scattering is the scattering
associated with a change of the rotational state of a molecule5. Part of the
incident photon energy is converted into rotational excitation or excitation
energy is released. That results in Stokes or Anti-Stokes scattering patterns.
The intensity of Raman scattered photons is given by

PRm
λ (J − J′) = PinX L

(

dσRm(J − J′)
dΩ

)

∆Ω, (2.27)

where dσRm(J − J′)/dΩ is the differential Raman cross section and nX
the density of the molecules in the scattering volume. Combining equa-
tions (2.26) and (2.27), one gets the following expression for the electron
density

ne = nX
PT

PRm

(

dσRm(J − J′)/dΩ
)

(dσT/dΩ)
. (2.28)

The rotational J − J′ transitions lead to peaks in the Raman scattering spec-
trum. In order to calibrate not only the intensity but also the wavelength
of the optical system a multi-component fitting is used of many (about 30)
rotational transitions. To give an impression of the order of magnitude of
that scattering; In nitrogen for a gas temperature of 300 K the J − J′ = 6 − 8
transition is the strongest. Using the Raman cross section from [65] gives a

5Vibrational Raman scattering requires to record a much wider wavelength range and is
therefore unsuited in this case.

24



2

2.4 Laser scattering

ratio between Raman and Thomson cross section equal to 6.8 · 10−5 at the
wavelength corresponding to that transition for the particular setup geom-
etry. The Raman scattering can be performed with any molecule that has
a rotational constant that matches the detection wavelength range. In prac-
tice the calibration is performed by filling the vacuum vessel with nitrogen
at room temperature and known pressure. Consequently the scattering sig-
nal at known gas density is measured and related via the respective cross
sections to the measured TS signal.

With this calibration method, there is no need to determine the laser flu-
ency, the plasma-laser interaction length and the solid angle ∆Ω of the de-
tection 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.

Also for the Rayleigh scattered photons a calibration is needed. However,
here one can rely easily on a comparison of the RyS signal at a known gas
density, e.g. at room temperature and measured gas pressure. That means
for Rayleigh scattering in pure gases no knowledge about the cross sections
is needed. That is obviously not possible with TS, as no configuration with
accurately known electron density can be set up.

2.4.3 Experimental realization

The scattered light from the plasma is collected by an optical system of two
parallel achromatic lenses that focus the photons onto the entrance slit of a
specially designed triple grating spectrograph (TGS) [56]. The entrance slit
of the TGS is horizontal and parallel to the axis of the laser beam. This al-
lows to get spatially resolved images in one dimension along a plasma slab
of 12 mm, see figure 2.3. Inside the TGS the beam has to be rotated, so that
the slit appears vertical. That is because it is highly preferable to remain at
a constant beam height above the optical table while the beam is dispersed
at the gratings. The idea of the three gratings is to achieve high stray light
rejection. 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 or 3.1). The latter is recorded on a
high sensitivity and low noise iCCD (Andor iStar) camera, resolving the TS
spectrum both spatially, i.e. in axial direction along the plasma-laser intersec-
tion, and in wavelength. The camera is chosen for highest quantum efficiency
in the visible range and low dark noise while the frame rate is unimportant.
The notch filter reduces the resulting laser stray light transmission by a factor
of about 106 [56]. That is sufficient to reject the omnipresent Rayleigh and
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stray light signal.

n = 5.15 10 m

T = 1.04 eV

e

19 -3

e

Figure 2.3: Bottom: iCCD image of a typical TS spectrum for a homogeneous
plasma at a gas pressure of 40 mbar; the horizontal direction corresponds
to the wavelength dispersion and the vertical direction to the position along
the plasma axis. The inhomogeneity in vertical direction is mainly due to
the TGS flat field sensitivity. Top: the resulting vertical binning with the
corresponding Gaussian fit. Note that the central part is excluded from the fit.
Using the respective Raman signal ne and Te is obtained.

In figure 2.3, 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 12 mm of the plasma. The in-
tensity dip in the central region around λi = 532 nm stems from the blocking
of the signal. That is the result of the triple grating spectrometer (TGS) that
is needed to reduce the influence of Rayleigh photons and false stray light
which would obscure the Thomson signal. It was found for every condition
in this thesis by detecting a purely Gaussian shape of the TS spectrum (see
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top of figure 2.3), that a Maxwellian distribution of the observed electrons
can be assumed and no coherent scattering occurs.

T = 291 K
g

Figure 2.4: Bottom: 1D spatially resolved Raman scattering from a nitrogen
gas filling at a pressure of 60 mbar. Top: the resulting vertical binned spec-
trum together with a fit composed of Gaussian profiles for the rotational lines.
The shape of the combined fit gives Tg, which matches perfectly room temper-
ature.

Figure 2.4 shows a typical Raman spectrum at a pressure of 60 mbar.
This is used for the absolute calibration of the Thomson spectrum. The
multi-component fitting of the different peaks of the Raman spectrum allows
wavelength calibration while the non-uniformity found in the 2D field can
be used to correct for the 2D image deformations in the TS iCCD images, see
for comparison the variation of TS intensity observed in the spatial direction
in figure 2.3 and the one for Raman scattering in figure 2.4 [64].
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2.4.4 Electron temperature

As mentioned before, in the incoherent scattering regime the spectral line
width of Thomson scattered photons is directly related to the Doppler shift
induced by the electron velocity distribution function. The TS photon density
Pλ can be analyzed as a function of δλ = λ − λ0. A Maxwellian electron
energy distribution function (EEDF) leads to [56]

Pδλ = A exp
(−mec2δλ2

4λ2
0kBTe

)

, (2.29)

where A is a proportionality constant. A plot of ln Pδλ 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 thesis. Nevertheless, the EEDF
slope could only be investigated in the low electron energy range6; above
3-7 eV, depending on total electron density, the noise obscures the signal.

0 2 4 6 8
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10

ln
 P

(
)

energy (eV)

 exp
 Gauss fit, T

e
 = 0.93 eV

 = 4 nm

Figure 2.5: The logarithm of the signal P(δλ) as a function of the energy, that
is proportional to the wavelength shift square δλ2. After baseline correction
a linear trend with −1/kBTe for the central δλ = 4 nm is found. For higher
δλ-values the noise obscures the signal.

As the equation (2.29) resembles a Gaussian function it is straightforward
to accomplish a fitting of the Doppler broadened TS photons and obtain an

6That follows the rather sloppy custom to name this distribution EEDF, despite the fact
that it is actually the electron energy probability function (EEPF). The latter is derived by
EEPF=EEDF/

√
E and only the EEPF is in log-scale proportional to 1/Te
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electron temperature via [66]

Te =

(

mec2

8kBλ2
0sin2(ω/2)

)

δλ2
1/e, (2.30)

where λ0 is the incident laser wavelength, δλ2
1/e the 1/e half-width of the

Gaussian fit of the TS spectrum. That equals in numbers for our specific
configuration of λi=532 nm, θ = 90◦

Te(TS) = 5238 ·
(

δλ1/e

[nm]

)2

[K] . (2.31)

A typical Thomson scattering spectrum in terms of ln Pδλ versus the elec-
tron energy is given in figure 2.5. 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 Gaussian fit in figure 2.5 is based
on the first 4 nm of wavelength shift δλ, which corresponds to electron ki-
netic energies of up to 7 eV. Electrons with higher energies are not observed,
because their signal is below the noise. Nevertheless, a simple integration
shows that these electrons represent more than 96% of the total population.
Thus, one can state that TS gives the mean electron energy which can be
denoted as the bulk temperature of the EEDF, but no information about the
high energy tail of EEDF is provided.
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CHAPTER 3

Rayleigh scattering on a microwave surfatron

plasma to obtain axial profiles of the atom

density and temperature

Abstract. The axial dependency of the central-axis value of the heavy par-
ticle density and temperature of surface-wave produced plasmas is studied
using Rayleigh scattering (RyS). The plasma is generated at a frequency of
2.45 GHz in argon by a surfatron operating under the standard settings of
an absorbed power of 45 W, a flow rate of 50 sccm and a gas pressure rang-
ing between 0.5-100 mbar. By using a two dimensional intensified CCD
array the influence of false stray light could be eliminated; a major disturb-
ing factor in the determination of the Rayleigh signal. In order to trace the
energy fluxes that determine the gas temperature Thomson scattering (TS)
is performed to determine the properties of the electron gas. It is found that
the gas temperature, Tg, depends on the wall temperature and the product
of the gas pressure and the electron pressure. The later implies that Tg fol-
lows the electron density axially, meaning that it is highest at the launcher
and decreases monotonically in the wave propagation direction. For the gas
pressure of 20 mbar the maximum gas temperature is around Tg = 750 K
close to the launcher, for lower pressures Tg is lower. The extrapolation of Tg
toward the end of the plasma column leads to a temperature of about 350 K.
This study reveals that, for the argon plasmas under study, the central-axis
values of the gas temperature are determined by the balance between the
heating of the gas by means of elastic electron collisions and the cooling due
to heat conduction from the center to the wall.

Based on "Rayleigh scattering on a microwave surfatron plasma to obtain axial
profiles of the atom density and temperature." S. Hübner, E. Iordanova, J.M. Palo-
mares Linares, E.A.D. Carbone and J.J.A.M. van der Mullen, (2012), EPJ Applied
Physics, 58(02), 20802-1/10. [30, 67].
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3.1 Introduction

In many experimental and theoretical methods a lot of attention is paid to
the properties of the free electrons. However, in an atomic plasma of low
ionization degree the main plasma constituent is the ground state atom. The
density and temperature of the atoms, hereafter denoted by N and Tg, are
connected to each other by the pressure p = NkBTg, a control parameter that
is easy to measure. This implies that only one of the parameters N or Tg has
to be determined if p is known.

The knowledge of N or Tg is important for instance in the methods of
absolute intensity measurements presented in chapter 4. When using the ab-
solute line intensities the ground state density is compared to the density of
the excited radiating species. That gives the electron temperature by employ-
ing a collisional radiative model [36]. The measurement of the continuum of
atomic plasmas can give the electron density [46, 68, 69]. In the case that the
degree of ionization is small the atoms are the main scatter partners of the
electrons so that again the N-value is needed for a correct interpretation of
the continuum spectrum. The gas temperature on the other hand is of special
interest in plasma applications on sensitive surfaces, such as human skin.

Also in modelling plasmas, N is an essential parameter [70, 71]. It is an
important factor for the reduced electric field (E/N), and for the determina-
tion of the rate of elastic and inelastic collisions. Therefore N is needed for
a proper understanding of the plasma heating and the creation of light and
radicals.

In literature several methods can be found to measure N or Tg. Generally
they can be divided as based on emission spectroscopy, e.g. [72, 73], laser
absorption spectroscopy, e.g. [73–76], and laser scattering [77]. In the case
of emission spectroscopy Tg can for instance be obtained from the rotational
temperature of excited molecular species. A disadvantage of applying this
method to atomic plasmas is that an addition of molecules is required and
that this can change the plasma properties substantially.

In chapter 5 and [78,79] Tg is derived from the line width of the absorption
transition 4s→4p in argon. This method, for which a tunable narrow-band
laser is needed, gives line-of-sight information. Just as in the case of emis-
sion spectroscopy one needs methods like the Abel inversion procedure, to
convert the lateral spectral profiles into radially resolved temperatures.

In this work the main gas properties are derived from Rayleigh scatter-
ing (RyS); a method comparable to Thomson scattering (TS) in the sense that
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both, TS and RyS, are related to the elastic scattering of photons on electrons.
In the case of TS the electrons are free, whereas in the case of RyS they are
bound. The major advantage of laser-scattering techniques is that they pro-
vide direct spatially resolved information. For the RyS and TS measurements
a similar detection setup is used as explained in chapter 2.

The plasma under study is a microwave surfatron plasma that belongs to
the class of surface-wave produced plasmas with the common feature that,
since the wave loses energy while traveling along the plasma column, the
electron density decreases in the wave propagation direction. This implies
that the heat transfer from electrons to the heavy particles will also decrease
in the wave propagation direction. The precise knowledge of this process is
of importance for a proper understanding of these type of plasmas. For that
purpose, the behaviour of N (or Tg) along the discharge column is indispens-
able and it should be measured together with the properties of the electron
gas, Te and ne.

The current study can be seen as an extension of the work reported in [80]
on RyS measurements performed in our laboratory on a microwave surface-
wave produced plasma.

• RyS is applied to a plasma with a much smaller radius (3.0 mm versus
8.0 mm) implying that it is much more difficult to handle false stray-
light (FS); i.e. the light generated by the scattering of the laser (side-
beams) on dust particles or the wall. However, since the 2D iCCD
array is used instead of a 1D photo diode array in the detection system
as in [80], we obtain better insight into the role and strength of FS.
The smaller radius also increases the heat loss to the environment. We
expect therefore lower Tg values.

• Our RyS scattering experiments are done in conjunction with TS so
that apart from the properties of the heavy particles also Te and ne are
obtained. In this way we can trace the energy flow from electrons to
heavy particles.

• In the current work we observe different axial positions of a plasma
operated at a constant power whereas in [80] the observed position
is fixed (7 cm from the gap) while the power is changed. To get the
gas temperature as a function of the axial position, it was relied on a
similarity law that states, that the properties of plasmas of the same
pressure, radius and composition only depend on the distance to the
end of the column (DEC).

The results found in [80] raised some questions. The shape of the axial
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dependence of the central values of the Tg was found to be composed of two
branches; a constant (plateau) value close to the launcher and a steep decay
close to the plasma end. The presence of this plateau is in contradiction with
the fact that plasma power density gradually decreases along the discharge.

It is the aim of the current study to investigate the energy balance of the
heavy particles in more detail. As we know the features of the electron gas
(from TS) we can compute the heat transfer from electrons to heavy particles,
balance that with heat conduction and compare the resulting Tg values with
the result of RyS. In both the TS and RyS methods we will not rely upon
similarity laws and measure Te, ne and Tg on different axial positions of the
same plasma; that means that we keep the control parameters and especially
the power constant.

The DEC-similarity law used in [80] originating from the practice of
low pressure surface-wave produced plasmas and applied to intermediate
pressures is not the only law that is questionable. In section 3.3 we will, just
as in a previous study [58], find that the Te-similarity law that relates Te to
the product NR of the gas density N and plasma radius R, is also not valid
for the plasma conditions under study.

3.2 Experimental setup and settings

The extended description of this setup and the underlying principles are
given in the introduction, chapter 2. Hence, only the experimental equip-
ment, the methods and the individual adjustments for this specific study
will be mentioned.

3.2.1 The experimental setup

The experimental setup presented in figure 3.1 consists of three main parts:
the laser setup (on the left) the plasma tube (bottom right) and the detection
system (top right).

For the laser we used a frequency doubled Edgewave system that pro-
duces laser pulses at a wavelength of 532 nm with a repetition rate of 5 kHz,
a duration of 10 ns and pulse energy content of 4 mJ. The measurements
have been performed on a microwave induced argon surfatron plasma. The
EM waves are generated by a magnetron, that can deliver a maximum power
of 200 W at a fixed frequency of 2.45 GHz. The generated plasma is confined

36



3

3.2 Experimental setup and settings

Figure 3.1: Schematic view of the setup showing the three-fold structure of
the setup: laser (left), plasma source (bottom) and detection branch (top). The
horizontal bold arrows along the plasma tube indicate that it can be translated
along its own axis; an essential feature of this setup. The numbered compo-
nents have the following meaning: 1 – 45◦ mirror; 2 – beam dump; 3 – beam
splitter; 4 – 1m plano-convex lens; 5 – Brewster window; 6 – achromatic lens;
7 – entrance slit; 8 – image rotator; 9 – grating; 10 – mask; 11 – intermediate
slit.

in a fused silica tube with an inner radius of rinner = 3.0 mm and a wall
thickness of 1.0 mm. Brewster windows are attached on both sides of the
tube to minimize laser reflections and to assure maximum transmission. The
argon pressure can be controlled by valves and is measured by two pressure
meters.

An essential feature of this setup is that the plasma tube can be translated
along its own axis. During this translation the central axis remains coincident
with the laser beam and a new axial plasma position is brought into the
spatial fixed detection volume. In this way the central-axis values of the
plasma properties Te, ne, N (Tg) can be investigated as a function of axial
position without changing the plasma control parameters. There is no need
to rely upon the DEC-similarity laws.

A triple grating spectrograph was designed [56, 63, 64] with the purpose
to reject the false stray (FS) light and Rayleigh scattered photons and collect
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the remaining TS signal. In the present study the setup is used to perform
RyS and TS. Changing from one to the other can be done by simply placing
or removing the mask between the first two gratings (cf. figure 3.1). By re-
moving the mask the notch filter function for the laser stray light is switched
off.

The emitted plasma signal is collected by a two-dimensional iCCD (An-
dor iStar) camera giving spectral information in the horizontal and spatial
information in the vertical direction. Each iCCD frame covers a length of
12 mm. A pixel binning process can be applied in spatial and spectral direc-
tion in order to reduce the noise and smooth the spectra.

Figure 3.2 compares two iCCD images. The upper frame shows the TS
signal and the lower the RyS+FS signal. The number of shots, given in the
frames, shows that much less TS than RyS+FS photons are collected per unit
of time; therefore the central wavelength must be blocked, i.e. the notch filter
must be in function, for the detection of TS photons. The TS spectrum is
much broader. In the lower frame the notch filter is "switched off" so that the
scattering photons with λ values around the central wavelength of 532 nm
are collected. The vertical signal-strip gives a mixture of photons generated
by Rayleigh scattering and (false) stray light. Apart from the "glow-like"
regions also "spots" can be seen. These are the result of laser scattering on
dust particles, small impurities carried by the gas flow and deposited on the
wall tube. Since the laser is very intense and the tube radius with 3 mm rather
small, there is a reasonable chance that one of the laser side-beams interacts
with one of these particles. It is very important to choose zones from the
central signal-strip that are free of false stray light. These dust-free zones are
selected for the determination of the FS level. In figure 3.2 an example of
four glow regions is given; they are bound by pairs of horizontal lines.

3.2.2 Determination of the heavy particle density

For the TS procedure the reader is referred to chapter 2 and 4, where the
axial dependence of TS and the associated determination of Te and ne are
given for comparable plasma conditions. Here we confine ourselves to the
description of the RyS procedure.

The RyS measurements consist of three steps.

1. In the first step RyS is performed on a plasma with known gas pressure.
This gives a signal with RyS and FS components, hereafter denoted by
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S(RySplasma +FS).

2. The second measurement is done on an argon flow at room temper-
ature. The plasma is off while the pressure and thus N(gasfill) =
p/kBTroom is known. The signal of this measurement is denoted by
S(RySgasfill + FS).

3. The third measurement is again with plasma off but now under vac-
uum conditions; the signal is supposed to be equal to the signal of the
false stray light and denoted by S(FS).

In all three steps the same number of shots with the same energy per pulse
is applied. The signal S(FS) of the third step can be subtracted from the
signal obtained in the first and second steps giving the RyS for the plasma
and room temperature argon gas. By employing equation (2.23) on both the
plasma and room temperature and taking the quotient the unknown factor
PiL(dσ/dΩ)∆Ω is eliminated. This gives the relation

N(plasma)
N(gasfill)

=
S(RySplasma + FS)− S(FS)
S(RySgasfill + FS)− S(FS)

, (3.1)

from which N(plasma) can be determined since N(gasfill), the density of the
gas at room temperature, can be determined using the ideal gas law and the
known gas pressure.

Note that the RyS method gives, just as in the case of TS, spatially resolved
results since only photons generated in the intersection region of the laser
beam and the optical axis of the detector optics are detected.

3.2.3 The experimental procedure

The experimental procedure starts with aligning the plasma tube along the
laser beam. Not only the tube but the whole surfatron supporting table has
to be positioned correctly. So by translating the table the volume observed
by the TGS remains at the same position in the laboratory frame but changes
position in the plasma frame.

Another aspect of the alignment is that the detection volume is focused
1:1 onto the entrance slit of the TGS. The detection volume has a size of
1.2 cm along the laser beam and a width of ∼75 µm. The former is given by
the length of the iCCD frame, the latter by the FWHMM of the laser beam.

After the alignment, the discharge tube is filled with argon gas and the
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plasma is launched. The gas pressure and gas flow are settled at the de-
sired values. Hereafter the three steps given above can be performed so that
we get for the position and condition in question the values of the triplet
S(RySplasma + FS), S(RySgasfill + FS) and S(FS).

For a new set of measurements the plasma table is translated so that
the detection branch is focused onto a different plasma position. If necessary,
minor radial realignments can be done. The discharge is re-ignited under the
same pressure and power conditions, and a new triplet of RyS measurements
can be performed.

3.2.4 The error analysis

The largest error in the RyS method comes from the false stray light, FS. The
impact of this error source on the final quantities N and Tg will be analyzed
using equation (3.1), which for convenience is denoted here as Q = A/B.

First, we look to errors in the numerator A = S(RySplasma + FS)− S(FS),
where indeed FS plays an important role as it contributes to both signals. As
stated above, we determine the S(FS) from the "spot-free" zones in the central
iCCD strip. This is done with the aim to reduce the error ∆S(FS). Figure 3.2
gives an example from which we could deduce that the relative error typi-
cally equals ∆S(FS)/S(FS)= 7%. Since the absolute error in S(RySplasma + FS)
is more or less equal to ∆S(FS), we find for the absolute error in A that
∆A =

√
2∆S(FS).

To determine the relative error in A we first express the Ry signal in
terms of S(FS) by introducing the ratio ξ = S(RySplasma + FS)/S(FS). This
means that A ≈ (ξ − 1)S(FS) and thus that the error due to the sub-
traction leads to ∆A/A ≈ (

√
2/(ξ − 1))(∆S(FS)/S(FS)). For the relative er-

ror in the denominator B = S(RySgasfill + FS) − S(FS) we find accordingly
∆B/B = (

√
2/(ς − 1))(∆S(FS)/S(FS)), where we introduced the parameter

ς = S(RySgasfill + FS)/S(FS). Putting things together leads to

∆Q

Q
=

∆S(FS)
S(FS)

√

2
(ξ − 1)2 +

2
(ς − 1)2 . (3.2)

For the 20 mbar case it was found that ξ ≈ 2 while ς is larger. Tak-
ing ∆S(FS)/S(FS)= 7% and the worst case scenario of ξ = ς we find that
∆Q/Q = 2∆S(FS)/S(FS)= 14%. It should be realized that the errors in the
lower pressure cases will be larger. The reason is that ξ will be smaller under
these conditions.
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This error caused by the FS is much larger than any other error source
such as the error related to the fluctuation of the laser power, the plasma
reproducibility and the reading of the pressure meter. So in the present case
of a tube wall close by the laser, the limitation of this method is determined
by the beam quality of the laser.
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A

B

Figure 3.2: Typical iCCD images of TS (A-bottom) and RyS+FS (B-bottom);
the horizontal direction corresponds to the wavelength dispersion while the
vertical direction gives the position along the beam-medium interaction zone;
the 1000 pixels in that direction correspond to 1.2 cm. The iCCD TS frame (A-
bottom) shows that the central wavelength is blocked (notch filter “switched
on") to avoid over-exposure due to RyS+FS. The TS spectral profile (A-top) is
obtained after vertical binning (spatial direction). In the lower iCCD frame
(B-bottom) the notch filter is "switched off" so that the scattering around the
central wavelength of 532 nm can be collected; the central strip shows that
apart from the "glow-like" regions also spots can be seen. The four pairs of
horizontal lines mark glow-regions that are free of spots; the spectral profile
shown above (B-top) is obtained after binning these "spot-free" regions verti-
cally.
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3.3 Results

Figure 3.3 gives the atom density N as a function of axial position. The
position z = 0 corresponds to the exit of the launcher while the direction
of increasing z is that of the surface wave propagation. The end point of the
plasmas is in all cases denoted by signs corresponding to the pressure legend.
The plasmas were all operated at an absorbed power of 45 W and with a gas
flow of 50 sccm. Result are shown for different pressures namely 6, 10 and
20 mbar.
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Figure 3.3: Axial profiles of the N for gas pressures of 6, 10 and 20 mbar,
absorbed MW power of 45 W, mean laser power of 12 W and an argon gas
flow of 50 sccm.

Figure 3.4 gives the corresponding Tg values as a function of the distance
z. In the case of 20 mbar the highest gas temperature value of about 800 K
is measured at the closest position to the launcher-exit. For p = 6 mbar the
highest value is about 500 K. The reason of this pressure dependence of Tg

is, that globally for high N values the heat exchange between electrons and
atoms is higher while the heat conductivity is pressure independent. We
come back to that in the discussion part below. The error bars are not shown
and equal roughly 15%. Note that the extrapolation of Tg toward the end of
the plasma column leads in all cases to a temperature of about 350 K which is
close to room temperature; as should be. In contrast with the work published
in [80] no plateau is seen in the launcher region which might be related to
the applicability of the employed similarity law. As pointed out in [80] the
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Figure 3.4: Axial profiles of the gas temperature Tg for the same conditions as
those of the previous figure.

presence of the plateau is in contradiction with the fact that the plasma power
density decreases monotonically along the wave propagation direction.

The temperature of the gas is determined by the energy flow

EM → {e} → {H} → environment,

showing that the electrons receive energy from the EM field and pass that
over to the heavy particles. These in turn transfer their heat to the environ-
ment.

Thus, for a proper understanding of the plasma heating and the resulting
gas temperature Tg the properties of the electron gas {e} at each relevant axial
position must be known. For that purpose we performed TS measurements.
The results presented in figures 3.5A and 3.5B giving ne and Te, show the
same trends as those previously reported in [58]. Here, only a brief summary
is given, for an extended discussion the reader is referred to chapter 4.

• The central-axis value of ne decreases monotonically in the wave prop-
agation direction with a slope that depends on the pressure.

• Extrapolation of the found axial ne curve towards the visual plasma-
end gives an ne value that is much larger than the resonant density
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Figure 3.5: The electron density ne (A) and temperature Te (B) as functions of
the axial position obtained by TS for three different pressures; the plasma set-
tings are the same as those corresponding to figures 3.3 and 3.4. The signs on
the right bottom side point to the end of the plasma column; they correspond
to the pressure legend.

ne(res). The latter is obtained by equating the plasma frequency to the
microwave frequency taking the surface wave into account; numerically
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it equals ne(res) = 3.6 · 1017 m−3.

• The Te-values close to the launcher were found to fit reasonably with
the results predicted by the electron particle balance (ePB), which sup-
ports the observed trend that an increase in pressure leads to a decrease
in Te. The ePB is the basis of the Te-similarity law that states that plas-
mas (or plasma slabs) with the same value of NR have the same electron
temperature. This law is indeed valid in the region close to the launcher
for which we can see that (just as the product NR) Te is almost constant.

• However, it is found that Te gradually increases in the wave propa-
gation direction, thus in the direction of decreasing ne. Increases of
about 30% over 30 cm were found. In the discussion given in chapter 4
this violation of the Te-similarity law is attributed to the deviation of
the electron energy distribution from the Maxwellian equilibrium form.
This is in line with the studies [58, 71, 81, 82].

Note that the accuracy of ne and Te obtained by TS is quite high. The ran-
dom errors in both quantities are about 3% and smaller than the errors re-
sulting from the fluctuations in the laser pulse energy and the plasma non-
reproducibility. This high level accuracy can be reached since, the determina-
tion of the TS signal is in contrast to RyS not hindered by FS.

3.4 Discussion

The gas temperature in the plasma is determined by the energy balance of the
heavy particles. This balance equates the heat transfer from the electrons to
the heavy particles to the cooling of the heavy particles by the surroundings.
The following assumptions are made

1. the pressure is constant along the axis,

2. convective heat transport can be neglected,

3. inelastic energy transfer from electrons to heavy particles is unimpor-
tant for gas heating in the volume,

4. the mechanism of sheath heating does not affect the central value of Tg,

5. the rate coefficient for the heat transfer from electrons to heavy particles
is constant across the radius.
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3.4 Discussion

Under these assumptions the energy balance for the heavy particles reads

neNSheatkB(Te − Tg) = −∇ · (λh∇Tg), (3.3)

where kB is Boltzmann’s constant and λh the thermal conduction coefficient.
The coefficient of heat transfer Sheat is related to the electron-atom momen-
tum transfer rate Smom by means of Sheat = (3me/M)Smom, where me and M
are the mass of the electron and the argon atom, respectively. Since Te ≫ Tg,
one may use Te − Tg ≈ Te. Substituting N = p/kBTg turns equation (3.3) into

Sheat pe p =
λhkB(Tg − TW)Tg

R∗2 , (3.4)

where TW is the wall temperature, pe = nekBTe the electron pressure, whereas
R∗ is the thermal diffusion length, a distance comparable to the radius of the
plasma tube. To arrive at this equation the radial dependence of λh, pe and
Sheat is neglected and the differential operators are replaced by division by
R∗2. This resulting expression is a quadratic equation for Tg with the solution

Tg =
TW

2
(1 + (1 + 4C(pe p)/T2

W)0.5), (3.5)

where C = Sheat(kBλh)
−1R∗2. This solution shows that the temperature de-

pends on a competition between the wall temperature TW and the product
of the pressures of the electrons and heavy particles pe p. The wall temper-
ature is obtained independently by infrared thermometer measurements of
the outer tube wall.

The dependence on the gas pressure can be seen in figure 3.6B by com-
paring the Tg values at the launcher for different p values. The highest Tg

value is obtained at the highest employed pressure of 85 mbar. The reason
is that for increasing N the transfer between electrons and heavy particles
[lhs of equation (3.3)] will increase whereas the heat conduction (rhs) is N
independent.

The dependence on the electron pressure manifests in the decay of Tg

along the axis in figure 3.6A. Along the wave propagation direction pe goes
down and as a consequence the heavy particles will receive less heat.

Figure 3.6 also gives a comparison between the Tg-values obtained from
equation (3.5) and experiments. Since the input values in the calculations for
ne by TS are for r = 0, and the radial profile is Bessel-like (chapter 4 we di-
vided the value by 1.64 to obtain the mean electron density. For the value of C,
we used R∗ = 3 mm, λh = 0.0178 W(mK)−1 [83] and Sheat = 6.7 · 10−19m3s−1
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based on [84–86]1. It can be seen that the agreement between theory and ex-
periment is reasonable and falls in between the error bars. Meaning that the
Tg-values indeed result from the balance between the heating of the heavies
by electrons and transport. The nature of the first is elastic (electron-heavy)
collision, for the second it is thermal heat conduction (heavy-heavy).

The calculation deviates from the experiments at p > 40 mbar as formula
(3.5) gives much too high values here. However, that is easy to understand in
view of the contracted nature of the plasma. In chapter 4 will be shown that
for higher pressure indeed the radius of the electron density profile decreases.
From 5 to 88 mbar R reduces from 2.9 to 2.1 cm. If this contraction is taken
into account for the radial gradient length R∗2 in equation (3.5) and (3.4),
indeed a lower Tg value is found which matches the RyS findings much
better.

The validity of the assumptions announced above will be discussed be-
low.

1. The variation in the pressure was measured by using two pressure me-
ters, one in the beginning and the other at the end of the tube. A
variation was found of δp/p < 1%. This can also be supported theoret-
ically by using the Hagen-Poiseuille’s law δp = 8LηΦ/πr4. Taking the
standard pressure of p = 20 mbar with a flux of Φ = 4.2 · 10−5 m3/s
(i.e. 50 sccm at 1 bar) argon, the viscosity of argon η = 2 · 10−5 Pa s, and
the inner tube radius rinner = 3 mm, one finds a pressure difference of
δp ≈ 0.13 mbar over the L = 50 cm long tube. That is less than 1% of
the total pressure and thus agrees with the experimental observation.

2. The role of convection depends on the term Qconv = 5
2

∂
∂z (pu), where u

is the velocity. Since the pressure gradient is small we can write

Qconv ≈ 5
2

p
∂

∂z
u =

5
2

p(
Φ

A
)(

∆Tg

Tg
), (3.6)

where A denotes the tube cross section. From the experiment we find
(

∆Tg
Tg

) < 1 for all conditions. That results in Qconv ≤ 7 · 103 Pa/s which

can be neglected compared to the radial conduction of λh(∂/∂r)2Tg ≈
8 · 105 Pa/s.

3. Neglecting inelastic collisions is justified by the fact that internal energy
of excited atoms or ions can only be released into translational energy
upon interactions with the wall. However, the thermal conductivity

1Note that the momentum transfer in Sheat is also a weak function of Te; that is incorpo-
rated in the results in figure 3.6
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3.4 Discussion

of the argon gas compared to the quartz tube is very small; about a
factor 70 smaller. This implies that the heat flux due to recombination
or quenching at the wall is directed almost completely outwards. This
can be taken into account by treating the wall-temperature as a kind of
boundary condition for the heavy particle energy balance.

4. The same reasoning applies to the heating due to the plasma sheath.
The sheath-thickness can be approximated to be about 10 µm. That is
rather small compared to the tube radius, which again means that the
heat generated in the plasma sheath is mostly conducted outward and
does not attribute to the gas heating at the central axis.

5. Based on [87] and chapter 4, a constant Te across the radius can be
assumed, i.e. Sheat can be treated as radially constant.

Topics that should be addressed in future studies are the radial dependence
of quantities like λh. That might not be ignored, since λh scales with

√

Tg [83].
To avoid the issues of averaging λh, pe and Sheat, a 1D-model should be
employed. This will be subject of further studies.
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Figure 3.6: Comparison of Tg-values derived from the experiment (squares)
and from the calculation (line) based on the Fourier law [equations (3.3)-(3.5)].
In A) the axial trend for 20 mbar is shown, in B) the values at the launcher
position for various pressures. The wall temperature (dashed) is a boundary
condition and shown for comparison. The calculation is reasonable in the ne
range in (A), and in the pressure range (B), however for high pressure, radial
contraction of the plasma distorts the calculations. Using the reduced radii
from chapter 4 shows better agreement.

50



3

3.5 Concluding remarks

3.5 Concluding remarks

To understand the heating mechanism in argon surfatron plasmas at inter-
mediate pressures Rayleigh scattering experiments are performed for vari-
ous axial positions. To that end we used a setup in which the plasma can
be measured on various positions while the power applied to the plasma re-
mains the same. This, stands in contrast with the method described in [80]
where plasma regions were shifted by increasing the power so that more en-
ergetic plasma parts are brought into the detection volume while increasing
the plasma length.

Another improvement is that the same setup is used for the determina-
tion of the electron density and temperature using Thomson scattering. In
that way we could calculate the heat transfer mechanisms in the plasma that
follow a chain in which electrons, accelerated by the field, pass (part of their)
heat to the heavy particles that are subsequently cooled by heat conduction
to the environment.

The accuracy of the present method is estimated at 14% for the 20 mbar
case. For lower pressures the errors are even bigger. However, for our mea-
sured plasma conditions of 6-85 mbar, the agreement between theory and
experiment is reasonable, so the major contributions for gas heating are de-
termined. The gas temperature results from the balance between the heat
received from the electrons by means of "elastic" collision and conduction to
the wall. Consequently, if the electron pressure is large the heavy particles
receive more heat. The gradual decrease of Tg along the wave propagation
direction is the result of the fact that pe goes down in that direction.

The method is by no means limited to argon surfatron plasmas and can
be employed to other plasma sources and plasma gases, provided a sufficient
high gas density of a gas which exhibits a sufficient large Rayleigh scattering
cross section is present. It is interesting to employ the same setup to argon
plasmas with admixtures of molecular gases and to investigate how these are
changing the heat housekeeping of the plasma.
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CHAPTER 4

The surfatron microwave plasma studied by

Thomson scattering

Abstract. In this study the plasma column created by a low/intermediate
pressure (0.5-100 mbar) surfatron in argon is investigated by laser scatter-
ing on free electrons, called Thomson scattering (TS). The detection is per-
formed by a triple grating spectrometer with direct 1D imaging capacity. TS
is providing the electron density ne and temperature Te, as the amount of
scattered photons is proportional to ne and their spectral range is related
to the thermal motion of the electrons. The moving stage of the plasma
vessel allows to detect TS axially along the plasma column (z-direction) and
radially (r-direction). Along the z-axis a steady rise of Te(z) was observed,
while the density ne(z) decreases. The latter is a result of the surface wave
power propagation along the plasma column. A steep decay at the very
end of the column is found. Optical emission spectroscopy of the absolute
line intensity (ALI) corrected by a CR model provide also a Te(ALI), that
is found to be more or less constant along the plasma column. Comparing
Te(TS) to Te(ALI) reveals that the increase of Te(TS) is a rise of the bulk-Te,
while the effective creation, given by a creation temperature Te(ALI), is more
or less flat along the axis. This combination shows the increasing deviations
from a Maxwellian EEDF towards the end of the plasma column. The radial
distribution of the electron density and temperature is also investigated. A
transition from a wall-stabilized to a radially contracted plasma mode was
observed. For pressures above 20 mbar the electron density profiles can still
be fit to a Bessel function but with a radius smaller than the lower pressure
cases. Te(r) on the other hand is flat in the center 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. That can be related to deviations
of the EEDF as found along the axis or to the enhanced electron loss via
molecular argon ions at the radial outer plasma regions.

Based on [28, 29, 31]
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4.1 Introduction

The microwave induced plasma (MIP) setup studied in this chapter is a surfa-
tron plasma. MIPs combines the advantages of large fluxes of active species
such as charged species, radicals and photons while keeping non-destructive
conditions for the substrate. These non-thermal plasmas can achieve, depend-
ing on the application, large ratios between the electron temperature Te and
the gas temperature Tg. One application is the deposition of optical fibers in
a surface-wave sustained microwave plasma [6]. There the high gas temper-
ature is not so critical but more desired is a high species efflux to obtain a
high growth rate. For other applications as sterilization, the importance of
the efflux is subordinate to the maximum allowed surface temperature [18].

In this study, we will investigate various spatial aspects of this inter-
mediate pressure surfatron plasma by incoherent Thomson Scattering (TS).
The latter provides direct non-interfering access with high spatial resolution,
given by the overlap-volume of the laser beam and the observation cone. The
detection is performed by a two-dimensional iCCD camera that can map si-
multaneously ne and Te over one spatial dimension.

In the surfatron the electron density gradually decreases along the wave
propagation direction [22, 88]. For applications but also for investigating
the plasma that is a handy feature. This trend can be understood by the
strict linear relation between ne(z) and the absorbed power per plasma slab
dP/dz in the case of a collision-less plasma. Built on that is the similarity
law that the plasma column is self-similar with respect to the end of the
column. An increase of the input power leads to a creation of a denser slab
of plasma, while simply shifting the remaining column further downstream.
This behaviour will be revisited and the transition to a collision dominated
plasma is assessed. That is expected from a theoretical point of view but was
not addressed in experiments before [89, 90].

The outer boundaries of the plasma are defined by the critical electron
density for which the corresponding plasma frequency equals the power-
ing microwave frequency of 2.45 GHz. For the propagation of a surface
wave the criterion changes into a higher resonance condition, which takes
the dielectric constant of the medium into account. That has the form
ne(res) = ne(crit)(ǫ + 1). The ǫ corresponds to the dielectric constant of
the surface material, i.e. in our case quartz, so that (ǫ + 1) ≈ 4.9 [22,91]. This
electron density provides basically the definition of the "surface" for the sur-
face wave. Of special interest is now a comparison with experiments in that
region. A sudden decay of the plasma column at the axial end was found
in previous studies [31, 92]. With the direct mapping ability of the TS setup
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4.1 Introduction

the end of the surfatron plasma column, where the steep gradients of the
electron density are present, will be investigated more in detail, .

Another aspect is the non-thermal equilibrium nature of the plasma. The
sometimes large ratio between Te and Tg, combined with a usually low ioniza-
tion degree, implies that the conditions for which the electron energy distri-
bution function (EEDF) is Maxwellian are rarely fulfilled. In similar plasmas
depletion or overpopulation of the tail of the EEDF is commonly found, even
for simple atomic systems [93–95]. In the case of gas mixtures, the EEDF
can take even more complicated shapes where the distinction between a bulk
and a tail temperature itself becomes doubtful [96–99].

Time and space resolved optical emission spectroscopy has been used to
probe the fast electrons of the EEDF. Specific atomic lines sensitive to excita-
tion from the ground state probe the fast evolution of the tail of the EEDF due
to the oscillating external E-field [100, 101]. 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 particle
balances containing detailed collisional excitation and radiative loss chan-
nels [95, 102]. This method can, in theory, determine the full shape of the
EEDF but relies very strongly on the accuracy of the cross sections used in
the collisional radiative model, both in shape and in absolute value. More-
over, it requires an a priori knowledge of the shape of the EEDF to apply a
multi-temperature iterative interpolation.

Here, we will follow a different approach. Since the pressure and the
plasma radius do not change (much) along the column, one could expect,
on ground of an electron particle balance for a diffusive plasma, that axially
Te remains constant. That is also the basis of another similarity law. This
trend of Te was observed several times with Optical Emission Spectrometry
(OES) in the form of the ALI method [36, 103]. The absolute line intensities
(ALI) are measured and compared to a collisional radiative model. This
“correction” delivers an electron temperature Te(ALI). However, care has to
be taken with respect to the nature of this temperature. As Te(ALI) describes
a temperature necessary to produce the flux of species through the excited
states, it can best be allocated to be a creation temperature. It is now very
interesting to compare the ALI based Te with the TS based, as the latter
shows always an increase toward lower ionization degrees. We will show
that the ratio of Te(TS)/Te(ALI) is a measure for the non-Maxwellianity of the
EEDF. Te(TS) measures the mean energy (cf. chapter 2) and ALI probes the
excitation, consequently the deviation of these two temperatures is related to
different EEDF parts. The first is related to the low energy (<4 eV) electrons
and ALI is related to the ones necessary for excitation (>11 eV in argon).
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Also the radial profiles of the argon surfatron plasma is assessed by Thom-
son Scattering. That is inspired by the contraction of the visible plasma col-
umn which can be easily observed by eye at higher pressures. Contraction of
the surfatron plasma has been studied before by OES [104], which involves
a line of sight average. The question arises whether the local TS experiments
can show that in terms of ne-contraction as well. Indeed significant contrac-
tion for higher pressures is found by TS. Moreover, the contraction of the
plasma, i.e. of ne, could be correlated with the onset of volume recombina-
tion. That goes along with the results for Te, which are found to increase
for the more outer radial position at higher pressure. As mentioned before,
approaching the edges of the plasma leads also to a lower ionization degree
which seems a decisive parameter for changes in shape of the EEDF [29].

This chapter is partly based on [28, 29, 31] and is intended to establish a
state of the art compilation of the findings for the free electron properties in
a surfatron plasma column for intermediate argon pressure.

4.2 Method and experimental setup

In this section the microwave plasma source, the laser and the detection sys-
tem and finally the measurement procedure are explained. That is kept brief
as an extended description of TS is given in the introduction, chapter 2.

The microwave plasma in this study is a surface-wave sustained plasma
in which the plasma is stabilized by the inner wall surface of a dielectric cylin-
der. 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 [23]. The power dissipated into the launcher de-
termines the characteristics of the plasma column and particularly its length.
In a pure argon plasma, no afterglow-like structure can be observed down-
stream, so the visible plasma column corresponds to the active region of the
argon plasma.

The electromagnetic waves ( f = 2.45 GHz) are generated by an Opthos
microwave power supply. The maximum possible power output is 120 W
and the microwaves are coupled to the surfatron via a coaxial cable. The gas
flow can be varied from 2 to 300 sccm and a pressure valve on the pump
side allows to regulate the pressure inside the discharge region between 0.5
and 100 mbar. No pressure gradient along the tube could be measured while
monitoring with two pressure meters on both sides of the quartz tube (∆p <
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4.2 Method and experimental setup
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Figure 4.1: Schematic of the Thomson scattering setup and the surfatron mi-
crowave plasma source. The intersection of laser beam and the focal spot of
the triple grating spectrometer (TGS) defines the TS detection volume. Emis-
sion spectroscopy can be performed independently. The detection system is
fixed in the laboratory reference frame while the plasma can be moved radi-
ally and axially.

0.01 mbar). Brewster windows are attached on both sides of the tube to
minimize laser reflections and to assure a maximum transmission.

The TS laser is 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 about 10 ns and the repetition frequency 10 Hz with a
beam waist radius of ∼75 µm. For some measurements another laser system
is used, an Edgewave (IS6II -E) laser, that was also employed in chapter 3.
The latter is also a frequency doubled Nd:YAG laser but with a repetition
rate of 5 kHz, a pulse duration of 10 ns and an energy content of 4 mJ. There
is no difference in the TS results found between the two laser systems. For
the less intrusiveness of the laser and the benefit in integration time the high
repetition system (with lower pulse energy) is preferable.

For the laser scattering diagnostics, the entire 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 50 µm while the plasma can slide in the axial direction with
an accuracy of 1 mm; see figure 4.1 and reference [28, 58]. By that means the
laser is focused on any axial position between z = 0 and z = 60 cm from the
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surfatron launcher and between r = −3 and +3 mm1. With a set of mirrors,
and two pinholes in order to clear the laser beam, the laser beam is adjusted
vertically so that it lays in the central horizontal plane of the quartz tube. In
that way, the laser beam focus in one small region of the 3D volume inside
the quartz tube.

The detection volume is imaged on the entrance slit of the TGS. By means
of two gratings and a mask the central (laser) wavelength is blocked. The
photons are recorded by an iCCD camera (Andor iStar). The measured pho-
ton intensity is directly proportional to ne and the wavelength shift of the
photons signal gives the Doppler width of the electrons, thus Te.

With the Continuum laser a total accumulation time of about 30 min with
a gate width of about 50 ns was taken for every measurement in order to
collect the TS photons while avoiding to collect too much plasma light. That
corresponds in total to 18 000 laser shots. For the Edgewave laser system the
power is lower but the repetition rate higher. To achieve a similar signal-to-
noise ratio as with the Continuum laser that comes down to about 10 min of
accumulation with a total of about 3 000 000 shots. Tuning the laser power
allows to check whether the laser was disturbing the plasma. Constant values
of ne and Te were found for all conditions. This confirms the absence of laser
heating at low pressure which is in agreement with the formula published
in [50].

After alignment of the laser, TS spectra can be recorded. Another spec-
trum is taken to record the background, i.e. mostly the dark current, which
has to be subtracted every time. In order to calibrate the photons absolutely,
as described in chapter 2 for each position, a Raman scattering spectrum
at known gas density is taken2. For harsh laser stray light conditions in
the radial vicinity close to the wall, a laser stray light spectrum has to be
subtracted. For strong plasma light conditions for instance in plasmas ra-
diating at around 532 nm a plasma light spectra has to be subtracted. In
extreme low ne regions, e.g. at the end of the plasma column, TS becomes
difficult to measure and approaching the detection limit of the system makes
both subtraction techniques necessary. So it might be necessary to record
a total of five spectra in order to achieve the detection limit which is about
ne(min) = 8 · 1017 m−3. It is clear that this prolongs the measurement time
substantially.

1The axial length equals the length of the quartz tube and the radial range the tube diam-
eter. However, the experimentally feasible radial range is smaller, because of the strong laser
stray light on the tube walls.

2Assuming constant laser power, only one Raman spectrum in total should be necessary.
However, the laser power and timing changes over time systematically.
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4.3 Axial profiles of electron density and temperature by TS

A series of axially resolved TS measurements is presented in figure 4.2. The
results of electron density and temperature for various plasma conditions
are shown. The ne profile decreases monotonically towards the end of the
column (EOC). A more or less linear decay can be found for pressures of
11 mbar and below, even though the plasma is not collision-free at 11 mbar.
On the other hand Te, as can be seen in figure 4.2B, rises monotonically
towards the EOC. In the past this rise of Te was observed experimentally
by [36,58,64]. It can be seen that Te rises from values of 1 (1.3) eV for pressures
of 80 (11) mbar to values of around 1.2 (1.6) eV. However, that is somewhat
less than what was observed in the past [30]. Since ne is very low in the
region close to the EOC, the uncertainty for Te is larger. By improving our
detection sensitivity by a factor of 10 between these two measurements by
changing to a new iCCD camera and a better stray light subtraction, a more
accurate determination of Te was done.

Te is found to always increase along the column. However, a very differ-
ent trend for Te was found at 0.65 mbar and below3. The electron particle
balance predicts a constant Te and taking deviations of the EEDF into account,
the observed rise in Te implies in fact a constant creation temperature along
the column. This will be investigated more in section 4.3.4. However, by no
means can a decreasing slope of Te be the consequence, as it is observed in
the experiment. It is up to now not clear what the reason is. An indication
for a solution could be the change of ambipolar to free fall diffusion [105].
That is because lowering the pressure lets the electrons and ions diffuse at
some point independently, consequently the electron loss is enhanced.

4.3.1 Trends at the surfatron plasma column end

Of special interest is the very end of the plasma column (EOC), because from
a certain point the microwave energy is too small to sustain a plasma, which
in turn was needed for the propagation of the wave in the first place. De-
pending on the structure (the mode) of the microwave field, this results in
a minimum resonant electron density below which no propagation is possi-
ble. Consequently, a purely diffusive or recombining decay of the plasma is
expected beyond this point. However, the questions arise where, and what
exactly ne at this point is. Moreover, it is expected that along the plasma
column with decreasing ionization degree the departure from equilibrium

3The same trend was measured for 0.5 mbar.
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Figure 4.2: Results of ne and Te obtained by spatially resolved TS along the
plasma column at various argon gas pressures. The plasma column length is
normalized to its maximum value. The absolute length values are 20, 24, 35,
39, 36, 33, 23, 16 cm for 0.65, 2, 4, 6, 11, 20, 40, 80 mbar. The input power
differs between 50-80 W.

changes. The Maxwellian EEDF is known to deplete for low electron densi-
ties while the mean energy increases. That will be studied in section 4.3.4.
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To approach the EOC we start with an overview of the visual plasma
ends for different pressures, which are shown in figure 4.3. It can be seen
that the plasma contracts radially for higher pressure, despite the fact that
the emission fills always the whole tube. Moreover, the color changes, which
indicates that the relative excited state densities change with pressure.

11 mbar

20 mbar

40 mbar

80 mbar

-6 -4 0 cm-2

Figure 4.3: End of an argon surfatron plasma column for various pressures.

More accurate results of the EOC by TS measurements can be found in
figure 4.4 for different pressures (11-80 mbar). In a single image the last
12 mm length of the plasma column is presented. The scattered TS photons
are accumulated on one iCCD frame. The measured intensity is presented
color-coded as the 3rd dimension. For all pressures the intensity is decaying
while approaching the very end of the column. At the central wavelength of
532 nm less intensity is detected due to the notch filter inhibiting the direct
(un-shifted) laser radiation. For lower pressure more artifacts of noise are
visible as the signal is very weak. For pressures below 11 mbar the ne values
are too low to permit stable measurements of the EOC. Although the laser
stray light and plasma emission is subtracted, the signal exhibits a noise
component. To reduce that, long integration times of up to 30 minutes are
needed. However, with even longer integration times the results are smeared
out by drifts of the plasma length and the laser power.

In order to compare how the images of the EOC fit into the axial ten-
dencies shown in figure 4.2, we analyze figure 4.4 by taking the integrated
intensity as a function of the position as a relative measure for ne. On the
other hand the width between the 1/e-values of the intensity gives a Doppler
width that represents a relative Te value. The 1/e-value is indicated by two
red lines. In that way figure 4.5 is built up. Presented are the combined
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A B

C

Figure 4.4: The color-coded TS signal in a 3D-image as a function of the
wavelength and relative position located at the EOC; (A) Argon gas pressure
of 11 mbar, (B) 20 mbar and (C) 80 mbar; Red marked is the 1/e value of the
maximum signal. The width between the two red curves indicates Te. The
color-scale is the same for all pictures. Note that the axial scale is not the total
plasma column length.

last 3 frames, i.e. nearly the last 3 cm of the plasma column. In order to
calibrate the data absolutely, 400-pixel binned sub-frames were subject to a
Gaussian fitting and a Raman scattering calibration (symbols in figure 4.5).
The full curve of the relative data values from figure 4.4 was then adjusted
to the calibrated data points. By that method the absolute ne and Te values
are obtained along the plasma column end for 11 mbar and 80 mbar with
sub-millimeter resolution.
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The trend of ne approaching the very EOC is different than the trend
along the column. For 11 mbar one observes a linear profile along the
plasma column which changes to a steeper decay at the end of the column.
For 80 mbar the change is a more gradual approach of the EOC. The value
of the inception or turning point between these two gradient regimes is in-
creasing with pressure and is around ne(EOC) = 2.5 · 1018 (8 · 1018) m−3 for
11 (80) mbar. It is clear that this density is way above the resonant density of
ne(res) = 3.6 · 1017 m−3.

One might argue about the nature of the decaying tail of the column. Con-
sidering the convective transport by the gas supply system in this plasma, we
find a flow speed of 0.1 (4) m/s depending on the gas pressure of 80 (1) mbar.
In order to bridge the last 5 mm that would correspond to a transport fre-
quency of 20 (800) Hz. This is much slower than diffusive transport, which,
as will be shown later in this chapter, is about 2 (15) kHz for the two gas
pressures. As the overall decay frequency of ne in the plasma is between
20-100 kHz (see chapter 6), it is safe to assume that the tail of the plasma is
at least partially sustained by diffusion. Other mechanisms could be addi-
tional ionization by the remaining microwave field or electron transport by
the ponderomotive force.

Also Te can be followed in the last 3 frames as long as the signal is above
the detection limit. The electron temperature increases slightly toward the
EOC with a slope that matches the rise along the total column. This will be
subject of section 4.3.4. We keep in mind that lower ne-values at the very
EOC lead to lower signal-to-noise ratios and thus to a higher uncertainty in
the signal fitting procedure. When the intensity approaches zero, the noise
rules the relative and absolute Te measurements. This effect can be seen in
the last values of Te that are always much higher than along the column
and reach unrealistic values. To obtain a stable Gaussian fitting, i.e. to get a
reliable Te value, a certain pixel binning is necessary. As mentioned that was
done in figure 4.5 by 400-pixel sub-frames. However, that binning length is
limiting the spatial resolution. Especially in the very last part of the plasma
no fit can be performed, the value of Te relies only on the width of the relative
intensity curve whose interpretation as an electron temperature fails at some
point.

4.3.2 ALI results

In order to investigate the axial trend of Te we compare the results of TS to an-
other method, the ALI method, see chapter 2. In this manner an independent
handle to determine the electron temperature is given. For that the absolute
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Figure 4.5: The ne and Te values for (A) 11 and (B) 80 mbar obtained by TS
for the very last 3 cm. The symbols are Raman-calibrated TS result with pixel
binning. Note for 11 mbar the change from linear to a somewhat steeper
drop of ne in the very last cm, while at higher pressure the transition is more
gradual. Te rises slightly along the axis, however at higher z-values the low
signal-noise ratio leads to very high, unphysical values of Te.

excited atomic states densities were measured and the atomic state distribu-
tion function (ASDF) determined. With the help of a collisional radiative
model (CRM), the experimentally measured slope or excitation temperature
Texc of the plasma can be corrected to determine the creation temperature Tcrea

e
of the plasma. As the CRM utilizes rates based on a Maxwellian EEDF, Tcrea

e
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is an effective Maxwellian electron temperature which is needed to sustain
the creation of electron-ion pairs for a given plasma condition. In the case of
an argon plasma, this temperature is mostly determined by the shape of the
tail of the EEDF as only highly energetic electrons can contribute to excitation
and ionization processes from the ground state.
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Figure 4.6: Te(ALI) determined by ALI measurements along the plasma col-
umn for 2, 11 and 80 mbar. Te(ALI) remains constant within the error mar-
gins for almost the entire plasma column. z is the position measured from the
launcher.

In figure 4.6, the electron temperature obtained using the ALI-CRM
method is shown for different pressures. One can see that the electron tem-
perature is found to be constant along the column within the error margins.
A slight decrease at the end is most likely due to modulation of the mi-
crowave power source or due to contraction of the plasma at the end of
the column. That might decrease the apparent Te. As Te(ALI) is an effec-
tive Maxwellian temperature we conclude that the effective ionization and so
the effective loss frequency is constant along the plasma column. The latter
is expected as the plasma radius is more or less unaltered along the z-axis.
Changes as described in the previous section at the EOC or in the next section
about radial contraction can only have a small influence on Te(ALI) because
of the natural logarithm in equation (2.11).
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4.3.3 ALI vs TS for Te

Comparing the results of the electron temperature measured by Thomson
scattering (TS) in this chapter (e.g. figure 4.7) with the results from ALI,
shown in figure 4.6, reveals that close to the launcher the electron tempera-
ture values Te(TS) as a function of pressure are very similar to the ones found
by 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 de-
creasing ne values. The increase found along the plasma column is much
larger than the error bars in the measurements.
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Figure 4.7: Enlarged results from figure 4.2 of ne and Te by TS along the
plasma column at 2, 11, 20, 40 and 80 mbar argon gas pressure.

TS provides accurate values with relative errors below 5%. Systematic er-
rors on Te(TS) values are difficult to evaluate but expected to be quite small
in these measurement conditions, mostly because of the straightforward the-
ory. Discrepancies between the two methods due to the fact that the ALI
measurements are averaged across the radius while TS gives only local val-
ues in the center cannot explain the trends either. In section 4.4, we will
find that the electron temperature is flat 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.
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4.3.4 EEDF deviations and their correlation with the ionization degree

The axial trend in Te(TS) found along the surfatron axis goes along with
other observations of rising Te(TS) in outer plasma regions. That was found
experimentally for instance on atmospheric pressure plasmas [63,64,106–108]
but also for low pressure plasmas [28,92]. In outer regions where ne is lower,
so the ionization degree is lower, Te (the mean energy) goes up.

That suggests that the discrepancy between Te(TS) and Te(ALI) depends
on the ionization degree. For that the ratio R = Te(TS)/Te(ALI) is compared
to α = ne/N. The results given in figure 4.8 are taken from the measurements
presented in figure 4.6 and 4.7.
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Figure 4.8: 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 that is inverse to the ionization degree of the plasma. The limit above
which deviations from LME are expected is given by dashed vertical lines.

A common dependency is found that lower α-values lead to higher R
ratios. As said before, Te(ALI) is a creation temperature. And if now Te(TS)
measures the bulk electron temperature of the EEDF the ratio R is related
to the departure from Local Maxwell Equilibrium (LME). Indeed, in case the
ionization degree is too low, the Coulomb collisions are not sufficient to ther-
malize the upper part of the EEDF. TS, ranging from 0.2 to 4 eV, gives insight
into the bulk of the EEDF, meanwhile the absolute line intensity measure-
ments combined with the collisional radiative model determine an effective
Maxwellian electron temperature, i.e. the shape of the tail of the EEDF. The
ratio between these two methods could then be seen as a measure of the

67



The surfatron microwave plasma studied by Thomson scattering

4

depletion of the tail of the EEDF due to insufficient thermalization of the
electrons via Coulomb collisions.

In [38, 84], studies of the effect of the ionization ratio α on the departure
from Local Maxwell Equilibrium (LME) were presented. A criterion was
found for the presence of LME setting a lower limit of the ionization degree
α for a Maxwellian plasma. LME is expected to be present if

α >> αcrit with αcrit =
C(Ar)
2lnλc

(

kBTe

E∗
4s

)2

. (4.1)

In case of argon [84] we have C(Ar) = 0.3 and E∗
4s ≈ 12 eV. Inserting for

the Coulomb logarithm ln λc = 7 and kBTe = 1 eV (80 mbar), we find that
αcrit ≈ 1.5 · 10−4. Analyzing figure 4.8, one can see that the temperature
ratio R indeed departs from 1 for ionization degrees which are lower than
this critical value (1/αcrit

> 6.7 · 103). For the other pressures the criterion is
slightly changed as the electron temperature is different.

For sufficiently high α-values for which the LME condition given in equa-
tion (4.1) is fulfilled, we expect that Tbulk

e = Tcrea
e and so that Te(TS)= Te(ALI).

And indeed for high α-values R → 1.

The experimental ratio R is proposed as a tool to investigate the EEDF
departure from a Maxwellian distribution. The validity of this proposition
was also investigated by computing the EEDF with a Boltzmann solver for
different plasma conditions. For that an effective ionization rate is calculated
based on the electron particle balance [29], then the EEDF of the plasma
was computed for an uniform electric field and two-term expansion with
the BOLSIG+ solver [109]. For the computation of the EEDF, the ionization
degree, electron density and reduced angular frequency ω/N were used as
input and the EEDF was obtained iteratively for various mean electron en-
ergies 〈E〉. Then the expected bulk temperature of the EEDF Te(bulk) that
is needed to produce the effective total ionization rate for a given plasma
condition can be found.

In figure 4.9, the shape of the EEDF for a varying ionization degree at a
fixed effective ionization rate coefficient is given. The EEDF is indeed found
to be Maxwellian for 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 while the bulk temperature increases. The bulk temperature
from the calculation is found to be close to Te(TS), see figure 4.7.
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Figure 4.9: The EEDF shape calculated by Bolsig+ using cross sections taken
from [110] for an argon microwave plasma at 11 mbar. The EEDF shape
changes for different ionization degrees α corresponding to different positions
along the plasma column. The total ionization rate coefficient is kept constant.

4.4 Radial profiles of electron density and temperature by TS

The electron temperature and density of the surfatron plasma were also mea-
sured in radial direction at a position of 3 cm from the microwave plasma
launcher for different pressures ranging from 5 to 88 mbar in pure argon.
No stable, non-filamentary plasma column could be achieved for higher pres-
sures. To accomplish that, it is necessary to decrease the size of the dielectric
tube. For instance it was found that for an atmospheric pressure plasma gen-
erated at 2.45 GHz, the inner tube diameter should not exceed 0.8 mm [64].
However, in this study we perform all measurements with the same tube
with an internal radius of 3 mm.

Figure 4.10 presents the radial ne profiles measured as a function of the
gas pressure. The electron density in the axial center of the discharge in-
creases with pressure from 2.7 · 1019 m−3 to 9 · 1019 m−3 for 5 to 88 mbar. For
all studied pressure conditions, the maximum of the electron density was
found in the center of the discharge. TS values outside of r = 2.0 mm where
not taken into account because of the too low electron density challenged
by too high stray light intensity. Due to the vicinity of the wall, the lowest

69



The surfatron microwave plasma studied by Thomson scattering

4 -3 -2 -1 0 1 2 3
0.0

2.0x1019

4.0x1019

6.0x1019

8.0x1019

1.0x1020

n e (m
-3
)

r (mm)

 5 mbar
 20 mbar
 40 mbar
 88 mbar

Figure 4.10: Radial profiles of the electron density obtained by Thomson scat-
tering for pressures ranging between 5 and 88 mbar with a fixed power of
60 W. The fitted Bessel profiles corresponding to the values of figure 4.12 are
shown for comparison.
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Figure 4.11: The electron temperature as a function of radial position mea-
sured by Thomson scattering for pressures ranging between 5 and 88 mbar.

electron density that could be measured is 1.5 · 1019 m−3 independently of
the gas pressure. Figure 4.10 clearly shows that the plasma radius decreases
for increasing pressures.

The radial profiles of Te that were measured simultaneously with ne are
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shown in figure 4.11. In the low pressure range, the electron temperature pro-
file is found to be rather flat. For pressures of 20 mbar and above, Te increases
smoothly towards the wall whereas for 88 mbar the rise becomes steeper
and reassembles to what was found for atmospheric argon plasmas [64, 84].
This might indicate that electron losses no longer occur only by ambipolar
diffusion but also by volume recombination processes [86]. This can be un-
derstood from the local electron particle balance which describes Te such
that ionization is sufficient high to compensate for the losses of electron-ion
pairs by ambipolar diffusion and volume recombination [107]. That is also
closely related to the phenomena observed in the previous section. There,
the deviations from LME are stronger for the axial plasma "edge".

0 20 40 60 80 100
1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

R
 (m

m
)

pressure (mbar)

Figure 4.12: Effective plasma radius measured as a function of pressure. The
error margin calculated in section 4.4.1 is shown for every pressure condition.

To investigate the process of radial contraction of the plasma column as
a function of the pressure in more detail, the data in figure 4.10 is fit with
zeroth-order Bessel functions of the first kind with a variable radius R. The
numerical values of R from the fits are given in figure 4.12. 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). However, the results show clearly that for increasing pressures the
effective radius of the plasma discharge decreases. For pressures of 40 mbar
and higher, the plasma no longer reaches the wall and is contracted, while
being confined to the center of the discharge.

For pressures higher than 88 mbar, it was found that the plasma under-
goes a transition from a "glow mode" to the formation of one (or more) nar-
row filaments confined on the wall of the quartz tube. The line emissions
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of these filaments have spatial profiles with radii that are much smaller than
for instance 1 mm for a given pressure of 100 mbar. Unfortunately, no TS
measurements could be performed in this pressure range due to the fast
stochastic rotation and dangling movements of these filaments.

4.4.1 Error analysis of the radial TS data

This subsection, devoted to the error analysis, starts with a treatment of the
systematic and random errors of the values of the electron density and elec-
tron temperature.

The random error associated to the noise of the iCCD camera was found
be in the order of 0.2%. This is very small but in good agreement with a
previous study [57]. More significant are the possible random error sources
related to the plasma and laser reproducibility. 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
reproducibility of the laser. Intensity variations of 5% from pulse to pulse
were measured. However, the measurements are averaged over a few thou-
sand laser pulses which leads to a standard deviation of less than 0.1%. In
addition to power fluctuations, a systematic drift of the laser power in time
was also observed. Including the latter effect leads to an estimation of a
systematic error in the order of 4% for the TS absolute intensity calibration.
Consequently, the total relative error for the electron density of one measure-
ment point is about ±2.5%.

For the electron temperature Te, the relative error was estimated to be
about 3% 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 stray light from
the wall. This will conversely lead to an overestimation of the electron tem-
perature.

The error bars for the plasma radii presented in figure 4.12 are based on
the procedure described below. To incorporate the ±2.5% variation of the
individual. measurement points, a random error between -2.5% and 2.5%
is added to the data points presented in figure 4.10 and fitted again 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 errors bars given in figure 4.12.
These errors are much larger than the standard deviation of the fit of the
original data in figure 4.10.
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4.4.2 Discussion and Conclusion

In this study a significant decrease of the effective plasma radius was found
for pressures above 20 mbar. However, also lower pressures show a slightly
smaller radius than R = 3 mm. The latter value is given by a theoretical
Bessel profile ruled by diffusion only and assuming the plasma ends directly
at the dielectric wall. However, in real plasma conditions, the outward bound-
ary layer of diffusion is defined at the Debye 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 collisional microwave plasmas exists in literature. Nevertheless,
to get an approximate size, the sheath thickness is assumed to be about 5
times the Debye length in our pressure regime

ds ≈ 5

√

ǫ0kBTe

e2ne
.

If we take for the sheath an electron temperature of about 3 eV and an elec-
tron density of about 5 · 1017 m−3, the sheath thickness is about 0.09 mm. This
will then not significantly change the radial diffusion profile of the plasma in
terms of global quantities. Nevertheless, it is interesting to point out that the
value Reff is of the same order as the one found experimentally for low pres-
sures (5 and 20 mbar). This indicates that the plasma density profile indeed
ends just in front of the sheath and not directly at the wall.

Radial contraction is usually associated to an insufficient power density
to compete with the extra losses due to volume recombination. The idea is
that if the rate of local recombination supersedes that of diffusion, the plasma
does not need to extend towards the wall to get rid of its charges. To study
that the electron density balance can be written as

(

∂ne

∂t

)

= neNkion − neΩrec −
neDamb

Λ2 , (4.2)

where the first term at the rhs describes the rate of ionization, the second
the rate of recombination and the last the diffusion rate. 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 a shorthand notation for the divergence of the diffusive flux
∇Damb∇ne in case of an homogeneous Damb coefficient across the radius.
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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 steady state the lhs equates
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 [111]

Damb ≈ Di

(

1 +
Te

Ti

)

=
1

3
√

2Nσia

√

8kBTi

πmi

(

1 +
Te

Ti

)

, (4.3)

where mi is the mass of the argon ion, Di is the ion diffusion coefficient, σia
is the ion-atom collision cross section [112], Ti = Tg are respectively the tem-
peratures of the ions and neutral heavy particles which are taken as equal.

In our plasmas we can neglect atomic ion recombination, also called two
electron recombination, because Te is too high. 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 [113]

kIC = 2.510−43
(

300
Tg

)

[m6s−1], (4.4)

followed by dissociative recombination (DR)

Ar+2 + e −→ Ar∗ + Ar.

For that the rate equals [114, 115]

kDR = 8.510−13
(

300
Te

)0.64

[m3s−1]. (4.5)

In case the gas and electron temperature are not too high, so that destruction
of molecular ions by electron/atomic impact dissociation are negligible, in
steady state the balance reads [116]

∂nAr+2
∂t

= neN2kIC − nenAr+2
kDR = 0, (4.6)
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meaning that the reaction rates of ion conversion and dissociative recom-
bination are equal. Here, the losses of molecular ions by ambipolar diffu-
sion are neglected, as they represent only a small fraction of the total ion
density as will be found in chapter 6. Moreover ambipolar diffusion of
atomic ions is already smaller than DR of Ar+2 . Consequently we can set
the loss frequency due to volume losses equal the ion conversion frequency
Ωrec = nAr+2

kDR = N2kIC. This is very practical as it allows direct computa-
tion of the losses due to DR without making assumptions on the density of
molecular ions.
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Figure 4.13: Comparison of the effective loss frequency of electron-ion pairs
by ion conversion (IC) and subsequent dissociative recombination and by am-
bipolar diffusion Damb. Interpolated based on Rayleigh and Thomson scatter-
ing results.

In figure 4.13, the losses of electron-ion pairs by diffusion and DR are
calculated for the different conditions of this study while using the gas tem-
perature obtained by Rayleigh scattering (chapter 3). Comparing figures 4.12
and 4.13, one can see that the onset of contraction agrees relatively well with
the condition 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 diffusion. We have the situation that even if volume
recombination losses are dominant, the electron density profile can retain
a Bessel-like profile which is usually associated to ambipolar diffusion con-
trolled plasmas. The presence of volume recombination is a necessary but not
a sufficient criterion.
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Another aspect that should be be taken into account is the non-uniformity
of the radial Tg profile. For low pressure the Tg values are close to room tem-
perature and the profile is almost flat (see chapter 5). But for higher pressure
the central Tg goes up, whereas Tg at the wall is pulled down to the environ-
ment temperature [30]. That means that ion conversion will increase towards
the wall and consequently that electron-ion pair losses will increase, which
conversely demands a higher ionization frequency to compensate for the
losses. This is indeed what figure 4.11 shows: an increase of Te approaching
the wall that is sharper for higher pressure values.

However, for a proper understanding of the contraction mechanism we
need a better theoretical approach. Indeed, gas temperature gradients are not
the only mechanisms which can be responsible for contraction. The power
coupling of the microwave source to the plasma via the interface between
the dielectric and the plasma has to be described [23]. In the sheath, higher
E-fields and thus higher ionization frequencies might occur and result in a
more localized heating of the plasma. The assumption of a flat ionization
frequency over the radius might fail.

As the E-fields are conveyed by a wave, we need a full two-dimensional
description of the plasma-wave coupling. This was done by Jimenez-Diaz
et al. [24]. In that study indeed inhomogeneities of the ionization frequency
across the radius are observed and a higher Ez field is found close to the wall.
In the determination of the ionization frequency closer to the wall, one needs
to be careful in the definition of the electron temperature since significant
deviations from Maxwell equilibrium can be expected because of the low
ionization degree as found in the axial direction in section 4.3.4, [92, 117].
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CHAPTER 5

Density of atoms in Ar∗(3p54s) states and gas

temperatures in an argon Surfatron plasma

measured by tunable laser spectroscopy

Abstract. This study presents the absolute argon 1s (4s) densities and the
gas temperature, Tg obtained in a surfatron plasma in the pressure range
0.65 < p < 100 mbar. The absorption signals of 772.38, 772.42, 810.37 and
811.53 nm lines, absorbed by atoms in 1s3, 1s4 and 1s5 states, were recorded
with two Tunable Diode Lasers (TDL). Tg is deduced from the absorption
line shapes when scanning the laser wavelengths. The line profile, which is
a Doppler broadening dominated Gaussian at gas pressures of p < 10 mbar,
changes to a Voigt shape at p > 10 mbar, for which the pressure broadening
can no more be neglected. Tg is in the range of 480-750 K, increasing with
pressure and decreasing with the distance from the microwave launcher.
Taking into account the line of sight effects of the absorption measurements,
a good agreement is found with our previous measurements by Rayleigh
scattering of Tg at the tube center. In the studied pressure range, the Ar(4s)
atom densities are in the order of 1016 − 1018 m−3, increasing towards the
end of the plasma column, decreasing with the pressure. In the low pressure
side, a broad minimum is found around 10 < p < 20 mbar and hence the
Ar(4s) atom densities increase slightly with rising pressure. For the studied
pressure range and all axial positions the density ratio: 1s5/1s4/1s3 is very
close to a Boltzmann equilibrium by electron impact mixing at the local
Te, which was previously measured by Thomson scattering. The Ar(4s)
densities agree with a detailed Collisional Radiative Model.

Based on "Density of atoms in Ar∗(3p54s) states and gas temperatures in an
argon surfatron plasma measured by tunable laser spectroscopy", S. Hübner, N.
Sadeghi, E.A.D. Carbone and J.J.A.M. van der Mullen, (2013), Journal of Applied
Physics 113(14), 143306. [118]



Laser absorption spectroscopy on Ar(4s)

5

5.1 Introduction

The argon atoms excited into the 4s level-group1 are often the most abundant
energy carrying atoms in argon plasmas. This 4s group is the lowest block
of excited states and consists of two resonant and two metastable levels. Of
these four levels especially the metastable levels get a lot of attention. This
is attributed to their long life time. However, in plasmas in which NR, the
product of density and size, is not too small, the resonant 4s levels might
have a high density as well. The reason is that resonant radiation is easily
trapped. So the photons created in the decay of resonant Ar(4s) levels at a
certain location are immediately reabsorbed in adjacent positions. Especially
in plasmas generated at high mean electron energy and low electron densi-
ties, the density of 4s levels can be even higher than that of the ions. The
design of remote plasma applications is usually based on this trend. The ef-
flux of Ar(4s) from the plasma can be used for excimer formation [119] or to
generate active species for various applications [19,120,121] e.g. by excitation
transfer to N2 [122] or by Penning ionization [123].

The argon 4s level is an important step in the ionization mechanism when
direct ionization is too slow. For plasmas with low electron temperature
(1 eV), the ionization is mainly provided by the ladder-climbing ionization
mechanism; the creation of Ar(4s) is followed by transitions from 4s to e.g.
4p, 3d, 4f etc, up to ionization. Also, collisions between two metastable atoms
can partially contribute to the ionization. Thus Ar(4s) plays a crucial role in
plasma creation. Therefore the insight in the kinetics of Ar plasmas must
be based on a proper knowledge of the number densities and the rates of
creation and destruction of atoms in Ar(4s) levels.

To determine the absolute number densities of Ar atoms in the 4s levels,
optical absorption spectroscopy on Ar(4p)-Ar(4s) transitions is the most ap-
propriate method. In fact, the optical emission is forbidden from 1s5 and 1s3
metastable states and is hardly applicable for the 1s4 and 1s2 resonance states
with their transition wavelength of around 100 nm. Moreover, this emission
is very often trapped. Several absorption techniques exist. One can use pas-
sive spectroscopy by studying the self-absorption of the photons generated in
4p-4s transitions. By using line intensity ratios of different 4p-4s transitions
under certain conditions one can determine the escape factors and from that
the density of the absorber, Ar(4s) [124, 125].

1In this work two notations are used to refer to Ar atomic states. The groups are normally
referred with the last term of the electronic configuration (4s, 4p). For the specific levels
within one group we use the Paschen notation, the levels of the 4s and 4p are designated as
1sx and 2px, respectively.
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The other route is that of active spectroscopy in which an external radiation
source is used to study how the beam generated by that source is absorbed
by the plasma. For that, three different types of sources can be used: a
spectral broad band source providing a quasi continuum [126,127], an atomic
transition source, delivered by another Ar plasma [128, 129] or narrow band
sources given by tunable lasers.

This study is based on the latter method using a narrow band tunable
diode laser (TDL) source. This has the advantage that apart from the den-
sities of the absorbing atoms, one can also determine the line shape of the
transitions. As the latter depends on the Doppler effect and on other broad-
ening mechanisms, it gives additional insight such as the gas temperature of
the plasma. Nowadays this is a well-know technique used by many groups
on various plasma sources [20, 130–133].

The method is based on scanning the wavelength of the probe laser across
the atomic line shape. This procedure is demanding in terms of (laser) equip-
ment but the detected density of the absorbing level is in principle indepen-
dent of its line shape. For that, the laser has to be stable and its line width
∆νlaser must be much smaller than the spectral width of the atomic transition
∆ν2p−1s. For this study, we find

∆νlaser < 10 MHz ≪ ∆ν2p−1s ≈ 1GHz,

meaning that the line widths of our lasers are small enough to investigate
the line shape of the transitions in detail.

A stable, reliable and adjustable plasma source is needed to obtain insight
into plasma kinetics. For this we select a microwave driven surface wave dis-
charge which is launched by a surfatron. The pressure range of this surfatron
plasma is large (0.1 mbar-1 atm) and the plasma source allows a (quite) inde-
pendent tuning of the electron density (ne), while maintaining the electron
temperature (Te) to more or less the same value [29, 58, 88]. In the past, the
surfatron plasma was subjected to absorption spectroscopy and models were
employed in order to determine the density of the Ar(4s) states together with
that of other levels [125, 134].

In this study two different diode lasers covering the transitions 2p2-1s3,
2p7-1s5, 2p7-1s4 and 2p9-1s5 are used, so that the densities of the 1s3, 1s4 and
1s5 are probed. As the logarithm of the amplitude of the absorption signal
is linearly related to the absorber density, we obtain absolute densities of the
Ar(4s) atoms. Our results were compared to a collisional radiative model
(CRM) containing 80 levels and their respective transitions probabilities [39].
The input parameters for the CRM are the main plasma parameters such
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as the electron density ne and temperature Te, which are known from our
previous Thomson scattering experiments, and the gas temperature deduced
from the present work and previous Rayleigh scattering measurements [30].
By means of the comparison of the measured and modeled densities the
plasma kinetics are better understood.

5.2 Theory

5.2.1 Laser photon absorption

As described in chapter 2, the transport of a laser beam through a plasma
is described by Beer-Lambert’s law with a local absorption coefficient which
reads

k(ν) =
λ2

8π

g(u)

g(l)
n(l)A(u, l)φν(ν). (5.1)

η = n/g refers to the level density per number of states; n is the level den-
sity and g the degeneracy. Stimulated emission from the upper (u) level is
neglected and the density of the lower (l) level obtained. Rearranging terms
and integrating the result over the line of sight gives

A(ν) = ln
(

Iν(ν, 0)
Iν(ν, L)

)

= (λ2/8π)
g(u)

g(l)
A(u, l)

L
∫

0

n(l, x)φν(ν)dx, (5.2)

where L is the length of the plasma-laser intersection region and A(ν) is
the spectral absorbance. Subsequently, the integral over the line shape φν(ν)
gives

S =

+∞
∫

−∞

A(v)dν =
λ2

8π

g(u)

g(l)
A(u, l)

+∞
∫

−∞

L
∫

0

n(l, x)φν(ν)dxdν. (5.3)

That can be made more comprehensive by equating the combined transition

and line of sight integral S, by writing
∫

ν

L
∫

x

n(l, x)φν(ν)dxdν ≡ 〈n(l)〉 L . With

this, equation (5.3) can be written as

〈n(l)〉 = 8πS

λ2
g(l)

g(u)

1
A(u, l)L

. (5.4)
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5.2.2 Practical formulas

By rewriting equation (5.4), we can determine the absorber densities from S
[Hz] and L [m] via

〈n(l)〉 = C(u, l)S

L
,

where C(u, l) = 8πλ−2g(l)(g(u)A(u, l))−1. The numerical value of C is given
in table 5.1 together with other transition specific quantities for the relevant
transitions. The general accuracy of the transition probabilities is better than
8% [135], which implies all density results are subject to that error bar.

Table 5.1: Summary of transition quantities used in this study

l u wavelength [nm] A [Hz] g(l)/g(u) C(u, l) [s m−2]

1s3 2p2 772.42 1.17 · 107 1/3 1.20 · 106

1s5 2p7 772.38 5.18 · 106 5/3 1.36 · 107

1s4 2p7 810.37 2.5 · 107 3/3 1.53 · 106

1s5 2p9 811.53 3.31 · 107 5/7 8.24 · 105

5.2.3 Line shape

By scanning the laser wavelength across the atomic line profile we not only
deduce the peak absorbance but also the line shape. That gives insight into
the line broadening mechanisms. Using the formulas given in [34, 136] we
find for our plasma conditions for the natural and Stark broadening typically
∆νnat < 6 MHz and ∆νStark < 50 MHz, which can be neglected with respect
to the Doppler width. In argon at Tg = 800 K the latter is in the range of
∆νDoppler ≈ 1.2 GHz. At low pressure, when a pure Doppler profile can be
assumed, the line profile has a Gaussian shape, for which the width reads

∆νDoppler(FWHM) = 7.16 · 10−7ν(Tg/M)1/2[Hz],

where Tg is the gas temperature [K], M the atom mass [amu] and ν the corre-
sponding transition frequency [Hz]. For argon atoms, this can be rearranged
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giving the gas temperature via

Tg = 7.8 · 1013(∆νDoppler/ν)2[K]. (5.5)

Apart from Doppler broadening, at pressures over tens of mbar one
should also consider Van der Waals and resonance broadening for lines ab-
sorbed by atoms in the metastable (1s5 and 1s3) and resonance (1s4) states,
respectively. That leads to a Voigt profile with a Lorentzian component, and
a slight shift of the line center. The pressure broadening depends on the gas
temperature Tg and using coefficients reported in the literature for the Van
der Waals broadening [137,138], the width of the corresponding lines landing
on metastable states (811.53, 772.38 and 772.42 nm lines) is

∆νVdW(FWHM) = Kp(300/Tg)
0.7[Hz], (5.6)

where p (mbar) is the gas pressure and the constant K has the values 1.4 · 107,
1.3 · 107 and 2.0 · 107 Hz for the 811.53, 772.38 and 772.42 nm lines, respec-
tively. For the 810.37 nm line of which the lower state is resonant, we write
with the resonance broadening coefficient reported by [139],

∆νR(FWHM) ≈ 3.2 · 107 p(300/Tg)[Hz]. (5.7)

Since Tg enters in both the Doppler and the pressure broadening, it will
act as the only free parameter for the line shape of the Voigt fit. The basic as-
sumption of the equality of the kinetic energy (temperature) of argon atoms
in the ground state and in Ar(4s) states, monitored by laser absorption, is
justified by following facts. First, these states are mainly populated by elec-
tron impact from the ground state, during which the kinetic energy of the
atom should not be significantly modified. Also, due to the radiation trap-
ping, atoms in the 1s2 and 1s4 resonance states are continuously exchanged
with ground state atoms within a few ns. Finally, the cross section for elastic
collisions and metastability exchange between argon atoms and atoms in the
1s3 and 1s5 metastable states is about 10−18 m2. At 1 mbar, this leads to a
collision frequency of about 107 Hz, much faster than the loss frequency of
metastable atoms (for more detail see e.g. [140]). In conclusion, under our
experimental conditions, the velocity distribution of Ar atoms in ground and
excited states is identical and absorption profiles from Ar(4s) states provide
the Tg value.
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5.3 Experimental setup and procedure

5.3.1 Setup

TDL-1

PD-1

PD-2

PD-3
Beam splitters

Reference
discharge

Fabry-Perot
Interferometer

Attenuator

Filter

MW input

Low pressure
quartz tube

Surfatron launcher

TDL-2

Figure 5.1: Scheme of the experimental setup. Two TDLs are combined and
pass the plasma column perpendicular to the axis. The plasma tube can be
moved with respect to the laser beams. Data collection system and vacuum
equipment are not shown.

The plasma under study is a microwave-induced surface wave discharge
(surfatron plasma) driven at 2.45 GHz. The discharge is confined in a quartz
tube with 6 mm inner (8 mm outer) diameter. Due to the high electron
density the central part of the plasma in the tube becomes opaque for the
microwave field. Consequently a surface wave can propagate at the quartz-
plasma interface. This wave provides a power input for the plasma which
leads to an extension of the plasma column along the tube. It was shown
that in the low pressure range, the absorbed power of the surface wave pro-
vides an almost linearly decreasing electron density along the column while
the electron temperature remains rather constant in the whole plasma. The
inlet argon gas used in our experiments is 99.999% pure and the working
pressures used for the experiments are 0.65-105 mbar. More details can be
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found in [28, 58, 88] and in chapter 3 and 4.

Two external cavity laser diodes are used to determine the absorption line
profiles, see figure 5.1. Absolute densities of atoms in these 1s states and the
gas temperature can be deduced from these absorption profiles. The laser
TDL-1 (Littman configuration, TEC 500; Sacher Lasertechnik) can be tuned
on the 772.38 nm and 772.42 nm argon lines to probe metastable atoms in 1s5
and 1s3 states, respectively. TDL-2 (Littrow configuration, DL100, Toptica),
can be tuned on the argon lines 810.37 nm and 811.53 nm, to probe atoms
in the resonant 1s4 and metastable 1s5 states, respectively. The coarse wave-
length adjustment is obtained by moving the grating angle and diode’s cur-
rent and temperature. The laser wavelength can then be finely tuned across
the absorption line (about 8 GHz mode-hop free) by slightly tilting the cavity
mirror (TDL-1) or the grating (TDL-2) with a piezoelectric device. The beams
of both diode lasers are combined by a beam splitter. A second beam splitter
provides a secondary beam which is used for the frequency calibration of
the TDLs. The combined laser beam is sent across the centre of the plasma
tube and then detected by a photodiode (PD-3) backed up by a 106 V/A
transimpedance amplifier. At the plasma tube position, the beam diameter
is about 1 mm. For the reduction of unwanted plasma emission a band-pass
filter (∼10 nm FWHM, centred at 780 or 805 nm) is placed in front of PD-3.
Moreover, to avoid optical pumping and render the laser non-intrusive [141],
the beam is attenuated to less than 1 µW. To calibrate the frequency shift
of the TDLs while scanning, a part of the secondary beam crosses a 25 cm
long confocal Fabry-Perot-Interferometer (FPI) and is detected by PD-1. The
0.300 GHz intervals between peaks of the transmitted intensity by the FPI
(its free spectral range, FSR) provide the precise relative frequency shifts.
Another part of the beam is sent into a low pressure argon glow discharge
reference cell and is detected by PD-2. The absorption signal from this later
helps to set the TDLs around the wavelengths used in this study.

The absorption signals from the plasma and the reference cell together
with the signal from the FPI are simultaneously recorded and averaged over
50-400 scans of the laser by a digital oscilloscope (Lecroy Waverunner).

5.3.2 Data treatment

One of the aims of the experimental procedure is to determine the spectral in-
tegral of absorption S [see equation (5.3)], the other being the determination
of the gas temperature from the spectral line shape [142]. For both objectives,
we need to determine the frequency dependent intensity of the four recorded
signals. This is illustrated in figure 5.2. With laser on, the spectral intensities
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Figure 5.2: Measurement procedure, recorded is the laser light with and with-
out plasma, plasma light and background. Moreover the calibration signal
from the Interferometer with the FSR of 0.3 GHz is shown. Experimental
conditions are: 811.5 nm line; p=80 mbar; z= 2 cm; 68 W input microwave
power.

Iν(ν, off) and Iν(ν, on) are recorded by scanning the TDL when the plasma is
off and on, respectively. With the TDL off, Iback(ν) and Iplasma(ν) are recorded
without and with plasma, respectively. So the spectral dependent absorbance
is given by equation (5.2)

A(ν) = ln
(

Iν(ν, 0)
Iν(ν, L)

)

= ln
(

Iν(ν, off)− Iback(ν)

Iν(ν, on)− Iplasma(ν)− Iback(ν)

)

. (5.8)

The averaged Ar(4s) densities across the diameter are obtained using
equation (5.3) and (5.4) as described in section 5.2. The gas temperature is
deduced by fitting the spectral profile of A(ν) with a Gaussian or Voigt func-
tion. Examples are given in figure 5.3 for the absorption spectra of 772.43
and 811.53 nm line recorded at 0.65 and 105 mbar. Note that in our fitting
procedure the small line shift connected to pressure broadening is neglected.
The central value of the absorption peak is a fitting variable, but different
positions along the line of sight would produce different line shifts, however,
as ∆νshift ≈ ∆νVdW/2.75 [143] the effect is small.
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Figure 5.3: Top: plot of absorbance A(ν) versus frequency shift for: a)
772.43 nm line at 0.65 mbar, fitted by a Gaussian function; b) for 811.53 nm
line at 105 mbar, fitted with a Voigt function. By the residue given below, it
is clear that a good fit is obtained for 0.65 mbar, while at 105 mbar higher
residues are present.

5.4 Results and discussion

For argon pressures ranging from 0.65 to 105 mbar, absorption profiles from
all three 1s3, 1s4 and 1s5 states were recorded along the plasma column at dif-
ferent axial distances from the launcher. Special care had to be taken for the
plasma reproducibility; this was done by taking the plasma column length
as a reference; a drift in plasma conditions manifests in the plasma length.
Once calibrated in the frequency scale by using the F-P peaks, these profiles
have been fitted with Gaussian and Voigt functions, respectively. Fitting pa-
rameters provide the gas temperature and the absolute averaged density of
the absorbing atoms. Results for the gas temperature are presented and dis-
cussed in subsections 5.4.1 and 5.4.2 while the results of the Ar(4s) density
are found in subsections5.4.3 and 5.4.4.

5.4.1 Gas temperature

As shown in figure 5.3, and section 5.3, the gas temperature can be deduced
from the shape of the absorption profile. For the low pressure range, the
Gaussian formula of equation (5.5) holds. Above 10 mbar, the pressure broad-
ening is no longer negligible and a Voigt fitting procedure is used, based on
equations (5.5) and (5.6) or (5.7). Results for different pressures and axial
positions are shown in figure 5.4. Tg increases with pressure and it slightly
decreases with the distance from the microwave launcher. It is also apparent
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that higher pressure leads to larger uncertainties on the Tg data.

For the low pressure range, the quality of the line profile fitting is very
good and it is self-consistent in the sense that the Tg values deduced from the
line shape fit of different lines agree well. As an example, for 0.65 mbar the
deviations are below 3%. But the fitting of the absorption signal for higher
pressures seems to be less precise. Larger discrepancies between results from
different lines are found at pressures ranging from 20 to 105 mbar. To deduce
a mean gas temperature, the Tg values deduced from different lines are aver-
aged and their respective range of difference is used as an indication for the
error bar, which reaches 12% for 105 mbar.

This large uncertainty in the high pressure range is partly because a per-
fectly radially homogeneous Tg is assumed, which cannot be entirely correct.
In fact, we suppose an identical absorption line profile all along the absorp-
tion length; i.e. the same Tg and Ar atom density at a fixed axial position.
But in the presence of a radial temperature gradient, the Gaussian (WG) and
Lorentzian (WL) components of the Voigt profile will change with the radial
position and thus the resulting line shape, obtained by their averaging along
the diameter of the plasma tube, will not have a perfect Voigt profile. So,
fitting the experimental profiles with a Voigt function, in which WG and WL
are linked by a single Tg can induce an error with large residual. We also
cannot exclude a small influence of the microwaves on the detector, which
means that Iν(0) can be slightly different between plasma on and off. This
can introduce a small inaccuracy on the determination of A(ν) and thus the
Tg. Another error source could be the inaccuracy of some of the pressure
broadening coefficients of absorption lines, listed in section 5.2.3. These coef-
ficients are often obtained from the emission line profiles in thermal plasmas
in which Tg and the uncertainty on it are usually very large. Finally, it should
be stressed that with about 8 GHz mode-hop free scan of the two TDLs, the
far wings of the Lorentzian part of the line profile might not be covered
completely.

5.4.2 Comparison of gas temperature

In figure 5.5 a comparison is made between the present results on the gas
temperature and earlier measurements by Rayleigh laser scattering (RyS), car-
ried out in the same plasma tube and under similar conditions , see chapter
4. However, one should keep in mind that there are essential differences in
these two methods. RyS measures the ground state Ar density at the plasma
tube axis, from which Tg(r=0) is obtained using the ideal gas law. On the
other side, TDL spectroscopy provides a line of sight averaged absorption
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Figure 5.4: Tg as a function of axial position for different gas pressures. The
error bars are decreasing with lower pressure down to 0.65 mbar where the
error indication is smaller than the symbol size. For each pressure, the end of
the plasma column is indicated by a vertical line.

line profile from atoms in a certain Ar(4s) state, from which an averaged
〈

Tg
〉

is obtained.

As mentioned before, higher pressure leads to higher Tg. That can also
be predicted by the fact that the dominant heating mechanism is the elastic
electron-heavy particle collisions, while the heat is lost to the wall by con-
ductive transport [30]. This was already observed and discussed in chapter
4.

Assuming that the heat production is homogeneous and the heat loss
is ruled by thermal conduction, according to Fourier’s law, one can deduce
that the Tg-profile is a zeroth order Bessel function decreasing from Tg(r=0)
at the tube axis to Tw at the wall. The radially averaged value of this model
temperature (Bessel function) would be

〈

Tg
〉

= (Tg(r=0)−Tw)/1.64+ Tw. Fig-
ure 5.5 shows the pressure dependence at the launcher position of Tg(TDL),
Tg(RyS,r=0) and (Tg(TDL)− Tw)× 1.64 + Tw. The last would correspond to
the gas temperature at the tube center deduced from the present diode laser
absorption experiments. For that a constant wall temperature of Tw = 350 K
is used, which might be doubtful. For pressures above about 20 mbar, the
calculated values are lower than the gas temperature measured by Rayleigh
scattering at the tube center. These deviations are in contrast to the afore-
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mentioned Bessel profile. The systematically lower temperature points to a
contracted (non-)Bessel temperature profile, which indeed is found in chap-
ter 4 for the electron density profile.

However, below 20 mbar, Tg(r=0) measured by RyS is lower than the peak
value based on TDL spectroscopy. This fact can reflect a flattening of the ra-
dial Tg profile. At lower pressure there is a much smaller difference between
Tg(RyS,r=0) and Tw, the radial temperature profile might be completely flat.
These findings are based on a change of the overall heating mechanism. As
ne decreases with lower pressure, the volume based heating processes, i.e.
elastic electron collisions, decrease compared to heat generation at the wall,
i.e. recombination and de-excitation in the vicinity of the wall.
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Figure 5.5: Tg at the launcher position for different pressures from this exper-
iment (full squares) and measured as described in [30] by Rayleigh scattering
(dots). Assuming a Bessel profile, the peak temperature based on Tg(TDL) is
shown (hollow squares).

5.4.3 Densities of Ar(4s) atoms

For argon pressures ranging from 0.65 to 105 mbar, the line of sight aver-
aged densities of atoms in 1s3, 1s4 and 1s5 states were measured by TDL
spectroscopy for different axial positions along the surfatron plasma column,
according to section 5.3. The axial variation of these densities are presented
in figures 5.6 (p=0.65, 4, 10 mbar) and 5.7 (p=20, 60, 105 mbar). For each pres-
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sure, the position of the end of the corresponding plasma column is indicated
by a vertical line.
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Figure 5.6: Absolute 1s3, 1s4 and 1s5 atom densities for gas pressures of 0.65,
4 and 10 mbar along the plasma column. The ends of the plasma columns are
indicated by vertical lines.
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Figure 5.7: Absolute 1s3, 1s4 and 1s5 atom densities for gas pressures of 20,
60 and 105 mbar.
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Figure 5.8: The n(1s5)/N ratio versus the distance from the launcher, taking
the gas temperature into account for the ground state density.

It can be seen that the Ar(4s) atom densities range between 1016 and
1018 m−3. Generally speaking, the dependence on gas pressure and axial po-
sition of the Ar(4s) densities are very similar in all three studied states. For
lower pressures (0.65 - 20 mbar) in figure 5.6 the densities decrease monoton-
ically with pressure but after having reached a plateau around 10 – 20 mbar,
they increase again at higher pressures (20 - 105 mbar), as shown in figure
5.7. The main underlying phenomenon for this pressure dependence goes
along with the continuous increase of ne and the decrease of Te with the gas
pressure, as measured in [58]. On the low pressure side, a high Te favors an
efficient excitation of Ar(4s) states [24] and a low ne results in a low stepwise
ionization of atoms in these states. Both phenomena acting in the same way,
the lower the pressure, the higher the Ar(4s) atom densities are. On the high
pressure side, the decrease in excitation rate coefficient with the decrease in
Te is (almost) balanced by the increase of argon atom density in the ground
state, N. But also, increasing N accelerates the conversion of Ar+ ions into
Ar+2 ions by three body reaction [24, 144]. The very fast dissociative recom-
bination of these Ar+2 ions then becomes a new source for the production
of atoms in the excited states. As a result, in this regime, the higher the
pressure, the higher the Ar(4s) atom density is.

Figures 5.6 and 5.7 also show a monotonic rise of the Ar(4s) atom densi-
ties by a factor of 2 along the plasma column towards the end. However, as
shown in fig. 5.4, at all studied pressures the gas temperature is decreasing

91



Laser absorption spectroscopy on Ar(4s)

5

along the plasma column, resulting in an increase of the ground state argon
atom density according to the ideal gas law. In figure 5.8 the evolution along
the plasma column of the n(1s5)/N densities ratio is shown. A small rising
trend of the density ratio along the plasma column is still present but now
it does not exceed a factor of 1.4. Given that at fixed pressure the electron
temperature does not significantly change, but ne does decrease along the
plasma column [24,29], this almost constant n(1s5)/N ratio indicates that the
density of atoms in Ar(4s) states is in electron impact saturation regime; i.e.
production of Ar(4s) by electron impact from the ground state is mainly bal-
anced by their electron impact ionization. So, the n(4s)/N ratio is insensitive
to the decay of ne along the plasma column. The decrease of this ratio with
increasing pressure up to 20 mbar results from the decay of Te, which lowers
the excitation rate more than the ionization rate. Above 20 mbar, the de-
cay with pressure of Te is much less pronounced [29, 58] and also as already
mentioned, there can be a contribution from molecular ion recombination to
Ar(4s) atom formation. All these render the n(1s5)/N ratio almost constant
above 20 mbar.

Another important point which should be addressed is the population
distribution between different levels of the Ar(4s) manifold. In figure 5.9 the
relative densities n(1s4)/n(1s5) and n(1s3)/n(1s5) are reported for different
pressures close to the launcher position. These ratios are almost independent
of the pressure, particularly for the Ar(1s4) state. Assuming that the frequen-
cies of electron impact transfers between the four levels of the Ar(4s) man-
ifold are high enough to establish a Boltzmann equilibrium between these
levels, the density distribution between levels "a" and "b" belonging to this
manifold obeys the equation

n(b)/g(b) = n(a)/g(a)exp(−Eab/kBTe),

where g(i) is the statistical weight of the level and Eab is the energy gap
between the levels, which in the present case is less than 0.3 eV. Taking Te =
1.4 eV, as a mean value measured before by Thomson scattering, one ends up
with:

n(1s2)/n(1s3)/n(1s4)/n(1s5) = 0.49/0.18/0.57/1.

In figure 5.9, these calculated values for n(1s4)/n(1s5) and n(1s3)/n(1s5)
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Figure 5.9: n(1s3) and n(1s4) densities close to the launcher normalized to
n(1s5) from the same position as function of pressure (symbol+lines). In-
dicated are the densities according to Boltzmann equilibrium and Te(TS)
(dashed lines).

are also indicated by dashed lines. It can be seen that in this very high
electron density plasma, for all pressures the densities of metastable states
are in “perfect” Boltzmann equilibrium. This contrasts with what was re-
ported in [125] for a surfatron plasma with the same radius, in which the
n(1s3)/n(1s5) ratio was rising from 0.1 at 0.26 mbar to 0.35 at 3.7 mbar.
Bakowski et al. [145] also reported a density ratio near 0.1 in an inductively
coupled plasma source. For the n(1s4)/n(1s5) ratio one observes a small de-
viation from the predicted statistical equilibrium. This might be related to
the radiative escape (despite the radiation trapping) from the resonant n(1s4)
state.

To summarize, we conclude that the internal density distribution within
the 4s group is rather well described by a Boltzmann equilibrium for the ex-
perimental range of electron density and gas pressure. That also allows pre-
dicting the density of the experimentally not accessible n(1s2), which should
be slightly lower than n(1s4) due to the small difference in their respective
energy levels.
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Figure 5.10: Comparison of the n(1s5) with other measurements: TDL results
and data from self-absorption measurements from [125] as function of the
distance to the end of the column (DEC).

5.4.4 Comparison of Ar(4s) atom densities

In the literature, only one study was found on the absolute Ar(4s) popula-
tions in an argon surfatron induced plasma, reported by Lao and Gamero et
al. [125]. In that work, the intensity ratios of 2p-1s lines ending in the same
1sx state, where x=2, 3, 4 or 5, were used to deduce the density of the 1sx

state. The authors use the significant self-absorption of strong lines, with
oscillator strengths in the range of 0.2-0.5, to calculate the absorber density
from their escape factor. For the 1s5 level, their data at 0.67 and 3.7 mbar
is shown in figure 5.10, together with our results at pressures approaching
theirs. At 0.65 mbar, a reasonable agreement is found, but around 4 mbar
a difference of a factor 2 exists. It should be noted here that the absolute
values of the Ar(4s) states are much higher than in other (lower frequency)
plasma sources. In inductively coupled plasmas with similar pressure and
input power Ar(4s) values are reported that are more then two orders of
magnitude lower [145, 146].

Apart from a comparison with previous experimental results, we also
compared our findings with the outcome of a collisional radiative model
(CRM) based on the work of Graef [39]. That model includes about 80 en-
ergy levels of argon and incorporates a large number of radiative transitions
and collisional transfers between these levels. The electron impact transfer
rates have been determined using cross sections from empirical (ground to
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4s, 4p, 3d, 5s, and 5p levels), calculated (4s to 4s, 4p, 3d, and 5s), and semi-
empirical (the rest of the system) found in the literature. To determine the
rate coefficients of the collisional transfers, the cross sections are convoluted
with a Maxwellian EEDF. Radiative transition probabilities are taken from
the NIST database [147]. For the resonance lines starting from Ar(4s) states
escape factors can be included in order to take the radiation trapping into
account. Additionally, (de)excitation and ionization by heavy particle colli-
sions are included for all levels in the form of empirical rate coefficients. The
input parameters in the CRM are the atom ground state density N, and the
electron density and temperature, ne and Te, the latter two are taken from
previous experiments by Thomson Scattering in chapter 4.
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Figure 5.11: Comparison of the n(1s5)/N ratio at 5 pressures from the experi-
ments (scatter) with a CRM (line) as a function of ne. Input parameter in the
CRM is the experimentally determined, axially constant [29], Te.

Figure 5.11 compares the fractional n(1s5) density (= n(1s5)/N) calculated
by the CRM with those obtained experimentally. A good agreement is ob-
served. The model shows a significant rise of the n(1s5)-fraction for decreas-
ing ne, i.e. approaching the end of the plasma column. For the experimental
data points, the variation with ne is less pronounced but a trend is visible.

The reason for the increase in the model and experiment is a Corona
effect (case B in [148]). Since the electron temperature is relatively low, the
plasma creation is mainly done by stepwise processes performed by e-impact
transitions. In the ladder climbing process, Ar(4s) is easily excited to higher
states provided that ne is high enough. However, at lower ne values, the
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excitation from Ar(4s) to higher states is obstructed by radiative decay that
is always pointing downwards. That can be seen by the increase of n(1s5) in
the CRM in figure 5.11 where the input parameters are a constant Te but a
variable ne. For very low ne the n(1s5) density is again less, because also the
radiative decay of Ar(4s) to the ground state does play a role at some point
(case A in [148]). The latter occurs despite radiation trapping of Ar(4s) which
is in the order of 10−3 [149]. Small absolute differences between experiment
and model can be found, they are mostly caused by the strong dependence
on Te as the latter has an experimental uncertainty of about 5%.

The pressure dependence of the Ar(4s) atom densities is highlighted in
figure 5.12, where n(1s)/N densities close to the launcher are plotted as a
function of the pressure and compared to the outcomes of the model. The
values of ne and Te, necessary input for the CRM are from TS measurements
and Tg to determine N is taken from the present work.
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Figure 5.12: The measured n(1s)/N ratio close to the launcher for different
pressures. Comparison is made by means of the CRM knowing Te and ne
from Thomson scattering (Te is shown). For the normalization with respect to
N, the gas temperature is taken from the present work.

The fractional densities calculated from CRM are in very good agreement
with the TDLS data. The steep rise of n(1s)/N at the low pressure side
is mostly due to the different Te dependencies of the excitation rate of the
Ar(4s) and the Ar(4p) levels [24] as was discussed in the previous section.

A note has to be made that Te is assumed here to always obey a
Maxwellian distribution. That is questionable as we found in chapter 4.
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At the highest ionization degree found in our regime, around 10−3 at the
launcher in low pressure, no deviations from the EEDF are present, however,
along the plasma column the ionization ratio decreases and that is expected
to have an influence on the EEDF shape.
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CHAPTER 6

A power pulsed low-pressure argon microwave

plasma investigated by Thomson scattering

Evidence for molecular assisted recombination

Abstract. A square-wave power pulsed low pressure plasma is investi-
gated by means of Thomson scattering. In that way the values of the elec-
tron density and temperature are directly obtained. The plasma is created
by a surfatron launcher in pure argon that was operated at gas pressures
between 8-70 mbar. Features of the pulse rise and decay are studied with
microsecond time resolution. During the pulse rise we observe initial high
temperature values, while the density is still rising. At power switch-off
we find decay times of the electron density that are smaller than what is
expected on basis of diffusion losses. This implies that the dominant de-
cay mechanism in the studied pressure regime is provided by molecular
assisted recombination.

Based on "A power pulsed low-pressure argon microwave plasma investigated
by Thomson scattering: evidence for molecular assisted recombination." S. Hübner,
J.M. Palomares Linares, E.A.D. Carbone and J.J.A.M van der Mullen, Journal of
Physics D: Applied Physics, 45(5), 055203-1/7 (2012), [144]
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6.1 Introduction

Microwave induced plasmas (MIPs) are successfully applied in industry for
depositing, etching and coating applications [3]. There is a wide variety
of MIPs that can be classified as cavities (resonators), surface wave plas-
mas, torches or micro plasmas. Surface wave plasmas are characterized by a
plasma-creating electromagnetic wave propagating along a plasma-dielectric
interface. Some examples of surface wave launchers are the surfatron and the
surfaguide [88]. An easy way to produce surface wave sustained plasmas at
low and intermediate pressure is offered by the surfatron, the launcher dealt
with in the current study. Their flexibility is one of the reasons why surfatron
induced plasmas are extensively used and studied.

Due to the small sizes and corresponding large gradient strengths these
plasmas are far from equilibrium. So the quasi steady state is based on a vio-
lent competition between plasma creation and destruction mechanisms. The
first category is based on ionization processes and the second on the com-
bination of diffusion and recombination processes. In order to understand
the importance of the various processes one can apply relaxation techniques.
This can be done by power interruption or more general power modulation
(PM). The response of the plasmas to PM can be studied by several mea-
surement techniques for instance Langmuir probes [150,151], interferometric
methods [152–155], optical emission spectroscopy [156–159] and Thomson
scattering [160, 161]. To arrive at a better understanding of the temporal re-
sponse of the plasma and the relation of this response to the corresponding
steady state conditions one should compare experimental results with those
of modelling. For examples of model studies of PM we refer to [115,162,163].

Our experiment is designed to perform Thomson scattering (TS) measure-
ments in power modulated surface wave discharges. In the past this method
was applied in our laboratory to study the power interruption of atmospheric
ICPs as performed by De Regt and Van de Sande [160,161]. To our knowledge
this is first time that this approach is applied to microwave plasmas. Com-
pared to optical emission spectroscopy, TS has the advantage of giving direct
insight into the properties of the electron gas, i.e. the electron density ne and
temperature Te. The interpretation of the TS results is quite straightforward
and does not depend on the plasma state of equilibrium departure. The ad-
vantage with respect to probe measurements is that in contrast to probes the
laser is, for moderate intensities, not interfering with EM-fields. In contrast
to almost all other techniques TS gives excellent spatial resolution. The detec-
tion volume formed by the intersection of the laser beam and the line-of-sight
of the spectrometer can be rather small; in our study the diameter of that is
in the order of 0.1 mm. This is not the case for microwave interferometry and
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OES where the signal is based on a line-of-sight observation. Moreover, in
contrast to most of the other techniques we achieve an excellent time resolu-
tion since the laser pulse has a width in the order of 8 ns. The disadvantage
of TS is that the operation of the system, the technique and the procedure are
demanding. Moreover, care has to be taken that the laser does not change
the electron density or temperature in the plasma [50]. That can be achieved
by tuning the laser power and controlling the laser focusing.

This chapter is organized as follows. In section 6.2 the experimental setup
is described, in section 6.3 the applied time-resolved TS method is explained
and in section 6.4 the results of the plasma onset and decay are shown and
discussed. A concluding section is allocated to a more detailed discussion
about the decay mechanism.

6.2 Experimental setup and Thomson scattering

Our experiments were performed on a surfatron discharge driven by mi-
crowaves with a frequency of 2.45 GHz generated by an Opthos microwave
power supply. This type of microwave launcher is a well-known plasma
source [164,165]. The surfatron launcher is placed around a cylindrical quartz
tube with an inner radius of 3 mm in which the plasma is ignited. We worked
with argon in the gas pressure range of 8-70 mbar with power pulse frequen-
cies of 30-800 Hz and variable duty cycle. To monitor the power, a Schottky-
diode is connected to the transmission line between generator and surface
wave launcher showing the direct input microwave power. At a typical input
power of 67 W the total discharge length is about 51 cm in steady state for a
gas pressure of 20 mbar.

For the laser scattering a Nd:YAG 532 nm laser is aligned along the surfa-
tron axis [58]. The photons of the laser beam are scattered on either bound or
free electrons, which creates respectively Rayleigh- and Thomson-scattered
photons. The Rayleigh scattering along with false stray light created by the
scattering of the laser beam on near-by solid surfaces need to be filtered
out, since it is usually much larger and partially overlaps with the TS signal.
For this issue we use a triple grating spectrograph (TGS) in which the two
first gratings form a notch filter for the spectral range of 532±0.2 nm. Only
the spectrally broader signal of TS can pass this filter [63, 166]. After the
subsequent dispersion by the third grating the photons are collected by an
intensified-CCD camera (Andor iStar743). For more details see chapter 2.

The number of scattered photons is directly proportional to the number
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of scattering events, thus proportional to ne. On the other hand the Doppler
broadening of the scattered photons gives insight into the electron energy
distribution, and therefore into the electron temperature Te. The detection
limit of ne in this experiment is about ne(min) = 8 · 1017 m−3. The results
are typically averaged over 104 laser shots, which implies averaging over 104

plasma pulses.

6.3 Time resolved measurements
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trigger
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Figure 6.1: Scheme of the experimental setup. The master signal comes from
the microwave generator. Variable delays can be applied to the laser and the
camera. Diodes monitor the microwave pulse, the laser and the plasma light
emission.

The scheme of the experiment can be seen in figure 6.1. The master signal
for triggering comes from the microwave generator. The minimum pulse
length that could be set is 0.2 ms while the highest possible repetition rate
is 800 Hz. Subsequently a function generator is triggered, that works as a
pulse-picker corresponding to the 10 Hz operating frequency of 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 resolved
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
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pulse length has a jitter of about 1 µs per ms pulse length. That means that
shorter pulses show a better time resolution. For the experiments a repetition
rate of 81 Hz is selected with a duty cycle of 50%, which implies that the
power-on period of 6.15 ms is followed by an off period of 6.15 ms.

6.4 Results

6.4.1 Trend of the power pulse

By changing the delay between the power supply and TS system the whole
plasma pulse can be scanned. A general trend in terms of ne and Te is de-
picted in figure 6.2. For the 20 mbar case ne rises in the beginning of the
pulse from a value below 1018 m−3 (the detection limit of the TS setup) to
values around 8 · 1019 m−3. After the initial rising phase ne drops to around
5 · 1019 m−3 in the end of the pulse, where the plasma reaches a quasi steady
state. After switching off the power, ne drops exponentially with a certain
time constant τoff

ne
, which is in the order of 40 µs. An overshoot of ne is ob-

served in the first part of the power-on pulse that is about 16% higher than
the value in a continuous plasma with the same input power.

on 6.15 ms

off 6.15 ms

neTe

plasma pulse

power pulse

time

ne Te

rise/decay
time ~7µs

Figure 6.2: Time scheme of a pulsed microwave plasma at a pulsing frequency
of about 81 Hz with a duty cycle of 50%. The modulation depth is 100%,
meaning that the power supplied to the plasma between the power pulses is
zero. The response of Te and ne is shown schematically.

The behaviour of Te in the plasma (re-)ignition is somewhat opposite to
that of ne. The very first measurable data points show very high temper-
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atures, i.e. larger than 3 eV. Subsequently Te drops to values of 1.0-1.3 eV
when the plasma approaches a quasi steady state. When switching off the
power, Te follows the power decay very closely. This decay is always faster
than that of ne.

6.4.2 The plasma onset
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Figure 6.3: The first 4 ms of the on-period of an 8 (70) mbar Ar plasma pulse
powered by 67 W; Te (right), ne (left), microwave power in a.u.

This section deals with the ignition phase of the plasma. In figure 6.3 the
first 4 ms of the on-period of the power pulsed plasma is presented for two
different pressures. We recall that the power is completely off between the
pulses. After the microwave power is switched on, there is a certain time
span in which Te and ne cannot be measured due to too low electron density
values. This delay, based on the detection limit of the TS setup, depends on
the pressure and ranges from below 5 µs for 8 mbar up to 200 µs for 70 mbar.
Then the values of Te and ne take between 180 µs (at 8 mbar) up to 2 ms (at
70 mbar) to reach the maximum in ne and the minimum in Te.

To explain the Te behaviour at the pulse onset, the following scenario is
proposed. The initial microwave power is transferred to the few first elec-
trons, thus they gain high energies. Consequently these electrons ionize the
background gas very efficiently. That gives rise to a large population of new
electrons that, due to the fact that they are higher in number, receive less en-
ergy per electron; meaning that the electron temperature is decreased. After
that the system approaches a quasi steady state condition. So, the high Te-
values can be understood as a plasma response to the steep microwave power
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pulse. These results agree with findings in [156, 161], where a high initial Te

value was seen in an atmospheric pressure ICP. Ashida and co-workers [150]
moreover found that for a longer power-off duration the Te peak is higher.
That means that the character of the re-igniting plasma depends on the dura-
tion of the power-off period.

As mentioned before there is also an overshoot of ne in the beginning of
the power pulse. At constant duty cycle we observed that the ne-overshoot
for our pressure range is stronger with lower pressure. For high gas pressure
(70 mbar) the ne-overshoot behavior changes into a more monotonic rise of
ne toward the quasi steady state plasma condition. This is partly due to an
effect of the power supply, providing higher input powers at the pulse start,
however the power overshoot is about 8%, while ne exceeds the steady state
value with up to 25%. The findings in [161] show no ne-overshoot, due to
the high pressure of p=1 bar, however, Ashida et al. and Behle et al. [150,151]
reported a similar ne-overshoot for a low-pressure RF and a microwave slot-
antenna discharge, respectively. This overshoot behavior can be explained by
the transient state of the plasma in this early pulse stage. The initial rise of
ne created by the relatively high Te values is not yet effectively balanced by
the losses. We found experimentally that at 8 mbar a time of 80 µs is needed
for the effective decay of the steady state plasma (figure 6.4). However, the
creation time, the time needed to reach the steady state ne-density in the
power pulse beginning is roughly 50 µs. That makes an overshoot plausible.
For higher gas pressure the overall process of approaching steady state is
much slower, so that no overshoot will be present.

6.4.3 The plasma pulse decay

The decay of the plasma parameters ne and Te is shown in more detail in
figure 6.4. The observed decay of the power, i.e. the 1/e-value, is in the order
of 7 µs; Te follows this power drop very closely τoff

Te
≈ 8 ± 2 µs for both

pressures. The drop of Te after power-off is based on the cooling of electrons
by elastic and inelastic collisions with argon atoms and ions [160]. That is a
much faster process than the decay of ne which is controlled by diffusion and
recombination. Moreover, it is much faster than the jitter of the microwave
generator. Thus the Te drop is indistinguishable from the power drop. The
Te-value drops asymptotically to values around 1200 K. Later in time TS fails
to give reliable temperatures since ne is in the order of the detection limit.
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Figure 6.4: The last part of the power-on and the first part of the power-off
phase showing the decay of the electron density and temperature for two pres-
sure cases; same conditions as in figure 6.3; Te (right), ne (left), and microwave
power.

6.4.4 The decay of the electron density

The electron density decays with a time constant τoff
ne

between 30-80 µs for
pressures of 70 to 8 mbar. A summary is given in table 6.1.

Table 6.1: Pulsed discharge decay parameter.

Ar pressure (mbar) τoff
ne

[µs] τoff
Te

[µs] Te(baseline) [K]

8 80 ± 2 7.7 1200

20 42 ± 2 10 1200

40 36 ± 8 6.4 1300

70 30 ± 6 6.8 1250

The study of the temporal evolution of ne will be guided by the electron
particle balance

∂ne

∂t
= neNkion −

Dambne

Λ2 − neΩrec, (6.1)

where kion is the rate coefficient of the effective ionization process, Damb the
classical ambipolar diffusion coefficient and Λ the diffusion length. Assum-
ing a radial Bessel profile of the electron density with radius R leads to a
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gradient length of Λ = R/2.405 ≈ 1.2 mm. In the last term of this equation,
Ωrec represents the effective recombination frequency. From the results given
in figure 6.4, it can be seen that the decay of Te is much faster than that of ne.
Thus, we can neglect the ionization processes after power-off and write:

∂ne

∂t
= −Dambne

Λ2 − neΩrec (6.2)

The decay time of ambipolar diffusion can be estimated and compared with
the measured τoff

ne
. For the diffusion we used the hard sphere approximation

of ion diffusion with a factor for the ambipolar field enhancement [111], i.e.
Damb = 1/(

√
2Nσai)vth(1 + Te/Tg). Here σai is the total neutral-ion cross

section and vth the thermal velocity. The employed Tg values are shown in
table 6.2. The calculation of Tg is based on chapter 3. The diffusion decay
frequencies νdiff = Damb/Λ

2 are shown in figure 6.5 as a function of the gas
pressure. Apparently for pressures above 8 mbar the diffusion loss frequen-
cies are always much smaller than the observed decay frequencies of ne. For
that reason we can reduce the particle balance to

∂ne

∂t
= −neΩrec (6.3)
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Figure 6.5: Comparison of the measured decay frequency (full curve), the
calculated diffusion and ion conversion frequency as a function of the gas
pressure.

Now the question arise what mechanism is responsible for the ne decay.
The recombination of ions with an electron as third body (2e-recombination)
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can be evaluated numerically to be very slow. That is due to the low
density of ne and due to the small rate coefficient because of the rela-
tive high Te-values. Using the well-known Thomson-like formula αrec

2e =
1 · 10−31(Te/300)−4.5 m−6s−1 [167] we find for Te = 0.4 eV, as a typical value of
Te in the decay phase, αrec

2e = 4.3 · 10−37 m−6s−1. That predicts for ne = 4 · 1019

a decay frequency of 700 Hz. Compared to the measured decay frequencies
given in figure 6.5 this is very small. However, later in the decay phase Te

drops further and the 2e− recombination contributes to the electron recombi-
nation.

Another way to investigate the impact of the 2e-recombination is to mea-
sure the plasma pulse decay for different ne values. In this method we take
advantage of the fact that for surfatron plasmas in steady operation, the ne-
value decreases almost linearly as a function of the distance to the launcher,
see chapter 4. So, the same discharge is simply moved and the decay at
different axial positions is measured. The results for the 20 mbar case are
presented in figure 6.6. To all of these data an exponential fitting was ap-
plied to determine a decay constant τoff

ne
. The results agree with each other in

τoff
ne

= (42 ± 2) µs. That proves that the decay time does not depend on the
initial ne value in the measured range.
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Figure 6.6: Decay of ne in the power-off period for different axial positions
from the end of the plasma column in a surfatron discharge in argon at
20 mbar

But what does that tell us about the reason for the fast electron decay?
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Based on the fact that τoff
ne

does not depend on ne but on the gas pressure
(cf. table 6.1) we must conclude that the decay is mainly driven by molecular
assisted recombination (MAR). That is the recombination due to the forma-
tion and subsequent destruction of molecular ions. The formation process is
given by the ion conversion (IC) reaction

2Ar + Ar+ → Ar+2 + Ar, (6.4)

with the rate given in [113],

kIC = 2.5 · 10−43(300/Tg) m6s−1. (6.5)

The destruction is given by dissociative recombination (DR)

Ar+2 + e− → Ar∗ + Ar, (6.6)

with rate given in [114, 115]

kDR = 8.5 · 10−13(Te/300)−0.67(Tg/300)−0.58 m3s−1. (6.7)

The corresponding backward processes and other processes, given e.g. in the
more sophisticated model by Jonkers et al. [86], can be in our case neglected.
At higher electron density and argon atom density the impact dissociation of
Ar+2 by the latter two particles must be included. Moreover, we expect that
the back-conversion (re-ionization) of the Ar∗ into Ar+ can be neglected in
the decaying process; this is justified, since during the decay Te is low. This
simplified rate balance of the Ar+2 ions allows to calculate the recombina-
tion frequency directly without knowledge of the Ar+2 density (cf. chapter 4).
Now the electron particle balance of equation (6.2), including the measured
loss frequency νmeas, is changed in such a way that the recombination term
is replaced by IC. Since ne ≈ nAr+ (cf. table 6.2) we can write

∂ne

∂t
= −Dambne

Λ2 − kICN2ne, (6.8)

which leads to

νmeas =
Damb

Λ2 + 1.5 · 10−2(
300
Tg

)3 p2, (6.9)

where p is the gas pressure. Since the lhs is obtained by measurements, we
can use this formula to validate the rate coefficient kIC. To that end we use
the measured decay frequencies from the high pressure (molecular) regime
p > 40 mbar, the diffusion frequencies from figure 6.5 and Tg from table 6.2
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to get

νmeas − νdi f f

N2kIC
= 0.9 ± 0.2 !

= 1. (6.10)

That is a fair agreement, taken into account that no other rates are consid-
ered and that the error bars on the measured decay constants are about 12%.
Moreover this agreement of the IC rate coefficient proves, that the decay can
be described indeed by ion conversion.

The strong dependence of the decay time on the gas temperature also
suggests to use the opposite approach: employ the decay measurements as
thermometer. In the high pressure regime (> 40 mbar) when IC is far domi-
nant over diffusion, the decay of ne after the plasma pulse directly correlates
to p2/T3

g which can be used for determining Tg values.

Table 6.2: Gas temperatures and molecular ion fractions

Ar pressure (mbar) Tg [K], [118] nAr+2
/nAr [10−3], eqn (6.12)

8 500 2.0

20 590 3.1

40 620 4.5

70 780 12.9

What is the next step in the recombination process? The Ar+2 molecules
recombine very fast to ground state or excited state argon atoms. Based on
the DR-rate (6.7) and IC-rate (6.5) we can calculate an approximate Ar+2 ion
fraction ratio in a two-rate balance

nAr+2
nAr+

=
νIC

νDR
, (6.11)

which, employing (6.5) and (6.7), gives the expression

nAr+2
nAr+

= 1.71 · 1010(300/Te)
−0.67(300/Tg)

2.42 p2n−1
e . (6.12)

Inserting for Te = 0.4 eV, ne and the estimations for Tg give values of
nAr+2

/nAr+ = 2 · 10−3 (13 · 10−3) for pressures of 8 (70) mbar presented in ta-
ble 6.2. The diffusion is not taken into account here, but that introduces only
minor changes in the results. The small fraction of molecular ions should not
disguise the importance of the MAR-channel in the recombination of ions. It
is rather an illustration of the high DR rate.
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6.5 Summary and Outlook

The uncertainties in the rate coefficients, the gas temperature and the
reproducibility of the plasma determine the error of nAr+2

/ne. That leads
altogether to an error of 40%, which seems large but comparison with model
results shows that the error bar is not large enough to cover the wide spread
of values predicted by models such as [86, 115].

6.5 Summary and Outlook

A power interrupted surface wave induced plasma was investigated by
means of Thomson scattering. With this method the precise local response of
the ne and Te-values to the power pulse close to the launcher are measured.
High Te-values are seen in the beginning of the power pulse followed by Te

approaching a steady state value. After switching off the power Te decays
fast with a decay time comparable to that of the microwave power supply.
At the pulse start, we observe an initial rise in ne reaching an overshoot with
respect to the steady state value. This overshoot is higher for lower gas pres-
sures. The decay of ne after the pulse termination is slower than for Te and
in the order of 30-80 µs.

Evaluating the electron particle balance shows that diffusion is not suffi-
cient to explain the relatively fast decay of ne so that we have to conclude
that MAR is the predominant electron loss mechanism in surfatron plasmas
with argon pressures above 10 mbar. The chain limiting process is the three-
body ion conversion Ar+ → Ar+2 . Based on the rate balance of formation and
destruction of Ar+2 we found molecular ion fractions nAr+2

/nAr+ that are in
the range of 0.3% (1.3%) for 20 (70) mbar.

There are remaining issues that have to be addressed in future studies.
One of the topics is whether the MAR is (partially) balanced by re-ionization
of its products, the excited argon atoms. Another issue is the local variation
of the presented results. Because of the relatively slow propagation of the
microwave plasma with a decreasing velocity along the column of about 104

down to 102 m/s [168], the plasma might not reach steady state at the end of
the column when applying short power pulses. Also the precise time evolu-
tion of the decay rate is not assessed here and rather a global decay constant
is assumed. The last issue might reveal better, whether the molecular ion
density is described correctly also for the steady state plasma and what is
the influence of the 2e-recombination in the later decay phase, when Te is
small.
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CHAPTER 7

Relaxation of argon plasmas with molecular

admixtures observed by Thomson scattering

Abstract. This study asses the decay of a power-pulsed microwave plasma
of argon mixtures using time resolved Thomson scattering (TS). In argon
at intermediate pressure, O(10 mbar), the electron temperature decays very
fast after power-off and approaches the heavy particle temperature, while
the electron density decays slower, in the order of microseconds. Argon
with small admixtures of O2 or H2 exhibits a similar behaviour. However,
strikingly different is the result for small additions of N2 or CO2. For up to
100 µs after the power is switched off the electron temperature Te remains
at much higher values of about 0.8 eV. For instance in the case of nitrogen,
the molecule exhibits a relatively large cross section for vibrational-kinetic
energy transfer. That means the observed post-heating is assigned to super-
elastic energy transfer from vibrational excited N2(X) molecules. The decay
of ne in the post-discharge is determined by dissociative recombination reac-
tions of Ar+2 and N+

2 . The dominant production of the first is ion conversion
(Ar+ −→ Ar+2 ) while for the latter it is charge transfer (Ar+ −→ N+

2 ) and
its reverse process.
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7.1 Introduction

The knowledge of particle effluxes and kinetics of N2 molecules and re-
lated radicals from the bulk plasma is crucial for the understanding of
N2-containing high-tech plasma applications. The latter are e.g. surface
treatment by Si:N-layer deposition for the passivation and creation of anti-
reflective coatings for solar cells [13] or sterilization by atmospheric pres-
sure plasmas [169]. For that reason many studies were devoted to the after-
glow of N2 containing plasmas. Previous studies investigated intensively the
N2(B,C)-excited states and the pink afterglow of N+

2 (B) and their respective
excitation and energy-distribution in the post-discharge in time or space by
optical emission [170–172]. This was also studied in combination with Ra-
man spectroscopy to investigate the rotational-vibrational population of the
states of the N2(X) ground level [173, 174].

The energy transfer from the EM-field to the N2 molecule is conveyed
by electrons. However, due to the non-equilibrium nature of a low temper-
ature molecular plasma, it is not straightforward to determine the electron
gas properties experimentally. To that end Langmuir probe measurements
were used in the past. Many studies, such as [175–178], focused on the
peculiar behaviour of afterglows of N2 plasmas in which the electrons and
nitrogen molecules can exchange energy effectively. This exchange mani-
fests itself among others in a significant change of the electron energy dis-
tribution function (EEDF). In particular the low energy range of the EEDF
is strongly heated in the afterglow in the presence of N2. So, for instance
Dilecce et al. [179] reported that the addition of N2 to a helium plasma af-
terglow changes the temporal decay of the EEDF drastically. However, these
probe measurements are limited by their restrictions in temporal resolution
and employed gas pressure. To overcome that, we performed Thomson laser
scattering (TS) as a diagnostic tool. With TS the electron density and tem-
perature can be measured simultaneously, see chapter 2. Moreover the inter-
pretation of TS results does not depend on the equilibrium departure of the
plasma, nor is the plasma in our regime influenced by the laser itself [50].
In the previous chapter a study on a power-interrupted microwave argon
plasma by TS is presented. In the current study the same technique is ap-
plied to argon plasmas operating in the pressure range of 10 < p < 40 mbar
with different admixtures of N2, CO2, O2 and H2. The results are compared
to those of a pure argon plasma. It is found that Te in the power-off phase
remains much higher in the case of N2 (CO2) admixture than in case of the
other admixtures.

This chapter is organized as follows. We start in section 7.2 with a short
description of the experimental setup of TS applied to a power interrupted
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7.2 Experimental setup

mw-plasma. That is followed in section 7.3 by an overview of the findings
for the electron density and temperature in various gas mixtures. The study
concludes with a detailed discussion of the behaviour of the decay of ne and
Te in the post discharge in the plasmas created in an Ar/N2 mixture.

7.2 Experimental setup

Surface-wave induced microwave plasmas provide relatively high ne-values
with the additional advantage of an electrode-contact free plasma. We em-
ploy a surfatron launcher geometry (chapter 2), where the microwaves with
a frequency of 2.45 GHz propagate along a quartz tube with length of about
50 cm with an inner (outer) radius of 3 mm (4 mm), while creating a plasma
at the low-pressure inside. The arrangement for the Thomson scattering ex-
periments is the same as in chapter 6, details are described more extensively
in chapter 2.

In view of the spectral range covered, in principle the EEDF can be de-
termined for the energy range of 0.15 < E < 8 eV. However, as the density
of electrons decreases exponentially in the higher energy intervals, only the
lower part of the energy range can be explored; see for instance figure 7.1 or
chapter 2. In the current experiment the latter range extends from about 0.15
to 4 eV, so that we will only observe the distribution in the bulk of the EEDF.
The determined Te will be close to the mean electron energy. Analyzing the
TS results in our experiments does not reveal deviations from a Maxwellian
EEDF.

The power output of the microwave generator was deliberately pulsed
with a frequency of about 81 Hz and a duty cycle of 50%, so that both the
microwave on- and off-time equals 6.15 ms. Pulse-picking from the master
signal allows triggering the laser with its maximum repetition frequency of
10 Hz and additionally triggering the detection iCCD camera. The jitter of
the measurement is determined by the pulse-to-pulse jitter of the plasma. It
was observed that the power pulse length created by the microwave generator
has an uncertainty of about 5 µs, as it was observed in chapter 6.
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Figure 7.1: The TS signal found 20 µs after power-off plotted as a function
of the electron energy for a Ar/N2 1% (5%) plasma at 11 mbar. This gives
the EEDF of the two admixtures until electron energies of up to 4 eV (2 eV)
depending on the total electron density. The higher energy tail of the EEDF is
obscured by noise.

7.3 Results

The response of the plasma parameter Te to the power switch-off is shown
in figure 7.2. At t = 6.15 ms the power-pulse starts (not shown) and at t = 0
the discharge is switched off. This pulse period is long enough to reach
quasi steady state conditions before the power is switched off. In the case
of pure argon gas, Te, immediately following the power, drops fast from the
steady state value of about 1.3 eV to values below 0.2 eV while ne decays
more slowly. About 100 µs after the power is switched off, the TS signal is
too weak to be detected and no further time evolution could be recorded. For
a more detailed analysis we refer to the previous chapter 6.

With the experiments reported in this study we aim to asses the post-
discharge phase, depending on the gas mixture. For instance under similar
operating conditions, but with a small addition of 1% N2, the results change
drastically. While the decay of ne is more or less unaltered by the admixture
of N2, the decay of Te is completely different. The temperature drops also at
the power-pulse end but after 20 µs its value is still Te = 0.8 eV. Moreover Te

does not decay further, but reaches a plateau-like value. This points towards
a substantial post-heating of the electron gas. This post-heating was not
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Figure 7.2: The temporal behaviour of Te in the last part of the power-on phase
and in the beginning of the power-off phase for various argon mixtures at
11 mbar. Slightly different gas pressures and two different power generators
were used, i.e. the absolute Te values might not be directly to compare, only
the relative trend.

found in other argon mixtures such as Ar/He, Ar/O2 or Ar/ H2. However,
a similar heating was found in Ar/CO2, see figure 7.2. Numerical values for
the decay phase are given in table 7.1. In order to investigate these findings
in more detail, parametric studies for different gas pressures and N2 con-
centrations were performed. The influence of different gas pressures can be
found in figure 7.3A showing the behaviour of ne and Te for three different
pressures; p = 11, 20 and 40 mbar. The N2 concentration is fixed at 1%. It is
found that higher gas pressures lead to

(a) a lower steady state values of Te and higher values of ne,

(b) a slower ne decay in the power-off phase.

(c) Te in the power-off phase is found pressure independent and plateau-like
with a slight decrease from 0.8 eV to 0.7 eV for 11 to 40 mbar.

The influence of the N2 concentration on the pulsed discharge is shown in
figure 7.3B. It is found that an increase of the N2 concentration leads to
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(d) a lower ne value in steady state,

(e) a faster ne decay in the power-off phase,

(f) a more pronounced decay of Te in the power-off phase and a less plateau-
like behaviour.

Table 7.1: Summary of the plasma properties in the post-discharge of the
argon and other mixture plasmas.

pressure and Te in eV Te in eV

gas composition quasi-steady state 50 µs after switch-off

11 mbar Ar +1% N2 1.31 0.85

11 mbar Ar +3% N2 1.3 0.8

11 mbar Ar +5% N2 1.15 0.38

20 mbar Ar +1% N2 1.25 0.77

40 mbar Ar +1% N2 1.11 0.7

11 mbar Ar +1%CO2 1.52 0.97

20 mbar Ar +2%CO2 1.34 0.6

20 mbar Ar 1.1 0.2

20 mbar Ar +50%He 1.4 0.1

20 mbar Ar +1%O2 1.3 0.22

20 mbar Ar +3%H2 1.6 0.2
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Figure 7.3: Response of ne (full+symbols) and Te (dashed+symbols) in the
last part of the power-on phase and the power-off phase starting at t = 0.
All measurements had the same input power 38 W (full curve, no scale); A)
different gas pressures of 11, 20 and 40 mbar at a fixed 1% N2 in Ar mixture,
B) fixed gas pressure of 11 mbar, but different N2/Ar concentrations of 0%
1%, 3% 4% 5% and 20%.
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7.4 Discussion

The results presented above show three specific features of a power inter-
rupted Ar/N2 plasma. First the change in the steady state values of electron
density and temperature due to the nitrogen addition, second, the phenom-
ena of the post electron heating and third the increase in the decay rates of
the electron density. These three topics will be discussed below.

7.4.1 The effect of the change in steady state

We start the discussion with the well-known global plasma model that is
successful in predicting the features of diffusive plasmas. This model is based
on a simplified electron particle balance

nenakion(Te) = ∇(Damb∇ne) (7.1)

where na is the argon ground state density, Damb the ambipolar diffusion
coefficient while kion(Te) is the rate coefficient of effective ionization. Note
that volume recombination is absent in this balance equation. Since the rate
coefficient kion(Te) strongly depends on the electron temperature it is clear
that at higher argon pressures the electron temperature will be smaller. The
reason is that pressure enhancement leads to reduced diffusion-losses [29],
so that the Te needed to sustain the plasma can be lower. The diffusion
reduction will also lead to an increase in ne provided the power density
remains constant. This supports the finding given in section 7.3 under a).

If N2 is added to the plasma more recombination channels will be offered
so that the electron temperature must increase. At the same time this leads,
at constant power density, to a drop in ne. This is in line with the findings
listed under d).

7.4.2 The high post-discharge Te

For the behavior of electron temperature in the post discharge we have to
study the various excitation mechanisms and internal energy reservoirs of
N2 in more detail. One might expect that at the end of the power pulse
the electrons lose their energy very fast due to excitation processes. And
since the density of the excited states will decay fast for instance by radiative
transitions the electron energy is lost. An exception is formed by the argon
metastables since they do not radiate. However excitation transfer collision
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will transfer these metastables into N2(C) which subsequently decays rapidly
by radiation. That means the only remaining excited states of significant en-
ergy density might be nitrogen metastables as N2(A 3

Σ, a 1
Σ, a 1

Π). These
might be possible sources of the post-heating. However, the most important
internal energy reservoir is formed by the vibrational excited N2(X) states
that can transfer energy to free electrons very effectively in a rather short
ns-time scale [178,180]. It was pointed out by modelling [178,181] and exper-
imentally [176,177,179,182] that in a N2 plasma afterglow for up to t= 10−3s
after the power switch-off the low energy range of the EEDF (0-4 eV) does not
change much. That is completely different in pure argon or helium where
the depletion of the tail is followed by re-distribution of the EEDF which
subsequently leads to a much lower bulk-Te (cf. [183] to [178]). Related to
that is the mechanism studied by Guerra et al. [184] by modelling and Blois
et al. [174] in experiments that the VDF of N2(X) is also quite stable for pre-
cisely this time frame. The conclusion is that there is a strong elastic and
super-elastic collisional energy transfer between electrons and vibrationally
excited N2(X) states. That happens to such an extent that the bulk electrons
are effectively heated. Eventually a quasi equilibrium situation of Te(bulk)
<= Tvib(X,v<20) can be settled in the time frame of up to a millisecond. As
mentioned before, super-elastic electron collisions with metastables cannot
be excluded to contribute to electron heating [177], however in view of the
much higher density of N2(X,v) compared to e.g. N2(A) this transfer is ex-
pected to be small. With the results given in [185, 186], one can find that
nN2(A)/nN2(X,v=10) ≈ 10−5 − 10−6 in a nitrogen plasma one millisecond after
pulse switch-off.

The high electron post-heating found in Ar/N2 was in our experiments
not observed in mixtures as e.g. Ar/O2 or Ar/H2. The molecules O2 and
H2 "disturb" the plasma by increasing the electron energy losses by their
ro-vibrational excitation space, which leads in turn to an increased steady
state value of Te. However, the actual energy transfer between electrons
and vibrational excited O2 and H2 molecules is apparently smaller than for
N2, CO and CO2. That statement is supported by literature [188, 189] but
can also be deduced from figure 7.4 where some examples are given for the
cross sections of electron excitation from the vibrational ground state to the
first vibrational level. O2 has a much smaller effective cross section than N2
which will lead to a smaller rate for e-V energy transfer. That inhibits a Te −
Tvib−equilibrium. Note, that we show apart from the CO2 cross section also
the one of CO, as it is not entirely clear which vibrational energy reservoir is
responsible for the observed post-heating in an Ar/CO2 plasma. Dissociation
CO2 → CO + O might be quite high because of the low pressure.
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Figure 7.4: Cross section for electron impact excitation from the ground state
to the first vibrational level for various gases [187]. Integration over a Te =
1.2 eV Maxwellian distribution gives relative rates for CO2/N2/O2 that obey
the ratio 1/0.7/0.05.

7.4.3 The post discharge decay of ne

The study of the decay of the electron density in the post discharge is gov-
erned by the electron particle balance. In the post-discharge, in absence of
any sources, the losses can be described by a diffusion frequency νdiff and a
generic recombination frequency Ωrec. The latter is conveyed by atomic or
molecular ions of Ar or N2. We obtain

∂ne

∂t
= −neνdiff − neΩrec. (7.2)

The measured ∂ne/∂t fits in all plasma decay experiments to an expo-
nential function. That implies that we deal with a decay of ne which scales
linearly with respect to ne. Consequently the recombination of atomic ions
with electrons as the third body (2e-recombination) can be neglected in equa-
tion (7.2). Moreover, this was confirmed by TS measurements at different
positions of the surfatron axis of the same N2-containing plasma, i.e. with
different ne-values but similar Te and Tg values. We observed that the ne loss
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frequency does not depend on the position, thus it does not depend on ne in
the range of 5 · 1018 − 3 · 1019 m−3.

At lower pressure the dominant term on the rhs of equation (7.2) is the
contribution of ambipolar diffusion. This can be estimated by taking diffu-
sion of argon ions in argon as the predominant diffusion mechanism. That
gives about νdiff = 6 kHz at p = 11 mbar and Te = 0.8 eV (figure 7.5). For
higher gas pressure (> 11 mbar) the losses of ne in N2 or Ar are mostly
conveyed by molecular dissociative recombination (DR) [144, 190, 191]. In an
argon plasma with small additions of N2 we have to look at two possibilities
for DR

e + N+
2 → N(∗) + N∗ (7.3)

e + Ar+2 → Ar + Ar∗ (7.4)

So equation (7.2) becomes

∂ne

∂t
= −neνdiff − nenAr+2

kDR(Ar+2 )− nenN+
2

kDR(N+
2 ) (7.5)

Details about the production and loss of Ar+2 in the post-discharge can be
found elsewhere [144, 152]. We will work here with the assumption that the
recombination term by Ar+2 is unaltered by the nitrogen addition. That is
justified if we have ion conversion from Ar+ as the dominant population
mechanism, because then the recombination frequency via Ar+2 is indepen-
dent on the total charge density [144]. For the creation of the N+

2 molecular
ions we apply a simplified rate balance

∂nN+
2

∂t
= −nenN+

2
kDR − nArnN+

2
kRCT + nN2 nAr+kCT (7.6)

with a DR rate of kDR(N+
2 ) = 1.75 · 10−13(Te/300)0.3 m3s−1 [192]. kCT(RCT) is

the forward (backward) near-resonant charge transfer between the dominant
Ar+ ion and the N+

2 ion according to

Ar+ + N2(v) ↔ Ar + N+
2 (v

′).

This has by far the highest rates influencing the N+
2 density and, as we will

see, roughly equal rate constants for the forward and reverse process. How-
ever, the reaction rate depends weakly on the vibrational level of the nitro-
gen molecule or ion. We calculated the effective rate coefficients kCT(RCT)

by assuming a vibrational Boltzmann distribution of N2(v) and N+
2 (X,v’)

with Tvib = 9000 K. The latter is assumed as the effective Tvib in the af-
terglow based on Te as found in the previous section. The different rate
coefficients for the v-levels are weighted accordingly to the distribution of
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the states. We find kCT = 6.2 · 10−16 m3s−1 based on v=0-5 from [193] and
kRCT = 3.8 · 10−16 m3s−1 based on v’=0-5 from [194]. As the N+

2 (X) density
is not known, we assume that equation (7.6) leads to a quasi steady state, so
that

nN+
2
=

nN2 nAr+kCT

nekDR + nArkRCT
. (7.7)

As this density scales linearly with respect to N2 we can introduce a ratio
Rion = nN+

2
/nN2 which is Rion = nAr+kCT/(nekDR + nArkRCT). By that ratio

equation (7.5) can be written as

∂ne

∂t
= −neνdiff − nenAr+2

kDR(Ar+2 )− nenN2 RionkDR(N+
2 ). (7.8)

Knowing the rates and taking ne and Te from the TS measurements in steady
state, we obtain Rion assuming ne ≈ nAr+ . As the first two terms on the rhs
are almost independent on the N2 density they can be taken from a pure
Ar-discharge. That is only true if the N2 addition is not changing the Ar+2
density and the diffusion coefficient is still ruled by the argon plasma.

The rate equation (7.8) provides the decay frequency of ne as a func-
tion of the N2 density. Using the TS results we can evaluate equation (7.8)
and compare that to the measured decay frequencies of ne in the post-
discharge for various N2 percentages. A separate measurement of the gas
temperature by Rayleigh scattering as explained in chapter 3 gives values of
Tg = 900 − 1100 K for N2-percentages of 1-10%. That allows relating the
ne decay frequency to the N2 density via the ideal gas law and pressure in
figure 7.5. In order to reflect the large uncertainty on the rates we set up a
worst-case scenario where all rate coefficients are changed ±20% off to max-
imize the deviation. That can be seen in figure 7.5 by the dashed sidelines.
Still an agreement is found concluding that the additional ne loss channels
given by N2 are due to charge transfer (including its reverse process) and
consecutive DR.

The proposed rate balance may fail at higher N2 concentrations. That is
because for > 20% N2 the dominant ion changes to N+

2 [191,195]. Higher N2
concentration may also quench N+

2 . Quenching refers here to any reaction
which destroys N+

2 into other ions which recombine slower or faster. That is
for example impact dissociation or association into N+ and N+

4 .

The rate balance does not predict the behavior of the Ar/N2 plasma at
higher pressure, i.e. the slower decay at higher pressure found in figure 7.3A.
However, optical emission indicates that spatial effects might play a role in
that. The 337 nm emission (N2 (C)) from an Ar/N2 plasma is observed to
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Figure 7.5: Experimental decay frequency of ne plotted as a function of the N2
density for Tg = 900 K. The total pressure is constant at 11 mbar. A calculated
decay frequency from the rate balance 7.8 is shown. An error range of the
latter is indicated based on an uncertainty of 20% on all rate coefficients. Hor-
izontal lines mark the contributions for the ne decay in a pure argon plasma,
i.e. diffusion and DR, taken from chapter 6.

be confined to the tube wall for higher gas pressures, see figure 7.6. That
is a similar effect as increasing the tube radius which would lead to a hol-
low plasma profile, provided volume recombination is dominant in the cen-
ter. Consequently, at higher pressures a totally different decay of ne can be
expected at the central position, where TS is recorded, compared to lower
pressures. In literature even a rise of the electron density after switching off
a hollow plasma was observed [160]. Also the aforementioned assumption
that the Ar+2 fraction is unchanged by the nitrogen admixture is unlikely, be-
cause at higher pressure the gas temperature, which has an influence on the
Ar+2 formation and destruction, rises significantly with the nitrogen percent-
age [146].

In view of these discussions it is clear that the proposed model is a
big simplification of the creation of N+

2 . Various other reaction channels
contribute to the creation and destruction of electron-ion pairs. Combined
with the big uncertainty of the rate coefficients the results should be taken
with care. With respect to the variations of the radial ne distribution also a
1D model is preferable and should be compared to the global rate balance
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Figure 7.6: Radial emission profiles from the 337 nm N2 SPS of an Ar/N2 gas
mixture. The measured data were inverse Abel transformed. A radial hollow
intensity profile is found for higher pressures.

discussed here.
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7.5 Conclusions

Thomson scattering is a valuable diagnostic technique applied to power in-
terruption on surfatron plasmas containing argon mixtures. For all gas mix-
tures except with N2 and CO2 the mean electron energy decays fast towards
the gas temperature. This decay cannot be resolved with the presented mi-
crowave power source due to jitter, Te decay times of a few microsecond due
to elastic collisions are expected. However, in N2 and CO2 containing plas-
mas we found a much higher Te-value after the power is switched off. Based
on the cross sections, simulations and experimental findings in the literature
it can be concluded that super-elastic heating of electrons from vibrational
excited ground state atoms is responsible for this effect. In extension to other
studies in N2 at low pressure [177] also at much higher gas pressures of up
to 40 mbar and ne-values of 6 · 1019 m−3 this effective energy transfer was
observed. The first, high gas pressures, are inaccessible by Langmuir probes
and the latter, high ne-values, were not investigated yet. In CO2 this post
heating is to our knowledge measured for the first time, although a compari-
son with the cross section already predicts this behaviour.

The addition of molecules always leads to an enhanced loss frequency of
the electrons. The experimental ne decay time reflects an effective recombina-
tion rate. Taking the fact that in the case of N2 the recombination was found
proportional to the N2 density, we show that the charge transfer, from the
dominant ion, Ar+, toward N2, is the dominant population mechanism of
N+

2 while reverse charge transfer and dissociative recombination are the N+
2

loss channels. Moreover, the addition of this electron loss channel can even
form radially hollow plasma (light) profiles. The particle or energy transport
from the plasma creation zone at the tube wall is apparently not sufficient to
retain the diffusion-ruled Bessel profile.

Issues to be addressed in future studies are the need to measure the vibra-
tional distributions of N2(X) by for instance UV-absorption simultaneously
with Thomson scattering and to compare these results in a combined model
in order to study the Te-Tvib-equilibrium more in detail.
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CHAPTER 8

Investigating a coaxial linear microwave

discharge

Optical emission on a plasmaline

Abstract. A promising microwave discharge in coaxial configuration is
studied. Power inputs of around 120 W at f = 2.45 GHz created in low pres-
sure argon gas at 0.1 - 3 mbar were investigated. The microwave energy is
fed into a coaxial structure with the plasma as the outer conductor in such
a way that a spatially extended surface wave was created. This linear geom-
etry is advantageous for large area plasma processes. The discharge itself
was examined spatially resolved by two kinds of optical emission spectro-
scopic methods. The absolute line intensity (ALI) of argon 4p levels was
measured and the electron temperature could be determined from this with
the help of a collisional radiative model. Additionally the absolute con-
tinuum radiation intensity (ACI) method was employed to determine the
electron density.

Based on "Investigating a coaxial linear microwave." S. Hübner, J. Wolthuis, J.M.
Palomares Linares, J.J.A.M. van der Mullen, (2011), Journal of Physics D: Applied
Physics 44, 385202-1/9. [32]
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8.1 Introduction

Microwave-induced plasmas (MIP), that means discharges excited by elec-
tromagnetic fields with frequencies in the range of 300 MHz - 300 GHz are
widely and successfully employed for the activation, coating, etching and
other surface treatments of many types of materials. Plasmas created by mi-
crowaves usually contain higher electron densities than their lower frequency
RF equivalent, providing more energy for activation and reactions without
higher gas temperatures. The generators with the frequency of 2.45 GHz are
inexpensive and therefore widely used in several kinds of plasma sources.
One distinguishes between torches, cavities and surface-wave sustained dis-
charges, which can be operated under various circumstances that can be ob-
tained by changing the pressure, geometry and fill chemistry.

To have scalable and efficient applications it is necessary to create a spa-
tially extended, homogeneous microwave plasma. Surface-wave sustained
discharges offer a promising solution. Several plasma sources are known
such as the surfatron/surfaguide or slotted-line antennas. The source dealt
with in this study is a coaxial transmission line in which the plasma is the
outer conductor. This forces the microwaves to form solutions which can
be described as in a shielded surfatron "inside-out", because in this struc-
ture the interface plasma-dielectric is positioned inverse to the arrangement
found in a normal surfatron with a metal screen. A quartz tube filled with
air at atmospheric pressure encloses the antenna so that the plasma is not in
contact with the antenna. The advantage of a greater plasma volume than
in case of a surfatron is combined with the possibility to treat surfaces re-
motely. That leads to applications such as large area plasma depositing for
thin film solar cells [7] or decontamination of heat sensitive surfaces [196].
For an overview of applications and a more detailed description of this kind
of plasma source see [25, 197–201]. Also models were employed to describe
these plasma sources [202–204].

Investigations of the basic plasma properties of this kind of sources, such
as the electron density ne and temperature Te, were performed by e.g. Letout
et al. [200]. They determined spatially resolved measurements using the
Langmuir probe method and optical emission spectroscopy. Apart from that,
power measurements on the switching behavior of these discharges were
performed by Petasch and coworkers [25]. While the application of probes
is limited to very low pressures to our knowledge ne and Te have not been
measured at higher gas pressures in this plasma configuration. As a first
step passive emission spectroscopy is therefore applied on an argon plasma
of typical 1 mbar, powered by 120 W in a coaxial plasma source. The length
of the plasma was about 40 cm and the radial extension of the plasma around
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1 cm.

One focus in this study is the determination of the radial electron density
profile. For this purpose the absolute continuum intensity (ACI) method was
used. For an overview and the basic assumptions of this technique see chap-
ter 2 and [43–46, 205, 206]. The amount of continuous light radiating from a
certain volume can be related to bremsstrahlung. In our study that is mainly
generated by electron-atom interactions. The emission of bremsstrahlung is
energy dependent and although this dependence is a rather weak function
for the temperature range of low pressure microwave plasmas (Te = 1− 4 eV),
it has ave to take this into account. Consequently the second focus of this
study is to determine Te. In the absolute line intensity method (ALI), chapter
2, the emission of several argon lines, preferably originating from a broad
variety of different excited states, was measured absolutely. From that the oc-
cupation of the emitting states can be determined. When plotting the latter in
a Boltzmann plot so-called spectroscopic temperatures can be derived. Tem-
peratures in plural, because for the type of plasmas being under study, the
result depends on the excitation energy and on the departure of the plasma
from equilibrium. A technique was applied to correct for that deviation. Tak-
ing a collisional radiative (CR) model with a certain electron density and
temperature as a first assumption, one can calculate the deviation from par-
tial Boltzmann equilibrium. This leads to an electron temperature which
then improves the accuracy of the CR-model. That was done iteratively un-
til convergence was reached. Applying that to the plasma, both parameters
were obtained via the absolute intensity measurements. Under typical condi-
tions ne reaches values of 2 · 1019 m−3 increasing with gas pressure and input
power, whereas Te was found to be about 1 eV; it slightly decreases with in-
creasing gas pressure. Both values have typical error margins of about 10%.

8.2 Experimental setup

The setup is schematically shown in figure 8.1. A microwave generator
(Muegge, nominal power 1.2 kW) generates microwaves at 2.45 GHz. The
electromagnetic waves are coupled into a waveguide and pass a circulator to
prevent back reflections that might damage the generator. Subsequently the
microwaves pass a structure designed to couple the TE10 mode waves from
a rectangular hollow conductor into a coaxial conductor and a TM0n mode.
The coaxial structure has no outer conductor in the vacuum vessel. The in-
ner hollow rod (copper, outer diameter 8 mm), which is centred in the vessel
serves as an antenna for microwaves. Around the rod a cylindrically shaped
dielectric tube is placed (fused silica, outer diameter 30 mm), filled with air
at atmospheric pressure. A flow is applied to cool the quartz tube and the
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coupling waveguide parts. The plasma is ignited around this quartz tube.
As a function of the gas pressure and input power the discharge covers the

Pump

Gas inlet

Vacuum vessel

Quartz tube

Magnetron
head
~ 2.45 GHz

Circulator

w
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e
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u

id
e

Optical setup with
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spectrometer
lens,

Coupling structures
and stub tuner
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↕20 cm

↔ 35 cm

Plasma

Figure 8.1: Scheme of the plasmaline setup. The microwave power is guided
via a waveguide and coupled to an antenna in a vacuum vessel. The antenna
is separated from the plasma by a fused silica envelopment. Note that antenna
structure does not reach the opposite wall; the latter situation is often found
in industrial applications.

tube length partly or completely. It has to be added here that the microwave
power given in the following is always the input power leaving the generator.
An unknown amount of energy is dissipated in the wave path. It is reflected
and damped on edges and on the coupling parts. On similar setups one can
find losses up to 30%.

The vacuum system itself consists of a stainless steel vessel as outer con-
tainment. Therefore the vacuum confinement is accomplished by the quartz
tube and the vessel. A rotary vane pump and valves ensure a working pres-
sure in the plasma vessel of around 1 mbar, while the pre-vacuum pressure
reaches down to 0.01 mbar. Different working gases can be fed into the ves-
sel.

To investigate this plasma source an optical setup was built. The light
created by the plasma passes a glass window and is collected through a com-
bination of two pinholes, optional interference filters and a collimating lens.
Behind that, the spectral detection is performed either with a low resolution
spectrometer (OceanOptics HR2000+) for the continuum emission or a high
resolution spectrometer (DEMON, Lasertechnik Berlin) for the line intensi-
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ties. Since in our plasma the continuum emission is very weak compared
to line emission, much longer integration times, 60 seconds vs. 0.1 seconds,
and spectral filters are needed. The continuum measurements shown in this
paper are performed using a bandpass filter at a wavelength of 580 ± 5 nm.
With this setup the spatial resolution is better than 1 mm. The emission was
calibrated with a tungsten ribbon lamp that was placed at the same distance
from the spectrometer as the plasma. Moreover, the absorption of the win-
dow, the lenses and the interference filter were measured separately.

8.3 Optical emission diagnostics

In this study line and continuum emission from the plasma is observed. The
lines arise from electronic transitions between bound states, whereas the con-
tinuum is created by interactions of free particles. Since the plasmas under
study are optically thin for the radiation of interest, the transport equation
becomes

dIλ(λ)

ds
= jλ(λ). (8.1)

which describes the increase of the spectral intensity Iλ(λ) in Wm−2sr−1/nm
along its path through a medium due to the source given by jλ, the emission
coefficient [Wm−4sr−1]. Assuming a homogeneous plasma along the line of
sight L, the intensity writes

Iλ(λ) = jλ(λ)L. (8.2)

If the plasma is cylindrically symmetric an inverse Abel transformation de-
duces local values of the emission coefficient from the lateral distribution of
the intensity. As will be shown later, this is used in this study in a simplified
way.

8.3.1 Absolute continuum method (ACI)

The full ACI method is described in chapter 2, so only the concept is summa-
rized here. The absolute continuous emission generated by electron-atom
and electron-ion interactions allows to determine the electron density ne,
since the measured signal depends directly on the number density of the
interactions. The (atomic) continuum emission is composed of three contribu-
tions: the free-bound recombination radiation of electrons with ions jei,fb

λ (λ),
the free-free bremsstrahlung created by electron-ion interactions jei,ff

λ (λ) and
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the free-free radiation created by electron-atom interactions jea,ff
λ (λ)

jλ(λ) = jei,fb
λ (λ) + jei,ff

λ (λ) + jea,ff
λ (λ). (8.3)

The free-free electron-atom radiation can be expressed as [46]

jea,ff
λ = cea

ne N
λ2 T3/2

e 〈Qmom(Te)〉
(

1 +
(

1 + hc
λkBTe

)2
)

exp
(

− hc
λkBTe

)

, (8.4)

where for the energy averaged cross section 〈Qmom(Te)〉 the formula deter-
mined by Phelps et al. [47] is used. Furthermore N is the gas density, Te the
electron temperature, kB the Boltzmann-constant, h Planck’s constant and cea

a constant, defined as

cea =
e2k3/2

B

3c2ǫ0m3/2
e π5/2

= 1.026 · 10−34 [Jm2K−3/2s−1sr−1]. (8.5)

The emission coefficient of the other two contributions, jei,ff and jei,fb can be
incorporated into one expression

jei,ff+fb
λ = cei

neni

λ2 T−1/2
e

{(

1 − exp
(

− hc

λkBTe

))

ξfb(λ, Te) +

(

exp
(

− hc

λkBTe

))

ξff(λ, Te)

}

. (8.6)

The prefactor equals cei = 1.68 · 10−43 Jm4K1/2s−1sr−1. The term in curled
brackets containing the ξ(λ, Te)’s, known as the Biberman-coefficients, is
fairly constant in our wavelength and temperature range and equals 1.3
[46, 48, 49].

To simplify expressions (8.4) and (8.6) the functions fλ(λ, Te) and
gλ(λ, Te) are introduced, such that the emission coefficients read

jei,fb
λ (λ) + jλ(λ)

ei,ff = (ne)2 fλ(λ, Te), (8.7)

jea,ff
λ (λ) = (neN)gλ(λ, Te). (8.8)

The cross-section for electron-ion interactions creating emission is larger than
for electron-atom interactions in the Te-range of interest. However, the ion-
ization degree is with ne/N ≈ 10−3 − 10−5 so low that the electron-atom
interactions give the most important contribution in the visible wavelength
range to the continuum, figure 2.2. By using formula (8.7) and (8.8) the fol-
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lowing expression for the electron density is obtained

ne = gλ N
2 fλ

(

√

1 + 4jmeasured
λ fλ

(gλ N)2 − 1

)

. (8.9)

The function-values of fλ and gλ are based on the electron temperature as
found with the ALI method described in the next section.

8.3.2 Absolute line intensity method (ALI)

Absolute optical emission spectroscopy enables to determine the population
of excited states. This makes it possible to construct the atomic state distri-
bution function (ASDF). The extended ALI method is described in chapter 2.
Here again the concept is summarized.

In an argon plasma in particular the Ar(4p) levels are studied, as they
are the easiest accessible levels by emission spectroscopy. Moreover, the
gas density, N, follows from the gas pressure p = NkBTg and the gas
temperature determined e.g. by Rayleigh scattering, see chapter 3. When
comparing the experimentally determined density per statistical weight
η(4p) = n(4p)/g(4p) to the one of the ground state η(0) ≈ N gives
η(4p) = η(0) exp(−E4p/kBT0−4p). The Boltzmann exponent gives an exci-
tation temperature that is specific for this transition.

Having a full Saha-Boltzmann equilibrium of the excited states of the
atoms means that the (de-)excitation is conveyed by the electrons only, so
the Boltzmann exponent gives the electron temperature. However, in the low
pressure discharge electron-ion pairs will diffuse toward the wall, where they
recombine. This demands consequently for a different number density of ex-
cited states, and thus for a correction of T0−4p toward Te. The electron-ion
pair losses are also the reason of the multitude of spectroscopical tempera-
tures throughout the literature arising from Boltzmann plots that are not in
equilibrium.

Based on the ALI method introduced by de Vries et al. [36] a factor r
can be computed by a collisional radiative model (CRM) that corrects for
this deviation from the Boltzmann equilibrium for each level. This allows to
obtain the "real" electron temperature with the corrected ASDF, according to

kBTe =
E4p

ln(η(0))− ln(r4pη(4p))
. (8.10)
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The CRM is described in [37, 38]. As it uses Maxwellian rates, the electron
temperature obtained via this method is the effective Maxwellian temper-
ature needed to sustain the excitation-ionization efflux through the argon
excitation space.

8.4 Results

The exploration of the experimental data starts with the study of the photo-
graph of the plasma given in figure 8.2. This combined line and continuum
emission will be investigated in terms of spatial emission patterns. Then
the radial profile and plasma thickness is deduced. Subsequently, with the
radiation from specific atomic argon transitions Te and with the continuum
emission the electron density is determined.

8.4.1 Line emission pattern

In the picture of the plasma in figure 8.2 the discharge is seen side-on through
a window in the vessel. On the backside is the opposite window covered by
a bare metal flange. In the center the copper rod enclosed in a quartz tube
is located surrounded by a purple discharge. A standard camera picture of
this argon discharge is strongly dominated by line emission. The plasma
shows an axial wavy line emission pattern. The emission lateral close to the
quartz tube was recorded as a function of the axial position. The result is
shown in the lower part of figure 8.2. The applied microwave frequency is
2.45 GHz, which corresponds to a wavelength of λ0

mw = c/ f = 122 mm in
free space. Because of the abrupt end of the antenna inside the vessel, mi-
crowaves are being reflected and create a standing wave. That is in contrast
to the setups described by Letout et al. and Soppe et al. [13,200] which do not
exhibit any standing wave pattern. The signal was fitted with a sine square
function y = A0 + A sin2 [π(z − z0)/λ]. The standing wave ratio is about
(A0 + A)/(A0) = 1.2. The fitting depicts a standing wave with a wavelength
of λ = 49 ± 0.1 mm. As we observe a power density wave, its wavelength
should equal half of the wavelength in free space, λ0

mw/2 = 61 mm. The
remaining difference can be explained by the dispersion relation of the prop-
agating wave. Trivelpiece and Gould [21] found that the propagating surface
wave is a slow wave, meaning that the phase velocity is smaller than the speed
of light. For instance for a simple plasma-dielectric interface the wavelength
λ of a propagating electromagnetic wave with the frequency f depends on
the relative permittivities ǫp and ǫg of the media, plasma and dielectric, in
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Figure 8.2: Upper part: picture of the discharge with its centered conducting
rod surrounded by an air filled quartz tube. The discharge is burning on the
outside of the quartz tube. Lower part: emission data from the vicinity of the
tube and corresponding fit in axial direction;

such a way that cλ−1 = f
√

ǫpǫg/(ǫp + ǫg) [22]. Since the complex permit-
tivity ǫp is a function of ne, the wavelength at a fixed f depends on ne. This
dispersion relation was evaluated for a comparable coaxial structure includ-
ing electron collisions for various conditions in [207, 208]. Their results show
good agreement with our wavelengths obtained from the standing wave pat-
tern. Moreover, it was observed that changing the power and therefore the
electron density (see next section) increases the wavelength slightly, which
is in agreement with [207]. That gives a simple technique to determine ne

just by analyzing the optical emission standing waves if the corresponding
dispersion relation is known. Besides that a decrease of the intensity in ax-
ial direction away from the inlet microwave structure is found. The latter is
about 1% per 4 cm. This linearly decreasing trend from the launching side is
well-known for similar plasma sources like the surfatron, see chapter 4.
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8.4.2 Radial emission profiles

The goal is to get a description of the radial distribution of ne and Te. This
goes along with the determination of the radial values of the emission co-
efficients j. For that an Abel inversion procedure is needed of the lateral
intensity I(x) profiles. However, due to the differential nature of such a pro-
cedure the result will be very sensitive to the scattering that is present in the
lateral data. This scatter is among others caused by the strong internal reflec-
tions of light on the vessel walls and on the tube that surrounds the antenna.
Therefore the following procedure is used:

1. The lateral values of the intensities are smoothed.

2. The results are fitted to a Gaussian shape.

3. The Abel inversion of a Gaussian curve remains Gaussian shaped.

The central lateral region has to be excluded from this procedure; the reason
is that the antenna and tube structure spoil the central region of j. This means
that the Abel inversion has to be confined to the outer region. The omission
of the central region does not hinder the inversion of the outer region. In
practice a somewhat larger part than the central projection of the tube has to
be excluded. The reason is that the tube will also influence its direct plasma
environment.

8.4.3 ALI results

This section will focus on the emission of specific atomic transitions. Firstly,
laterally resolved profiles of the argon emission line at 738.4 nm for several
plasma conditions are presented in figure 8.3. These correspond to the transi-
tion (2P1/2)4p → (2P3/2)4s. In accordance with the Abel procedure described
above, a Gaussian function is fitted, which is successful for all data with a
correlation coefficient of R2

> 0.95. The width between the quartz tube and
the 1/e value of the fitted curve was taken as the plasma radius R. In all
further calculations L = 2R is taken as the line of sight length.

Secondly, in order to get Te the ALI technique is followed. According to
the previous section Te is obtained from the intensities of the 4p levels by cor-
recting for the deviation from equilibrium. The intensities of all 29 measured
argon lines are shown absolutely calibrated on a semi-logarithmic scale for 2
different plasma conditions in figure 8.4. It is clear that different slopes, so
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Figure 8.3: Lateral profiles of the emission of the argon transition at 738.4
nm taken at different plasma properties. Data points are shown by symbols,
Gaussian profiles are fitted.

different excitation temperatures can be found simply by looking to different
parts of the ASDF. The measured 11 levels of the 4p excitation system were
processed according to the deviation from Boltzmann equilibrium and aver-
aged. The results of Te at a distance of 1 mm from the central tube are in the
order of 1 eV and shown in table 8.1.

Despite the fact that it is very easy to measure the line intensities for
the more outer regions it is not straightforward to interpret a Te from that.
The correction parameter r4p from equation (8.10), being rather constant for
ne > 1019 m−3, becomes ne-dependent for lower ne values. This makes the
iterative procedure for the outer plasma unstable. That is due to the fact that
lower ne values are insufficient to establish the ladder-climbing ionization.

At a constant input power we see an inverse dependence of the electron
temperature on the pressure. This trend of the plasma is understandable
from the point of view of a greater demand for ionization processes if the
diffusion increases, a trend triggered by the pressure decrease. It is remark-
able that this can be shown in Te even though the differences are not large.
To validate this statement an error analysis and a global model calculation is
performed in the next paragraphs.
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Figure 8.4: Absolute calibrated emission of argon transitions as a function of
the energy of the emitting states for two different pressures. Indicated are
three different spectroscopic temperatures Tslope1, Tslope2 and Tslope3 and the
distributions for the obtained real Te.

Table 8.1: Results of Te in a distance of 1 mm from the central tube

argon gas pressure [mbar] electron temperature [eV]

0.6 1.23 ± 0.1

1 1.02 ± 0.1

3 0.98 ± 0.1

With a global model approach the electron particle balance can be calcu-
lated. This balance is mainly determined by Te. The ionizing reactions equal
globally the diffusion losses, which can be written in the form

Nkion =
Damb

Λ2 , (8.11)

where the rate coefficient for ionization is given by
kion = 6.8 · 10−17√Te exp (−Ip/kBTe) m3/s. The ambipolar diffusion co-
efficient can be described by Damb = (1 + Te/Tg)/(

√
2Nσai)vth. Here Tg is

the gas temperature, σai the atom-ion momentum transfer cross section while
vth stands for the mean thermal velocity of the heavy particles. The diffusion
length is estimated to be Λ ≈ 0.008 m based on the plasma radius. Only by
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changing the gas pressure from 3 to 0.6 mbar equation (8.11) predicts values
for Te = 0.9 to 1.19 eV, respectively. That is in the scope of the rough global
method a reasonable agreement with the measured data.

8.4.4 Error analysis of ALI

This section is devoted to the error analysis of the ALI method. Uncertain-
ties due to different excitation - saturation processes and different transition
strengths within the 4p group give rise to an error. This combines with the
error in the absolute calibration, which is a function of the wavelength. That
altogether makes the 4p group in figure 8.4 a scattered cloud. Also the uncer-
tainty of Tg for the determination of the ground state density has to be taken
into account. A small addition of hydrogen gas in the discharge enables us
to perform measurements of the Fulcher band emission H2(d) of the hydro-
gen molecule. The rotational transitions Q(0-0) and Q(1-1) in the wavelength
range 600 to 630 nm were used. By making a Boltzmann plot Tg could be
determined which yields Tg = 700 K with an uncertainty of 15%. However,
the added hydrogen is very likely to have changed the plasma and renders
the result for argon questionable. However, all mentioned errors account in
logarithmic form of the Boltzmann plot of the ASDF. Therefore, they give
only rise to an error of about ∆Te/Te ≤ 8%.

8.4.5 Radial electron density profiles

The second main diagnostic method which was employed is the absolute
continuum radiation method. As described above, an electron density can be
deduced from the absolute emission. Again, the obtained lateral continuum
emission has to be converted into local radial values. To decide whether
the proposed Abel procedure is valid for the continuum emission as well, a
simple calculation is made. Assuming in the cylindrically symmetric setup
a radial ne distribution with a Gaussian shape, while a circular part in the
center is omitted, the radial density gives a lateral projection that is presented
in figure 8.5. A fairly good fit can be seen. In the center of the radial profile
of ne a slightly bigger area than the tube dimension itself is excluded. That is
justified by the experimental findings. In the vicinity of the quartz tube the
losses of electrons towards the wall may alter the profile and thus the fitting
yields the best results with a slightly bigger omitted part. The results for ne

as a function of pressure are presented in figure 8.6. The highest electron
density was measured close to the quartz tube with about 20 · 1018 (14 · 1018,
8 · 1018) m−3 for pressures of 3 (1, 0.6) mbar. ne decreases as a function of
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Figure 8.5: Calculation of the lateral projection of a radial ne profile in a
cylindrical symmetric geometry. Superimposed are experimental lateral data
points from continuum emission, i.e. the data points are proportional to ne.

the distance to the tube. The radial thickness of the discharge R is between
3 mm and 16 mm, while the maximum of ne is at about 2 and 5 mm shifted
to the outer region, if the pressure decreases from 3 to 0.6 mbar. That is an
interesting finding since one can extrapolate these results to lower pressure
and compare that with findings from Letout et al. [200]. They observed the
highest ne values of about 3 · 1017 m−3 at a distance of 20 mm from the central
tube at a gas pressure of 0.04 mbar. On the other hand the results of Petasch et
al. [25] were obtained with electrical probe measurements and show a much
lower ne than in this work with about 2 · 1017 m−3 under comparable plasma
conditions.

The dependence of ne on the input power is given in figure 8.7. It shows
an increase of the maximum electron density from 9 · 1018 to 15 · 1018 m−3 for
an input power increasing from 60 to 240 W. From this measurements, it can
be concluded that the width of the plasma region increases with increasing
power such that the 1/e-width value changes about 30%. The profile shape
seems not to change with the input power.

As was pointed out in the introduction, the EM-waves in this plasma
source behave similarly to the surface-wave sustained plasma in a surfatron.
For a surfatron it is well known that for a sufficient high electron density,
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Figure 8.6: Measurements of the lateral profile of ne by continuum radiation
at 580 nm taken at different argon gas pressures with an input power of 120 W.
The signal is corrected for the stray light and the length of the line of sight.
For the lateral outer regions the profile is very close to the radial profile, while
that is not true in the central area.
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Figure 8.7: Measurement of the lateral profile of ne by continuum radiation at
580 nm at different input power at an argon gas pressure of 1 mbar (see also
figure 8.6).
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the EM-fields penetrating the plasma are strongly attenuated in the radial
direction, i.e. skin effect is present. The same we expect for the outer region
of the coaxial discharge. In fact it was verified by numerical modeling that
the fields penetrate only about 1 mm into the plasma [24].

A possible difficulty of the continuum method is the quite high back-
ground noise and stray light level with respect to the signal. On top of that
the background and stray light subtraction is determined by the outermost
lateral part of the discharge, but the stray light might differ substantially
when observing regions laterally closer to the center. Another issue is the
possible misinterpretation of line emission as continuum emission. Argon
exhibits many weak lines in the wavelength range of interest which would
lead to a systematic higher "false" continuum emission. In view of chapter 9
that seems likely.

8.5 Summary

Passive optical emission diagnostic methods were employed to determine
the parameters ne and Te. The calibrated emission of several argon transi-
tions was measured and the population of the emitting states was corrected
for their deviation from Boltzmann equilibrium as predicted by a CR-model.
Subsequently the revised distribution of the excited states gives the real elec-
tron temperature. That differs intrinsically from the spectroscopic or slope
temperatures which are obtained directly from the excited states distribution.

The electron-atom momentum transfer cross section is dependent on Te.
Knowing Te the measured continuum emission is processed and via abso-
lute calibration the electron density is determined which is found to peak at
about 2 · 1019 m−3. This method was developed in Iordanova et al. [46] for
a surfatron discharge and in this study it is for the first time applied to a
coaxial microwave discharge in low pressure. The plasma is confined close
to the central quartz tube. For gas pressures above 3 mbar the radial profile
of ne is very similar to a Gaussian profile. These results can be seen as an ex-
trapolation of experiments done by Letout et al. toward higher gas pressures.
They observe much less confinement of ne and additionally higher Te values
at lower gas pressure.

It was shown that this microwave source provides high ne values while
having no plasma-electrode contact. Moreover, the plasma source is very ro-
bust in a sense that the propagation of power is sustained by the plasma and
the central conducting rod. The latter can guide modes without the plasma.
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Combining these facts makes the plasma source suitable for applications with
high requirements in terms of stability and homogeneity. Moreover, we pro-
vide measured radial ne profiles for applications that are sensitive to the
ionization degree.

Simple and non-disturbing methods are sufficient to obtain a precise pic-
ture of the plasma properties. However, for that it is crucial to know how
far the plasma is out of equilibrium and what are the experimental limits. In
depth validation is shown in the next chapter.
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CHAPTER 9

Polydiagnostics on a coaxial microwave plasma

Abstract. A linear extended coaxial microwave design is characterized
by means of Thomson scattering and Langmuir probe measurements. The
plasma source is similar to an extended cylindrical coaxial cable where the
outer conductor is an argon plasma that operates in low pressure, around
1 mbar. Applications are large-scale deposition plasmas. For Thomson scat-
tering a high repetition rate laser system is installed and the scattered pho-
tons are collected by a triple grating spectrograph with high stray-light re-
jection and equipped with an ICCD camera. In the non-coherent regime
the signal is directly proportional to the electron density while the spectral
shape provides the electron temperature. The Langmuir probe system can
also record the electron density and energy distribution. The electron en-
ergy distribution function can be derived from the current drawn by the
probe as function of the applied voltage. In the pressure range under study
both methods have its difficulties, probe currents are altered by a collisional
sheath, while the Thomson scattering system needs higher electron densi-
ties to reduce the errors. By using both methods to cross-validate results,
we obtain a reliable radial profile of the electron parameters in the plasma
as function of pressure and input power. The electron density peaks for
pressure of 10 (800) Pa at about a value of ne = 6 · 1017 (2.8 · 1018) m−3 at a
radial position of 18 (5) mm, so contracting with higher pressure.



Polydiagnostics on a coaxial microwave plasma

9

9.1 Introduction

The main challenge of microwave discharges for industrial applications is to
create high electron and radical fluxes over a large uniform area or volume.
One distinguishes torches, cavities and surface-wave sustained discharges,
which can operate under various circumstances concerning the pressure, ge-
ometry and gas fill chemistry. While torches are difficult to realize in a ho-
mogeneous deposition plasma design, cavities and surfaces waves are not.

The general idea of surface-wave sustained plasmas is the propagation
of the microwave energy along a plasma-surface interface. This results in
an extended plasma volume. However, in order to have an effective power
coupling of microwave radiation to the plasma the plasma density must be
over-dense. Here, dense corresponds to the resonant electron density at which
electrons can follow the microwave field. That is e.g. for a dielectric (quartz)
- plasma interface around ne = 3.6 · 1017 m−3 [22]. However, that also im-
plies that penetration of microwaves is effectively shielded and a strongly
non-uniform plasma perpendicular to the propagation direction is created.
Several surface-wave sustained plasma sources are known, such as the sur-
fatron/surfaguide design or slotted-line antennas [3]. One realization of an
extended surface-wave sustained plasma, the surfatron, is extensively dis-
cussed in part 1 of this thesis. However, one difficulty with the surfatron is
that only curved, dielectric surfaces can be treated by the plasma. To produce
optical fibers, the surfatron-like plasma employed at Draka [6] is beneficial,
but for planar solar cell modules as in [7, 13] it is certainly not.

These issues can be overcome in a coaxial plasma design, also called plas-
maline [26]. This source is basically a coaxial transmission line in which the
plasma is the outer conductor. The inner conductor is a metallic rod that is
surrounded by a quartz tube filled with air at atmospheric pressure. This
line is placed in a vacuum chamber where various gases and pressures can
be applied. The plasma ignites in the outer vessel. In that way the plasma
is separated from the conductor and at the same time the inner conductor
sustains a stable, axially extended, cylindrical plasma. The microwave plas-
maline can be used for deposition of thin films and passivation of layers on
all kind of substrates in variable distances to the plasma [13, 209]. Especially
the possibility of up-scaling in length but also of using multiple systems par-
allel to each other, makes the coaxial plasmaline an advantageous system for
large area deposition or decontamination [210, 211]. Yamada et al. showed
how graphene can be grown on larger scales with such plasma systems [9].
In view of the sparsely available experimental data about coaxial microwave
plasmas further investigations are needed. Previous studies were based on
Langmuir probes or optical emission spectroscopy. Letout et al. [200] deter-
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mined spatially resolved the electron density and temperature in an argon
plasma by probes. In Zang et al. [212] a similar design is studied by probes
and OES, while in a previous study on our device we employed passive spec-
troscopical methods, presented in chapter 8. However, the overall picture is
not well established. Under similar operating conditions we find in these
studies differences in the electron density of one order of magnitude.

In order to gain better insight into the plasmaline we perform Thomson
Scattering and Langmuir probe measurements. The idea is to combine both
for the added value of cross validation and to compensate for disadvantages.
Thomson scattering is a quite precise method, but has a relatively high de-
tection limit for the electron density. Langmuir probes on the other hand can
detect very low number densities of electrons but the interpretation of the sig-
nal is not so straightforward and becomes doubtful at higher gas pressure,
when a collisional sheath has to be taken into account.

9.2 The plasmaline setup

The plasmaline setup consists of a large cylindrical vacuum chamber with
a length of about 1 m and a diameter of 40 cm. The coaxial structure, i.e.
the metal conductor with a diameter of 8 mm enclosed by a fused silica tube
with an outer diameter of 30 mm, is placed in the center. As can be seen in
figure 9.1 the plasma ignites around the quartz tube while the outer wall is
at a sufficient distance, so that it does not interfere. The power is supplied
by two magnetrons, with a maximum output power of 2 kW each, situated
on each end of the coaxial line.

Figure 9.2 gives an impression of the microwave power flux. The mi-
crowaves are guided from the generator at the bottom, passing through a cir-
culator to prevent reflected microwaves to harm the generator, into a rectan-
gular waveguide. There a cone-like structure connected to the central conduc-
tor is placed. Perpendicularly a coaxial waveguide is attached, fed through
a hole in the waveguide wall. The hole has the same diameter as the coaxial
waveguide. The end of the rectangular waveguide is terminated for the mi-
crowave radiation by a movable stub. The latter is adjusted in order to max-
imize the forward power into the coaxial waveguide. The microwaves from
the coaxial waveguide are consequently coupled into the chamber. With no
plasma present, microwaves escape into free space, when a plasma is present
we observe an almost perfect shielding by the plasma. The plasma forms a
self-consistent coaxial transmission cable. At low pressure only azimuthally
symmetric plasmas are found. Several mode conversions occur, microwaves
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Figure 9.1: Impression of an argon plasma in the cylindrical vessel of the plas-
maline setup. On both sides microwave generators and coupling waveguides
are placed. Tube length 1 m.

generator

central rod

coupling cone

vacuum vessel
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stub tuner

power

coaxial waveguide

Figure 9.2: Scheme of the power flux into the vacuum chamber through a
waveguide with a cone-like mode converter.

propagate in a TE mode in the first waveguide, to a TEM mode in the coaxial
guide and finally into a TM-like mode. Surface-wave sustained plasmas in
a cylindrically symmetric geometry are commonly found to be azimuthally
symmetric, TM0n modes [88, 204]. However, depending on the precise ge-
ometry, higher orders than m = 0 cannot be neglected [213]. The coaxial
design has a plasma-free part between the central antenna and the quartz
tube. Here, the wave propagation will continue in a TEM-like way. But,
that is only a first approximation as the surrounding plasma is a dissipative
medium. The Poynting vector neither points completely along the propaga-
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tion axis nor completely in radial direction. In the air-filled tube there will
be a (small) Ez field component and in the plasma an Er component [214].

The vacuum is accomplished by a 2-stage pump system, a rotary vane
pre-vacuum pump backed up by a roots pump. The pre-vacuum is around
p = 0.1 Pa. A gas supply provides feedstock of various gases, among them
argon, hydrogen, and a mixture of argon with 4% silane. The last provides
the input for deposition of thin film solar cells which are typically produced
in H2/SiH4 plasmas1.

9.3 Diagnostics

9.3.1 Langmuir probe

The electrical probe introduced by Langmuir is one of the earliest, reaching
back to the beginning of the 20th century [215], but nevertheless a powerful
and widely used plasma diagnostic. The basic implementation is simple; in-
serting an auxiliary electrode, for instance a wire, in a plasma and apply a
voltage ramp. Consequently the current is measured to record a full I-V char-
acteristic. The main assumption of this active diagnostic is to not disturb the
plasma considerably. In addition, the probe measures time averaged. Con-
trary to RF-plasmas in our microwave system the plasma potential alternates
too fast to be detected by the probe. Still, the plasma, i.e. the input power,
is modulated with e.g. a residual of the grid frequency and therefore not sta-
ble. Consequently good averaging is needed. For that we record an I-V curve
with a typical range of -25 to +25 V in about 400 steps. Each step is measured
10 times and each ramp about 100 times. Measurement time is then about
15 s. An additional software FFT filter omits higher frequency components
in the signal, acting as a low band pass filter [216].

The probe system employed is the APS3 [216, 217]. A fully automated
stepper, voltage supply and read-out unit ensure fast and reproducible mea-
surements. The probe is implemented perpendicular to the coaxial plasma-
line as shown in figure 9.5. The recording of one I-V curve can be in sub-ms
timescale, which defines the maximum time resolution. However, as men-
tioned, averaging over many I-V curves is necessary. The collecting electrode
is a tungsten wire that is in all our measurements 5 mm long and has a radius
of rp = 25 µm, i.e. the radius is much smaller than the length of the probe.
A typical I-V curve is shown in figure 9.3. For a very negative voltage we ap-

1Due to safety issues no pure silane gas was available in our lab.
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Figure 9.3: Smoothed I-V curve recorded in an argon plasma at 1 mbar, P =
400 W, r=5 mm. The first and second derivative are also shown (multiplied
by 10), where the latter is proportional to the EEPF=EEDF/

√
E with respect

to the retarding voltage. The floating voltage equals Vfloat = 10.8 V and the
plasma potential Vplasma = 17.0 V.

proach the ion saturation current and for a very positive voltage we measure
the electron saturation current. In between is the region of retarded electron
current in which a more negative potential repels higher energetic electrons.
There is no sharp transition to be found between the exponential increase of
the electron current and the electron saturation current, the "knee". That is
because the effective collection surface changes. Drawing an electron current
depletes the electron density in the vicinity of the probe and consequently
enlarges the sheath.

In order to interpret the I-V curve we follow the Druyvesteyn
method [218]. Based on Langmuir’s expression of the electron current
Ie ∼

∫

(E − V) fe(E)dE one can derive the electron energy distribution func-
tion fe(E) as a function of the second derivative of the I-V curve in the elec-
tron retardation regime [219]

fe(E) =

√
8meeV

e3Ap

∂2 Ie

∂V2 , (9.1)
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where e is the electron elementary charge, me is the electron mass, V is the
voltage of the probe with respect to plasma potential V = Vplasma − Vprobe
and Ap is the probe surface. To visualize the EEDF usually the electron
energy probability function ge is used. That is derived by ge = fe/

√
E or

for the probe current measurements it reads ge(E) =
√

8me/e3Ap∂2 Ie/∂V2.
Integrating over the non-normalized energy distribution function gives the
electron density

ne =

∞
∫

0

fe(E)dE, (9.2)

and the averaged electron energy, which can be converted into an electron
temperature.

kBTe =
2
3

1
ne

∞
∫

0

E fe(E)dE. (9.3)

However, this relies on the existence of a Maxwellian equilibrium distribu-
tion, while (9.2) does not depend on that. In order to determine Ie, the ion
current, Ii, has to be subtracted. The measured current I is fitted in the
negative voltage branch according to [216]

Ii = −const(Vplasma − Vprobe)
a, (9.4)

where a is a free fitting parameter (around 0.5). Vplasma is the plasma potential
defined as the point at which plasma and probe have the same potential, i.e.
at this potential no sheath is formed around the probe. Experimentally we
find Vplasma in first approximation by the turning point of the current, so a
maximum of the first derivative of the I-V curve, see figure 9.3.

As nicely described by Godyak [219] it is quite impossible to obtain the
EEPF by probes at pressures above 0.4 mbar. Collisions in the sheath increase
the resistance for the current to the probe and to the vessel wall. That can
be seen by the "Dryuvesteynization" of the EEPF [219] in figure 9.4. The
meaning of that is that the apparent EEPF shape reminds of a Druyvestyen
distribution. However, that is purely an artifact of the measurement and not
a plasma feature. Especially pronounced is that effect at the plasma potential,
where the probe-sheath resistance is minimal. For that reason we do not use
equation (9.3) to determine Te but the slope of the EEPF in log-scale. That
could be fitted in all experiments reasonably well with a linear function, see
figure 9.4.
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Figure 9.4: Measured electron energy probability functions ge on a logarith-
mic scale for two different pressures. The low energy part is distorted by the
collisional sheath and the high energy tail obscured by noise. Between these
regions a linear slope can be fitted and that gives Te.

9.3.2 Thomson scattering method

The basic concept of laser Thomson scattering is explained in the introduction
in chapter 2. The experimental specifications are as follow; For the laser
scattering we use a high repetition rate (5 kHz) frequency-doubled Nd:YAG
laser system at 532 nm. The laser output power is about 20 W, i.e. 4 mJ per
pulse. The laser is aligned perpendicularly to the coaxial tube and can be
moved in lateral direction, see figure 9.5. The scattered laser light is collected
by lenses, transferred by an optical fiber and refocused into a triple grating
spectrometer (TGS). As the photons at the laser wavelength are unwanted
and exceed usually every other signal, two gratings and a mask are designed
to work as a notch filter at the laser wavelength. The third grating constitutes
a spectrometer and for collection an Andor iCCD is mounted [56,58,64]. The
fiber connection between plasma setup and TGS was necessary because of
limited laboratory space. However, that allows us now to perform TS at any
distance and position provided by the optical fiber.

The critical issues with TS are the small scattering cross section and the
strong stray light. The first is overcome without losing much spatial reso-
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Figure 9.5: Scheme of the cross section of the coaxial microwave plasma setup
combined with a Langmuir probe and a Thomson scattering diagnostic sys-
tem. The latter is composed of a laser beam and a detection branch for the
scattered light. The laser is focused into the plasma at different lateral po-
sitions. The observation is always kept perpendicular to the laser trajectory.
A triple grating spectrograph equipped with an ICCD records the scattered
photons. The probe is a fully automated system mounted to a movable stage
with about 20 cm path length.

lution by using the largest possible solid angle (around 0.6 sr) for light col-
lection and by having highest laser power. The collection volume given by
the lenses and the laser beam is about 0.1 mm×0.1 mm×2 mm. The second
issue has to be tackled by a clear laser beam shape and stray light filtering.
For the beam shape we employ pinholes along the beam path and a beam
dump behind the chamber. As the observation direction points toward the
central quartz tube, see figure 9.5, there is always a large amount of directly
scattered laser photons present in the signal. Figure 9.6 shows that the laser
stray light even after reduction by the TGS exceeds the Thomson scattering
signal. In order to reduce the noise, each spectrum requires accumulation of
about 8 000 000 laser shots in order to reach a detection limit of the electron
density of about 3 · 1017 m−3. It is clear that by having such long integration
times also the plasma light emission, mostly continuum emission, contributes
significantly to the raw data and has to be subtracted. The final TS data is
shown with a Gaussian fit.
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Figure 9.6: Signals detected by the iCCD from the coaxial plasma at 6 mbar ar-
gon. In order to identify the residual Thomson scattering signal the laser stray
light and plasma light have to be subtracted from the raw signal. Although
the laser wavelength of 532 nm is filtered out largely by the TGS a very strong
signal remains in the raw data.

9.4 Results

The investigation of the coaxial plasma starts with an observation of the
argon plasma emission. In figure 9.7 the pressure dependent change of
the emission profile is shown. At higher pressure the plasma surround-
ing the coaxial plasma tube is more confined while at very low pressure
(p < 0.05 mbar) the discharge turns into a diffuse bulk plasma. That is be-
cause the electron density is insufficient to absorb the microwaves and part
of the radiation leaks through the plasma. At higher pressure (p > 0.1 mbar
in argon) the discharge is sustained by a surface wave and confined to the
central tube. This confinement is enhanced when the pressure is further in-
creased. There are no microwaves escaping in the radial direction anymore.
Above 5 mbar contraction-related phenomena can be observed starting from
the launching structure.
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Figure 9.7: Pictures of the emission from an argon plasma for different gas
pressures.

9.4.1 Temporally resolved plasma parameters

Measurements of the plasma with photodiodes and power detectors reveal
an uncontrollable self pulsing of the power supply and the plasma. The in-
put power amplitude is modulated to about 80% (depending on the input
power) at a frequency of 50 kHz. However, it was found that neither fre-
quency nor amplitude is very stable. The latter is due to superposition of a
weaker 300 Hz modulation, a residual from the power frequency. The cause
of the 50 kHz modulation is unclear. The high frequency cannot be caused by
intrinsic magnetron microwave patterns, but points to unwanted oscillations
in the power supply, maybe by a switch mode power supply.

In order to study these temporal features we performed time-resolved TS
measurements. Te and the light emission follow the temporal power shape,
shown in figure 9.8. That is in agreement with models that show that the
decay of Te is sufficiently fast and in the order of 2.5 µs at 6 mbar [150].
Furthermore, ne shows little modulation at 1 mbar and at high gas pressure
of 8 mbar the electron density is almost constant. That means the losses of
electrons by diffusion and recombination are much slower than the 20 µs
duration of the power pulse. The detection limit of ne in combination with
the big jitter of the power modulation is the cause of the large error bars
on Te and ne. The thick dashed lines are the time-averaged values. In the
following we only consider time averaged measurements for the probe and
TS. That is more or less correct for the electron density, however, the electron
temperature responds non-linearly to the microwave power. Te averaged
over an effectively "hot" and "cold" plasma is much lower than a comparable
Te(cw)-value, which would be necessary to create the same plasma density.
The latter would be around 1.1-1.5 eV for the parameters in figure 9.8, which
is close to the highest value of Te. That is due to the strong exponential
behaviour of the ionization rate as function of the electron temperature in
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Figure 9.8: Results of ne and Te obtained by time-resolved TS in a coaxial mi-
crowave plasma in argon at A) 1 mbar and B) 8 mbar. Input power 400 W. As
comparison the light emission of Ar(4p) is shown. The dashed lines represent
the averages of ne and Te.

the plasma. In the following we will consider only time averaged results.
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9.4.2 Spatially resolved Probe measurements

Using the described Langmuir probe technique we scanned the radial profile
of an argon plasma as a function of the gas pressure. In figure 9.9 the results
are presented for the electron plasma parameters. The outer wall of the
quartz tube is located at r = 15 mm. The electron density shows a slight
increase from 5 · 1017 to 7 · 1017 m−3 and contraction for higher pressure. That
agrees with the plasma confinement observed by light emission [32]. The
peak of electron density supersedes the resonant density that is necessary to
form a surface wave in all measurements. The electron temperature is flat
in the volume with always about 0.8-1.5 eV. Close to the quartz tube we find
a strong increase of Te, which reaches up to several eV. It should be kept in
mind that the presented results are smoothed and additionally intrinsically
averaged over the wire length of 5 mm.

The axial trend of the electron gas could not be studied in great detail but
only at two axial points. We simply note that the electron density decreases
away from the power input as commonly found in surface-wave sustained
plasmas. The decrease is steeper for higher pressure but less steep for higher
power, as shown in figure 9.10. The latter is due to the enhanced conductivity
of the plasmaline and thus the better power transmission at higher power lev-
els. The presented findings agree quantitatively with previous measurements
on similar systems [200] and simulations performed by Rahimi et al. [214].

9.4.3 Comparison with Thomson Scattering and Discussion

In order to evaluate the probe results critically we compare them to results
from Thomson scattering. The electron density and temperature are mea-
sured in an argon plasma at roughly the same axial position (z=12 cm) as
the probe is situated (z=10 cm). Results of ne for several radial positions and
pressures are shown in figure 9.11. For the pressure dependence we observe
contraction as in the probe results and a steep increase with pressure of the
peak value. Dashed lines indicate the areas not accessible by TS because of
a too high amount of stray light in comparison with the too low TS signal.
That prevents an efficient study of lower pressure regimes (<1 mbar) but also
of the region close to the quartz tube.

To compare the results from this poly-diagnostic approach one plot shows
the radial distribution in figure 9.12 and another plot the peak value and
radial position of the electron density in figure 9.13. The error bars make
clear that Thomson scattering is only reliable at higher electron density
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Figure 9.9: Electron density obtained from the probe measurements by inte-
grating over the EEDF according to equation (9.2) and electron temperature
obtained by the slope of the EEDF. Axial position Data are smoothed over
5 points covering 5 mm. Error bars are not shown; about 5% by statistical
noise plus 10% from systematic effects.

ne > 5 · 1017 m−3. That means in our current system no cross validation at
lower pressures is possible. One expects that probe results are more reliable
for low pressure, when the electron and ion current is in theory correctly
described by Langmuir’s theory2. The main criterium for that is that the
probe is not intrusive. That is true as long as the probing current and the
perturbation of the driving microwave field are small. The latter implies
that for instance measuring in the region closer than 3 mm from the tube
at 3 mbar, where a significant total field strength exists according to [214],
disturbs the plasma. Moreover, in lower pressure the skin effect is weaker,
so that the non-intrusiveness is not guaranteed when the probing wire is
closer than 5 mm, at very low pressure (<0.1 mbar) maybe 10 mm. The
other issue concerning the current drawn by the probe, means that the over-
all resistance of the probe has to be much smaller than the one to the vessel
wall. In other words, collisions in the sheath should not alter the measured
current and plasma potential. Based on that a criterion can be found that
for collision-free probe measurements the sheath thickness must be larger
than the ion mean free path3 ds > λi [220]. With ds ≈ 5λDebye, we find

2Also called orbital motion limit (OML) theory.
3The ion mean free path is usually smaller than the electron mean free path and therefore
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Figure 9.10: Peak value of the electron density from the probe measurements
at two axial positions for argon at A) different gas pressures and B) different
input power. Dashed lines are only for estimating the slope.

ds(Te =5 eV, ne = 1017m−3) ≈ 50 µm; equal to λi at about 1.0 mbar, using an
ion-neutral cross section of 10−18 m2 [111]. However, that means that the
movement of charges in the sheath is already hindered at much lower pres-

taken here.
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Figure 9.11: Radial Thomson scattering measurements of ne for several con-
ditions. Contraction for higher pressure can be observed. The dashed lines
indicate inaccessible conditions, either by too low electron density values (hor-
izontal) or by too much stray light (vertical).

sure than 1 mbar and may alter the results. It should be kept in mind that
this is a very simplified calculation, as the sheath thickness changes with the
bias voltage and electron parameters.

In our experiments we find that at 1 mbar the electron density by the
probe method is systematically 10% lower compared to TS, increasing to
about a factor of 2 at 2.5 mbar, see figure 9.13. This problem of collisional
probe measurements was studied extensively [219,221–223] and it is found by
a kinetic approach that the deviation of the probe current in the collisional
regime is a function of the Knudsen number rp/λ, where rp is the probe
radius and λ the mean free path. This becomes more clear when we con-
sider under which conditions the orbital motion limit is fulfilled. To have a
undisturbed trajectory of a particle approaching the probe, the free trajectory
length, proportional to λi

4, must be larger than the orbit size, proportional
to rp. For a probe embedded in a collision-free sheath rp/λi ≪ 1, the OML
treatment is correct. In our case we find rp/λi ≤ 1, which leads to a correc-
tion on the electron current that has the form Icoll

e = 1/(1 + rp/λi)Ie
5. The

factor (1 + rp/λi) is about 1.06 for 0.2 mbar and 1.75 for 2.5 mbar. Taking

4Because of λi < λe the more strict criteria is given by the ion mean free path.
5Strictly speaking that is only true at the plasma potential, for arbitrary probe voltages

only numerical solutions exist [223, 224].
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Figure 9.12: Comparison of the radial results of electron density and tem-
perature with the two diagnostics. Errors on probe results are about 15%.
Te is found systematically lower by TS. For ne good agreement is found for
p ≤ 1 mbar.

these factors into account we find reasonable agreement between the probe
and the Thomson scattering experiments in figure 9.13. We can conclude
that the probed current is changed systematically by collisions, such that at
0.5 mbar the shift is already in the order of the error bars on the electron
density and has to be taken into account.

The electron temperature matches fairly for the two methods for all pres-
sures and positions, except very close to the quartz tube. However, a system-
atically lower Te is measured by the probe. Systematic effects related to the
measurements, which are averaged in time, could be responsible for that. As
was mentioned, a 300 Hz and a 50 kHz power modulation is present. Both
methods average over these modulations, however, the question is whether
this averaging results in precisely the same way.

The very high Te at the quartz tube, especially at lower pressure is difficult
to evaluate. From a simple particle and energy balance point of view it makes
sense to have a higher Te in the presence of a stronger EM-field and at the
position where the diffusive losses to the tube are the highest. That was also
shown in a 2D self-consistent model [214]. Te at the tube was calculated to
be roughly double compared to the value at the position of the radially more
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Figure 9.13: Radial position and value of the peak in electron density as a
function of gas pressure by TS and probe measurements. The radial distri-
butions were smoothed to determine the presented values. Confinement at
higher pressure scales roughly with 1/p. The actual value of ne is not con-
sistent between both methods and a factor (1 + rp/λi) is used to describe the
lower electron current of the probe at higher pressure.

distant ne peak. Also, at lower pressures the penetration of the EM-field is
higher, because there is less shielding at lower electron density. That can be
recognized in figure 9.9.

One open question is whether the presence of the microwave EM-field
has an influence on the probe measurements [225], or phrasing it differently,
whether an electron temperature of up to 5 eV measured by the probe in
vicinity of the tube is realistic. That goes along with the main assumption
that the probe is non-intrusive and does not alter the field configuration.

9.5 Conclusions

The combination of plasma diagnostics is shown to be of great help and need
to identify shortcomings of individual diagnostic methods. That issue is il-
lustrated for instance by the large discrepancy of the results of the electron
density between this and the previous chapter. It appears that optical emis-
sion in chapter 8 provided a much too high electron density. That is probably
due to line emission falsely accounted for being continuum emission, as the
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first is much stronger in the plasma. The electron temperature was found to
agree between the previous and this chapter.

Thomson scattering is a very reliable method as it needs no assumptions
about the plasma to interpret the scattering signal. In an isotropic plasma
also the EEDF can be obtained directly. However, in the present study one
of the shortcomings is the inability of TS to detect very low electron den-
sities. That is, not without considerable investment in equipment, such as
a higher laser power and larger achromatic lenses and gratings in the TGS.
Opposite to that, Langmuir probes are relatively easy to set up, however, the
interpretation of the results is difficult. In the collision-free limit the EEDF
can be probed for quite high electron energies and thus the results for elec-
tron density and temperature are reliable. However, the electron density and
EEDF at higher pressure and the electron temperature in the presence of
strong EM-fields need careful treatment. For the first issue, we showed that
a simple factor based on the ion Knudsen number (1+ rp/λi), adopted from
literature, can describe the apparent reduction of Ie by a collisional sheath.
For the second issue, we should not look to the numerical integral of the
EEDF only, but we have to verify for each plasma condition that at least a
partial Maxwellian distribution is present, which fits to a Boltzmann plot. By
these means a precise radial profile of the electron parameters in this coaxial
microwave plasma is found and verified.
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CHAPTER 10

Optical emission spectroscopy on a hydrogen

coaxial microwave plasma

Abstract. A hydrogen coaxial microwave plasma configuration is studied
by means of optical emission spectroscopy, more specifically by the line ra-
tios of atomic and molecular emission, Hα, Hβ and H2(d) (Fulcher). With
a combination of line ratios the electron temperature and density and the
dissociation degree of hydrogen are estimated by a simplified rate equa-
tion. The three unknown plasma quantities require at least three line ratios.
Emission arising from the molecular versus emission from the atomic sys-
tem provides the dissociation degree via the excitation cross sections. The
electron density enters the rate balance via depopulation of the atomic n=4
or higher states. It will be shown that the coaxial plasma at 1 mbar and 1 kW
input power has a molar fraction of atomic hydrogen of up to 40% that is
quite homogeneous spread along the plasma axis. The electron density is
found to be around a few 1017 m−3 decreasing along the axis, while the
electron temperature is rather flat and equals 1.2-1.4 eV. These results are
compared to a 2D model, which was found to exhibit very similar trends.
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10.1 Introduction

Hydrogen plasmas are very common and a basis of many industrial plasma
processes. For instance in semiconducting oxides, hydrogen can be an im-
portant, intended or unintended dopant [226]. In the production of diamond
related films the fraction of hydrogen plays an important role in the film
properties [227]. Another example is fusion research, where hydrogen and
hydrogen-isotope plasmas are omnipresent. An interesting application is
the heating of fusion related plasmas by injection of neutralized negative
ions [228]. Also in deposition systems for thin film solar cells by a SiH4/H2
plasma the understanding of the hydrogen component is crucial. For a typi-
cal silane fraction of below 5% the main plasma properties such as diffusion
and gas heating are ruled by hydrogen. Moreover, when growing crystalline
silicon in these plasmas the layer properties depend strongly on the hydrogen
atom/ion bombardment [229].

For the hydrogen plasma applications the molar fraction is an important
quantity, such that many studies on various deposition-related plasmas were
devoted to that. Studies were carried out on expanding thermal arcs [230],
inductively coupled RF plasmas [231] or microwave plasmas in cylindrical
applications, as the surfatron [232] or surfaguide [72] and in planar applica-
tions [233].

High plasma densities and deposition rates can be achieved by microwave
plasmas. However, due to the self-shielding of microwave radiation by the
overdense electron density in a plasma it is difficult to obtain a homogeneous
plasma perpendicular to the wave propagation. Here, overdense refers to
higher than the resonant electron density for transmission of an EM wave
at a given frequency. One partial solution is the plasmaline design [26]. A
coaxial microwave transmission line is used where the outer conductor is re-
placed by the plasma. The central antenna is separated from the low pressure
plasma by a dielectric tube. As the plasma behaves as a "lossy" conductor, an
extended plasma cylinder is created with a slight decrease in plasma density
away from the launcher. Two microwave input power systems on both ends
of the coaxial line can partly compensate this decrease [209].

A common plasma diagnostic in hydrogen plasmas to detect the dissoci-
ation degree is optical emission. That can be done by means of actinometry
or line ratios [231, 232, 234]. These methods are low in experimental demand
and, as will be shown, one can equipped with the theoretical background
easily obtain an overview of the plasma trends. In addition, cross validations
are necessary and rely on temporal and spatial more precise methods, as e.g.
on two-photon absorption laser induced fluorescence. However, that requires
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demanding equipment and still some additional knowledge, as e.g. for LIF
the quenching rates of the detected fluorescent state are crucial [233]. An al-
ternative is the comparison with numerical simulations that will be provided
at the end of this chapter.

10.2 Setup and Experiments

The plasmaline setup is the same as employed in chapter 9. It consists of a
large cylindrical vacuum chamber with a length of about 1 m and a diameter
of 40 cm. A metal conductor with a diameter of 8 mm enclosed by a fused
silica tube with an outer diameter of 30 mm is placed in the center. Around
the quartz tube the plasma ignites. The power is supplied by two magnetrons
each with a maximum power of 2 kW, situated on each side of the coaxial line.
The hydrogen plasma is operated at pressures of 0.05 < p < 100 mbar. The
lower limit is determined by a minimum electron density to form a surface
wave and at the upper limit the gas heating is too strong and the quartz tube
might break.

The beam of light from the plasma is formed by pinholes and imaged
onto two different spectrometers, see figure 10.1, a high resolution double
Echelle monochrometer (DEMON) for details of the H2(d)-spectra, and a low
resolution but high throughput spectrometer (Avantes). While the first has
a very small instrumental profile of about FWHM = 6 pm @ 600 nm, due
to its moving parts it is difficult to calibrate it relatively, e.g. ghost lines
can occur. The DEMON has therefore been used only for measuring the
narrow bandwidth range of the rotational band of H2(d) to determine the
gas temperature. The line ratios, i.e. the relative intensity of Hα, Hβ and
H2(d,2) was found to be more reliable with the Avantes spectrometer with a
FWHM of about 1.5 nm @ 600 nm. It has to be noted that the rotational lines
of H2(d) are not resolved with the latter system. In order to cope with that
an envelope of the rotational lines is fitted. Knowing the instrumental profile
and the gas temperature from the high resolution measurements 10.3, it is
possible to account for the overlapping line shapes. A spectrum of the H2
plasma is given in figure 10.2. The emission is dominated by atomic (Balmer
series) and molecular emission.
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Figure 10.1: The coaxial microwave setup. Cross section view with the line of
sight emission spectroscopy setup. A housing surrounds the plasma.
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Figure 10.2: A spectrum of the H2 plasma at 0.13 mbar pressure and 1 kW
input power at z=19 cm from the powered launcher. Along with atomic hy-
drogen emission several molecular systems are present.
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10.2.1 Emission from the plasma

The spectral intensity of an atomic emission transition can be expressed as

Iν(u, l) = nu Au,lhνu,l
∆Ω

4π
(10.1)

where nu is the emitting population, Au,l the transition probability and hνu,l
the energy between levels u and l. The observational solid angle is ∆Ω. In
case of transitions between molecular excited states, A is a combination of
rotational (J, J′), vibrational (v, v′) and electronic transitions:

Au,l,v,v′,J,J′ =
64πν3

3h
Au,lQv,v′SJ,J′ (10.2)

where ν is the transition frequency Qv,v′ the Franck-Condon factor and SJ,J′

the Hönl-London formula. Note that this formulation requires that the
rotational-vibrational interaction is negligible so that S and Q are mutually
independent. That is true for the H2(d) state [235].

10.3 Emission of H2(d)

Before we can enter into the line ratio methods, the gas temperature in the
plasma zone has to be known. That is important as the temperature rules the
rotational distribution and, moreover, the ground state density via the ideal
gas law. A common technique for that is to measure the rotational emission
distribution. The energy gaps between the rotational levels are small and
comparable to the thermal energy of the heavy particles. For instance hydro-
gen has ∆Erot/kB < 450 K for ∆J = 1 and small J numbers. That implies that
if collisions with the background gas particles are abundant an equilibrium
according to a Boltzmann distribution can be established.

The definition of S in equation (10.2) already expresses the total branching
of the radiation from a state J to a state J′ taking the different statistical
weights into account. S in that notation for the H2(d) Q-branch (J = J′) is
then given by [230]

SJ =
1
2
(2J + 1)(2N + 1), (10.3)

where N = 0 for even J and N = 1 for odd J values. The term (2N + 1)
denotes the statistical weight, which is 3 or 1, according to the triplet or
singlet state of the hydrogen molecule. In the case of a rotational Boltzmann
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Figure 10.3: A) Enlarged spectra of the H2 plasma at 0.13 mbar pressure
and 1 kW input power at z=19 cm from the powered launcher. The first five
rotational transitions of the Q branch J = 1 − 5 for the vibrational transitions
v− v′= 0-0,1-1 and 2-2 are marked with crosses. B) the intensity of the Q-peaks
as function of the respective rotational energy level. The fitting is proportional
to 1/Trot. Deviations from a single slope are found for high rotational number
J ≥ 5 or higher vibrational states v ≥ 2.

equilibrium, the density of state u, v, J is related to the density of state l, v′, J′
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by the Boltzmann factor exp(−∆E/kBTrot). Using that, S, equations (10.1)
and (10.2) we arrive at

ln
(

Iν

ν4SJ

)

= − ∆Erot

kBTrot
+ const. (10.4)

∆Erot is the energy difference and a function of J according to
∆E = B(d)J(J + 1). B(d) is the rotational constant of the emitting state H2(d).
The term "const" on the rhs denotes all contributions that are independent of
J, such as Au,l , Qv,v′ . The latter two terms mean that the transitional proba-
bility and Franck-Condon factor are independent of the rotational level [236].
As no interaction between rotational and vibrational excitation is assumed,
this formula is applied to different v states shown in figure 10.3. The enlarged
spectra of a typical hydrogen plasma at 0.13 mbar shows the Q-branches for
the v − v′= 0− 0, 1− 1 and 2− 2 transitions. Higher rotational numbers than
J = 5 could not be detected. Due to their low intensity it is also difficult to
correctly assign higher v − v′ branches. From the so-called Boltzmann plot
in figure 10.3B one obtains a rotational temperature with equation (10.4).

In the corona balance of plasma excitation, the density of the H2(d) is
only determined by excitation from ground state and radiative decay. This
assumption is true if the electron density is low and the electron tempera-
ture sufficiently high. Furthermore, in the case of a corona discharge at low
pressure the heavy particle collisions are not fast enough to redistribute the
internal population distribution during the radiative lifetime of the excited
state. In short: the rotational relaxation time is longer than the lifetime. That
is different for long-living ground or metastable states. Therefore, the H2(X)
ground state is assumed to have a rotational distribution according to the gas
temperature. If every excitation of H2(d) from ground state is assumed to be
directly followed by radiative decay, so the corona case, the excited H2(d)
states mirror the rotational distribution of H2(X) in a low pressure plasma.
As the rotational constants are different for these two levels, the rotational
temperature is accordingly

Tg ≈ Trot(X) =
B(X)
B(d)

Trot(d) ≈ 2Trot(d), (10.5)

where B(X) and B(d) denote the rotational constants of the states H2(X) and
H2(d) respectively. A more extended discussion of the (de)population of
H2(d) can be found in section 10.4.2.

In that way a gas temperature is obtained and shown in figure 10.4. Val-
ues around 1000 K are found with a slight increase with pressure. However,
a metal housing in the vicinity of the plasma is not much more heated than
Twall = 480 K. That is because of the low thermal conductivity of the gas.
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Due to its large mass and surface the outer plasma chamber is much cooler,
with at most 320 K.
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Figure 10.4: Gas temperature of the hydrogen gas as determined by the rota-
tional distribution of the Fulcher band (v − v′ = 0 − 0 and 1 − 1) in a coaxial
setup with 1 kW input power and different pressures at two axial positions.
The rotational distribution of H2(d) is assumed to mirror the distribution of
the ground state, while the latter is representative for the gas temperature.

10.4 Line ratios

10.4.1 Atomic hydrogen rate balance

As the plasma optical emission is dominated by atomic and molecular radi-
ation, it is straightforward to study the dissociation degree of hydrogen, i.e.
the fraction of the atomic hydrogen in the plasma. In order to do that we will
start with rate balances for the respective species. The states of the Balmer
series nH(n=x) with x > 2, writes

∂nH(n=x)

∂t
= nenHk1,x(Te) + nenH2 kdiss(x)(Te) + nenH+

2
kDR(x)(Te)

−Ax,2nH(n=x) − nenH(n=x)ke−quench(Te)− nH2 nH(n=x)kH2−quench(Te), (10.6)
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where the first three source terms on the right sight denote the electron exci-
tation from ground state, electron impact dissociation and electron dissocia-
tive recombination (DR), respectively. The three loss terms are radiation to
n=2 and the last two terms are summarizing all electron and heavy particle
induced depopulation reactions. Stepwise excitation is neglected. The penul-
timate term is usually dominated by electron impact excitation to n’=n+1,
while super-elastic de-excitation to n’=n-1 is slower. We will confine the dis-
cussion to the first type of reaction rates.

The cross section for the direct excitation [first term in equation (10.6)]
is well studied in theory [237–239]. Experimental investigations are more
sparse. That is especially true for the interesting energy threshold behavior.
In the work of Walker and John [240] one can find cross sections for direct
excitation of n=3-7, however, with the smallest electron energy of 20 eV. That
is far above the threshold and above our mean electron energy. Even less is
known for (de-)population between excited states, as it is extremely difficult
to have a stable source of these states with a known density. Consequently, in
this study semi-empirical cross sections or reaction rates from [235, 237, 241]
are used. In case that the cross section σ(E) is given, the rate is obtained by
convolution with a Maxwellian EEDF with a temperature Te according to

k(Te) =
2
√

2√
πme

(kBTe)
−3/2

∞
∫

0

σ(E)E exp
E

kBTe dE (10.7)

The rates for k(1),(3,4,5), kdiss(3,4), kDR(3), k3,4 and k4,5 are shown in figure 10.5.

In order to define the electron quenching term we have to look at the
specific states. In case of n=3, the Hα emitting state, the largest electron
quenching rate is k3,4 with 1.8 · 10−12 m3s−1 at Te = 2 eV. Multiplied with an
electron density of 1017 m−3 (chapter 9) gives a loss frequency of the atomic
n=3 state of 105 Hz, that is much smaller than the radiative loss frequency,
which is A3,2 = 4.4 · 107 Hz. However, in case of n=4, the Hβ emitting state,
we find with Te = 2 eV that k4,5 = 9 · 10−12 m3s−1, so that the quenching
frequency is about 106 Hz, while the radiative loss occurs with 8.4 · 106 Hz.
That means e-impact accounts for more than 10% of the losses and this has
to be taken into account, especially as ne can be higher in the plasma center.
Other depopulation channels of n=4 to lower or higher states contribute only
with about 105 Hz. To summarize, electron quenching toward n’=n+1 for n=4
and higher has to be included. It should be kept in mind that this statement
changes with higher or lower ne values. For instance in the study by Qing
et al. [230] the electron quenching term was neglected. That is because they
found a lower ne value in the expanding thermal arc.
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Dissociative recombination of H+
2 is known to populate mostly H(n=3)

[242]. The channels of producing H(n=2,4) or higher have at least an order of
magnitude smaller reaction rates. For n=3 one obtains with kDR(3)(2 eV) =

3 · 10−14 m3s−1 and molecular ion density of at most nH+
2
≤ ne = 1017 m−3

a populating reaction rate in the order of 1020 m−3s−1. That is very small
compared to the creation by direct excitation and can be neglected. The
latter is about nenHk1,3(2 eV) ≈ 1022 m−3s−1 at p = 0.1 mbar and an atomic
hydrogen fraction of 33%. Note that at such high dissociation degrees in
combination with electron energies of a few eV also the dissociation rates
kdiss(3,4) are quite small.

However, the heavy particle quenching, i.e. the very last term in equa-
tion (10.6), can be of importance. Based on [243, 244] the quenching rate
coefficient is kH2−quench(800 K) ≈ 2 · 10−15 m3s−1. Consequently, in the up-
per limit of the pressure of our measurements (1.2 mbar), the quenching
frequency equals nH2 kH2−quench ≈ 2 · 10−15 · 1022 = 2 · 107 Hz. That is a
significant loss term for Hα and should be taken into account for higher pres-
sures. However, as line ratios are used, the effect of heavy particle induced
depopulation is largely compensated if the rates are similar. Therefore its
contribution is neglected in the present study to simplify the calculations.

The discussed simplifications allow to set up two simple rate balances for
the hydrogen n=3,4 states in steady state conditions (∂/∂t = 0)

nenHk1,3(Te) + nenH2 kdiss(3)(Te) = A3,2nH(n=3) (10.8)

and

nenHk1,4(Te) + nenH2 kdiss(4)(Te) = A4,2nH(n=4) + nenH(n=4)k4,5(Te). (10.9)

The terms have the same meaning as in equation (10.6).

10.4.2 Molecular hydrogen rate balance

Similar to the atomic hydrogen, the excited molecular hydrogen density is
deduced from a rate balance. A well known system that emits in the visible
range is the transition H2(d) −→ H2(a), also called Fulcher band. For the
density of the upper state H2(d) the rate balance reads

∂nH2(d)

∂t
= nenH2 kX,d(Te)− Ad,anH2(d). (10.10)
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This rate balance is simplified for several reasons. First, the cross sec-
tion for electron and heavy particle quenching are not well known, so only
rough estimations for instance on the GBB model presented in [245] are
possible. However, it appears that none of these processes are faster than
the radiative decay in our pressure and electron density regime. For in-
stance the ionization rate of H2(d) by electron impact has a rate that equals
kd−ion(2 eV) ≈ 2 · 10−13 m3s−1, based on cross sections given in [237]. By
using ne = 1017 m−3 a depopulation frequency of H2(d) of 2 · 104 Hz is ob-
tained, compared to the radiative loss of Ad,a = 2.5 · 107 Hz [246]. A similar
reasoning for heavy particle quenching leads to a depopulation frequency
that is below 10% of the radiative loss frequency. Therefore, the balance is
reduced to direct excitation and radiative decay only. However, this assump-
tion has to be rechecked carefully for different pressures. Higher pressure
provides not only higher electron density, but also a higher heavy particle
collisions rate.

The work by Janev et al. [237] summarizes the studies of excitation from
ground state to H2(d). The work of Lavrov et al. [235, 247] covers a de-
tailed discussion about the electron impact excitation rate from ground state
H2(X, v, J) to the level H2(d, v′, J′) for the target rotational level J′ = 1 and
vibrational level v′ = 2 that will be used here. For that several assumptions
are made; such that no rotational mixing occurs during excitation (J = J′)
and the initial vibrational state is v = 0. All that leads to the rate for
H2(X, 0, 1) −→H2(d, 2, 1) for excitation shown in figure 10.5. To obtain a
simplified nH2 kX,d-term as in the balance (10.10) the excitation rate needs
to be expressed in terms of total H2 density. Taking into account a Boltz-
mann distribution of the rotational low lying states and the fact that the
ground state of hydrogen is composed of singlet and triplet states, the total
ratio of H2(X, 0, 1)/H2 can be expressed as a function of temperature η(Tg)
as given in [235]. Taking the gas temperature from section 10.3, one finds
η(1000 K) = 0.32.

10.4.3 Applied line ratios

The previous section was devoted to the rate balances that lead to densities of
excited (radiative) states. As emission spectroscopy determines the density
of H(n=3), H(n=4) and H2(d,2,1) the unknown ne, Te, nH2 and nH are left,
according to equation (10.8), (10.9) and (10.10). If the last two quantities are
combined in one ratio K = nH/nH2 , three unknown quantities are left. That
means three line ratios are needed to solve the problem. Using Hα, Hβ and
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Figure 10.5: Various rate coefficients for electron impact reactions in a hydro-
gen plasma as a function of the (Maxwellian) electron energy. One can see,
that for instance the influence of electron impact dissociation of H2 and of dis-
sociative recombination of H+

2 on the population of excited atomic hydrogen
is negligible at high dissociation degrees.

H2(d,2,1) and the according ratios gives

Iα

Iβ
=

nH(n=3)A3,2E3,2

nH(n=4)A4,2E4,2
=

(Kk1,3 + kdiss(3))(A4,2 + nek4,5)

A4,2(Kk1,4 + kdiss(4))

E3,2

E4,2
(10.11)

Iα

IQ1(2,2)
=

nH(n=3)A3,2E3,2

nH2(d,2,1)A(d,2),(a,2)Ed,aη(Tg)
=

(Kk1,3 + kdiss(3))

A(d,2),(a,2)A−1
d,akX,dη(Tg)

E3,2

Ed,a

(10.12)

Iβ

IQ1(2,2)
=

nH(n=4)A4,2E4,2

nH2(d,2,1)A(d,2),(a,2)Ed,aη(Tg)
=

(Kk1,4 + kdiss(4))A4,2

(A(d,2),(a,2)A−1
d,akX,d)(A4,2 + nek4,5)η(Tg)

E4,2

Ed,a

(10.13)

Note that A(d,2),(a,2) is not equal to Ad,a as the first is the transition probability
for Q1(2, 2) and the latter gives the total radiative lifetime of the H2(d) state.

The method to solve this practically can be as follows. The measured line
ratio of equation (10.12) is used to determine the function Kα(Te). Using the
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measured ratio and equation (10.13) gives also a function Kβ(Te, ne) but now
the electron density is varied until the two functions agree. ne is found in
that way. That is shown in figure 10.6 for a typical plasma at 0.1 mbar with
input power 1 kW. Experimentally the line ratios equal Iα/IQ1(2,2) ≈ 52 and
Iβ/IQ1(2,2) ≈ 8. The final step is using the obtained Kα(Te), ne and a third
measured line ratio in equation (10.11) to solve K. Note that the influence

1 2 3 4 5 6
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
1.6

K
 =

 H
/H

2

T
e
(eV)

Hb/H2Q1 with ne [m
-3]

 0  
 1.6 1017

 2 1017

 2.5 1017

 3.2 1017

 4 1017

 5 1017

 6.3 1017

 7.9 1017

 1 1018

 H /H2Q1

ne

Figure 10.6: The procedure for z=19 cm in the 0.1 mbar plasma. The function
Kα(Te) based on Iα/IQ1(2−2) ≈ 52 is shown (dashed). Comparison is made to
Kβ(Te, ne) based on Iβ/IQ1(2−2) ≈ 8 by means of varying ne till agreement is
found. Note that never a perfect agreement of the shapes of the two curves
is possible which points to uncertainties of the rates or other (de-)population
mechanisms.

of ne is quite significant. In the study of a low ne environment, such as the
efflux of an expanding arc [230] no electron quenching influence was found
for different line ratios. In [234] a difference in the line ratios is found but
assigned to inaccuracies of the rate balances. However, in our case Kβ(Te, ne)
for ne → 0 is significantly different than Kα(Te).

10.4.4 Results of the line ratio method

The described method of line ratios was used to study the hydrogen coaxial
microwave plasma. Figure 10.7A shows the obtained electron density and
temperature trends along the axis, close to the quartz tube, taken for different
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gas pressures. The presented values are line of sight averaged quantities.
One can see the smooth decay of ne along the plasma column ranging from
roughly 11 · 1017 (7 · 1017) to 9 · 1017 (5 · 1017) m−3 for 1.4 (0.1) mbar. That is
while Te is more flat, between 1.2 and 1.3 eV. In fact, in chapter 4, we found
that the surfatron exhibits a very similar axial trend. That is because the
electron temperature is mostly determined by the loss of charged particles
from the plasma. A similar diffusion loss for different axial positions requires
similar Te. Increasing the pressure leads to higher ne and lower Te values,
which can be expected based on the electron particle balance, see figure 10.7B.
The rise of Te in the coaxial plasma at the end of the plasma column is not
understood.

The third quantity that is obtained via the line ratios is the value for
K. To make that more illustrative, the molar fraction of atomic hydrogen
yH ≈ nH/(nH2 + nH) = K/(1 + K) is presented in figure 10.8. A quite
high atomic hydrogen fraction is found with up to 40%. Lower pressure
and the vicinity to the launching coaxial structure increase yH. Compared
to literature that (or somewhat lower) is a value reported for similar low
pressure hydrogen plasmas [232, 233]. What is surprising is the very flat
measured profile. There is, apart from the end of the plasma where a steep
drop is found, only a slope of 5% decreasing yH over 20 cm. That is indeed
beneficial for homogenous plasma treatments.
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Figure 10.7: A) ne and Te measured by Hα/H2Q1, Hβ/H2Q1 and Hα/Hβ for
different positions along the plasma column for the same gas pressure. B)
Results for a fixed position for different gas pressures;
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Figure 10.8: Atomic hydrogen fraction for an input power of 1 kW measured
by line ratios are shown for different positions along the plasma column for
three pressures (0.1, 0.8, 1.4 mbar).
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10.5 Discussion and Comparison

The line ratios between Hα, Hβ and molecular H2(d) make it possible to probe
the plasma parameters. Line ratios, so relative emission measurements, are
preferable to absolute methods, as in that way the uncertainties connected
with absolute emission measurements are omitted. However, to relate the
emission to quantities as electron temperature, electron density and atomic
molar fraction it is crucial to have a reliable set of rate balances. That has
some complications. On the one hand the rates should be as accurate as
possible. That is e.g. for many depopulation channels of excited states hardly
possible. But also the low energy (threshold) behaviour of the rates is often
inaccurate. That is especially difficult in low electron temperature plasmas
with a few electron volts, as the here discussed. On top of that, the line ratio
method is only applicable if the rate balance is sensitive to the parameter
range under study.

All the findings show the typical appearance of a diffusion controlled
plasma. The ambipolar diffusion frequency depends on the nature of the
gas, its pressure and the ambipolar field, so it does not change (much) along
the plasma axis. The electron particle balance therefore predicts a flat axial
profile of the electron temperature. A similar reasoning holds with respect to
the atomic molar fraction. In our plasma the loss of atomic hydrogen is deter-
mined by the chain of diffusion and consecutive wall recombination. The first
can be estimated by using an ambipolar diffusion coefficient Damb = 1.4 m2/s
for atomic in molecular hydrogen at p = 1 mbar and Tg = 1000 K [232].
That gives νdiff = Damb/Λ

2 = 14 kHz with a diffusion length of Λ = 1 cm.
Now the surface loss rate can be expressed as νwall = γvth/ [2(2 − γ)Λ] [220].
The wall recombination coefficient γ is strongly temperature dependent and
equals about 10−3 at 500 K [232]. With the thermal velocity of vth = 4600 m/s,
we get a very slow wall recombination of νwall = 120 Hz. About the precise
numbers one might argue, but it is clear that the loss of atomic hydrogen is
not determined by diffusion but by wall recombination. That is an explana-
tion for the flat atomic hydrogen profile.

This reasoning is of course only true provided that neither other volume
losses such as recombination via H−, nor the gas flow plays a significant
role. At a mass flow of 100 sccm, at 1 mbar the typical flow speed is about
2 m/s. Taking Λ=1 cm that gives νflow = 200 Hz, which is comparable to
the wall recombination frequency. So, it appears that the loss of atomic hy-
drogen is partly conveyed by bulk transport, however, we found no strong
influence on the molar hydrogen fraction by changing the flow. For volume
recombination: assuming a negative ion density of about 10% of the total ion
density [248], the frequency at which atomic hydrogen is attached to molec-

185



Optical emission spectroscopy on a hydrogen coaxial microwave

plasma

10

ular hydrogen via H− is only in the order of 100 Hz (cross section taken
from [237]). In so far the dominant loss for atomic hydrogen remains unclear,
but is very likely not given by diffusion alone. In order to asses the systematic
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Figure 10.9: Comparison of results from a 2D Plasimo simulation with results
from the line ratio method on the coaxial plasma line with an absorbed power
of about 1 kW as function of axial position for different pressures and at the
radial distance of about 3 mm from the quartz tube.

error of this method, a comparison with a 2D Plasimo [249] based simulation
is made, see figure 10.9. That model is self-consistently combining the electro-
magnetic part and species balances for the major plasma components (ne, H2,
H, H+

x=1,2,3, H2(v=4)) [250]. On top of that, the energy balances for heavy par-
ticles and electrons are solved. Details about the simulation method, bound-
ary conditions and the computational domain can be found in [214,249]. The
simulation agrees within a factor of two with the measurements. Also the
electron temperature is in the right order, although the simulation predicts
systematically higher values than the experiments. That has two reasons,
firstly the simulation describes a CW-plasma, while a high-frequency mod-
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ulation was found in the experiment, see chapter 9. The power modulation
leads to a lower average temperature. In addition, not all depopulation mech-
anisms of the excited states are taken into account. For instance electron
excitation from H(n=4) to n=6 and higher states might account in total to a
similar quantity as excitation to H(n=5). As these collisional (de)excitation
process are more efficient for energetically higher states, an underestimation
of the respective densities is the consequence. That can be generalized by
stating that in a collisional plasma the line and the line-continuum ratios
have the tendency to underestimate the electron temperature. Here, colli-
sional depends on the respective state. In contrast to the electron parameters,
the atomic hydrogen molar fraction differs substantially. It was found that
the model result is a strong function of the rather unknown atomic hydrogen
wall recombination coefficient [232]. Moreover, the chemistry in the model
might not be complete as for instance the vibrational distribution is largely
simplified.

In any case this comparison emphasizes the importance of multi-method
validations in plasma physics. It is difficult to say which result is more pre-
cise, as both experiment and model show a reasonable systematic behaviour,
for instance the observed constant axial Te trend, increasing with lower pres-
sure. However, the deviations between both reveal a much more realistic
systematic error of the results than the (smaller) random errors would give.
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CHAPTER 11

General concluding remarks

The goal of this project is the characterization and description of non-
equilibrium low pressure microwave plasmas by a poly-diagnostic approach,
and how that leads to improvements of the applications. Each chapter de-
scribes a specific topic and gives relevant conclusions. Here, an overview is
given.

11.1 Surfatron plasmas

• In surfatron plasmas the heavy particle temperature can be described
with fair accuracy by a simplified heavy particle energy balance. Above
p = 5 mbar the dominant gas heating mechanism is conveyed by
electron-heavy particle elastic collisions. That further shows, that the
surfatron plasma at for instance p = 20 mbar argon pressure already
exceeds Tg = 700 K. At this pressure the plasma can certainly not be
called "cold" (chapter 3). In case of molecular gases the balance has to
be changed in order to incorporate rot-vibrational to translational en-
ergy transfer, which leads to much higher gas temperatures as in the
atomic equivalent.

• It was confirmed by Thomson scattering that the electron density in
the surfatron plasma has a linear decrease in axial direction away from
the power input. However, that trend changes into a more gradual de-
crease at higher pressure, when the plasma turns collisional. A similar
reasoning as for the gas heating holds here, so that at above p = 5 mbar
the axial electron density trend changes. At the very end of the plasma
column a steep decrease is found. However, the simple criterion that
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the end of the column is reached when the electron density drops to
the resonant density for wave propagation is found to be invalid; much
higher values of ne were detected. (chapter 4)

• The electron temperature in the surfatron plasma is found by optical
emission to be flat along the axis. That is reasonable, because the elec-
tron particle balance predicts a constant loss frequency along the axis.
Nevertheless, the bulk electron temperature, measured by TS, increases
toward the end of the plasma column. It was shown that this is a di-
rect measure of deviations of the EEDF from a Maxwellian distribution
in a sense that lower ne leads to too little collisions to thermalize the
EEDF, which leads to the observed depleted EEDF tail at low ionization
degree. (chapter 4)

• At pressures above 20 mbar the radial profile of the electron density
becomes contracted compared to the diffusion ruled Bessel profile at
lower pressure. Molecular assisted recombination is a necessary but
not sufficient criterium for the onset of this contraction. (chapter 4)

• The argon 4s excited states were measured in the surfatron plasma by
tunable diode laser absorption. The density of the 4s states is found
to increase with decreasing pressure. That is counter-intuitive, but it
follows from the much higher electron temperature at lower pressure,
enhancing the electron impact excitation to the argon 4s states. Fur-
thermore, in this high density microwave plasma, the ratio of the indi-
vidual 4s states is very close to a Boltzmann distribution, meaning that
the radiative escape of the resonant 4s states is very small compared to
collisional transfer. (chapter 5)

• Pulsing a plasma allows more diagnostical possibilities. It was found
that in an argon plasma in the intermediate and high pressure range
(p > 10 mbar) the electron losses are determined by molecular recom-
bination of the excited dimer, Ar+2 . Moreover, it was shown that the
rate for electron recombination can be described by the formation rate
of molecular ions, ion conversion, which simplifies the calculation sub-
stantially. (chapter 6)

• In the afterglow of a pulsed argon plasma at intermediate pressure
the electron temperature decays in the order of a few microseconds.
That changes when adding nitrogen or carbon dioxide to the plasma.
A strong post heating is observed, which indicates that a significant
energy transfer is present from the vibrationally excited molecules to
the electrons. (chapter 7)
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11.2 Coaxial plasmas

• The coaxial plasma is also a microwave driven surface wave discharge,
but in contrast to the surfatron it contains an inner metal conductor.
Therefore, it was found to be more robust when operated with molecu-
lar plasmas. The radial profile was studied by optical emission, Lang-
muir probe and Thomson scattering experiments. Higher pressure
leads to confinement of the radial electron density profile while the
electron temperature is rather flat. That means the best description
is given by comparing this plasma to a plasma waveguide, or coaxial
plasma cable, which exhibits a better transmission at higher electron
density in the plasma. (chapters 8, 9 and 10)

• As one purpose of this plasma is thin film deposition, the position of
the highest ionization degree from the tube as function of the pressure
is of importance. For a pressure of 0.1 mbar that is around 16 mm. Be-
low this pressure (p < 0.1 mbar) the volume integrated electron density
is insufficient to form a waveguide. The vicinity of the wall has then a
strong influence on the plasma shape, because the plasma is no longer
absorbing the power completely. (chapter 9)

• The coaxial setup was operated with a pure hydrogen plasma in order
to approach PECVD conditions. The plasma parameters and the atomic
hydrogen fraction were determined by line ratios. The latter was found
very high with up to 40%. However, a critical discussion of the various
(de-)population mechanisms is needed. The results are validated by an
independent 2D simulation, which agrees well in axial trends but not
in absolute values. For instance the molar fraction of atomic hydrogen
differs substantially by a factor of four. (chapter 10)

11.3 Application-related

In this section conclusions are listed that are related to the microwave PECVD
systems described in the introduction. Despite the limitations in facilitating
an identical PECVD system, general conclusions are possible, especially in
view of the similarities of surface wave plasmas.

• The coaxial microwave and the surfatron plasma were shown to have
high electron and excited state densities compared to for instance RF
capacitive coupled discharges. Strictly speaking that was not shown
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for all quantities, however, the two plasma sources are generally very
similar and with the results of this work an interpolation at the same
pressure, power and gas mixture is possible. For instance the linear
decay of the electron density in the surfatron at low pressure along the
plasma column is expected to be very similar in the coaxial plasma.
Also the radial distribution is comparable in these plasmas despite be-
ing inverse to each other. However, the much larger dimensions of the
coaxial plasma allow a recombining plasma zone, which would only be
found in surfatron plasmas with a much bigger radius.

• The fluxes and energies of the particles to the surface were not ad-
dressed directly. However, with the electron temperature the plasma
sheath potential can be estimated. This and the probe measurements
show indeed a relatively low potential of O(10) V of microwave plas-
mas, resulting in a mean ion energy that is even lower. Then the pos-
sibility to implant ions in the layer or locally "shake" the layer by the
impact is limited with these plasma sources. In case of molecular gases
the electron temperature is certainly higher, but the plasma potential
is still quite small compared to RF-sheaths in which potentials of hun-
dreds of volts can be found.

• An interesting result is the similarity between the coaxial plasma and
a transmission line. That leads to the feature that a higher power den-
sity, creating locally more electrons, is less efficiently transferred to the
electrons. On the other hand the axial slope becomes more flat when in-
creasing the input power, so that at some point for instance the second
microwave generator might not be needed.

• In order to achieve high particle fluxes and ion energies, the surface
wave induced plasma should be as close as possible to the substrate for
the deposition. A recommendation for a plasma setup with improved
deposition rate is that in fact a dielectric substrate might be one inter-
face of the surface wave.

• The aforementioned item requires also an additional feature of the
plasma source in order to enhance the compactness of the layers. A
gain in ion energy can be achieved by an additional sheath created by
auxiliary power sources with lower frequencies between DC and RF. A
possible implementation of a RF-biased substrate holder in a microwave
deposition reactor is shown by Steves et al. [15].

• The parallel development of a 2D model at the TU/e is crucial for un-
derstanding the coaxial plasma. A model must always be validated
against experimental results, consequently this thesis allows to validate
the spatial distribution of an argon or hydrogen model. However, fur-
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ther experimental investigations are needed to extend the validation
also for a silane model.

11.4 Poly-diagnostic

Throughout the thesis a poly-diagnostic approach was implemented. That
has several reasons:

• Cross validation can be made. That extends not only to different ex-
perimental techniques, but also to calculations, as for instance the gas
temperature was measured by Rayleigh scattering and laser diode ab-
sorption, but also compared to the heavy particle energy balance. On
the other hand cross validation reveals flaws as e.g. absolute contin-
uum measurements in chapter 8 do not agree with probe or Thomson
scattering measurements in chapter 9.

• Shortcomings of specific methods are identified. For instance the Lang-
muir probe results become much more difficult to interpret at high gas
pressure, while TS reaches its detection limit at low electron density, i.e.
low pressure. The combination of both approaches reveals that more
clearly.

• Additional knowledge can be gained, taking into account that each
method is different in terms of intrusiveness, sensitivity and reliability.
For instance in chapter 4 the measurement of the electron temperature
by TS and absolute line intensity have a different sensitivity with re-
spect to the underlying electron energy range. That means insight in
the EEDF is gained by comparison of these methods.

One overall message of this thesis is that such a poly-diagnostic approach,
so the application of a multitude of passive or active methods to analyze
the same plasma, even the same plasma quantities, is an helpful and some-
times necessary way to improve plasma diagnostics in general. However,
comparisons should be by no means limited to experiments only. Simple
back-of-the-envelope calculations, rate balances, collisional radiative models
and fully self-consistent 2D/3D models also support the cross validation.
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[170] F. Krčma and M. Žáková. Pink afterglow in nitrogen-argon mixtures. European Physical
Journal D, 54:369–375, 2009.

203



REFERENCES

[171] S. De Benedictis, G. Dilecce, and M. Simek. Excitation and decay of N2(B3 Π,v) states in
a pulsed discharge: Kinetics of electrons and long-lived species. Journal of Chemical Physics,
110(6):2947–2962, 1999.

[172] N. Britun, M. Gaillard, A. Ricard, Y.M. Kim, K.S. Kim, and J.G. Han. Determination of
the vibrational, rotational and electron temperatures in N2 and Ar–N2 rf discharge. Journal of
Physics D: Applied Physics, 40(4):1022, 2007.

[173] P. Supiot, D. Blois, S. De Benedictis, G. Dilecce, M. Barj, A. Chapput, O. Dessaux, and
P. Goudmand. Excitation of N2(B3 Πg) in the nitrogen short-lived afterglow. Journal of
Physics D: Applied Physics, 32(15):1887, 1999.

[174] D. Blois, P. Supiot, M. Barj, A. Chapput, C. Foissac, O. Dessaux, and P. Goudmand.
The microwave source’s influence on the vibrational energy carried by N2(X, Σ

+
g ) in a nitrogen

afterglow. Journal of Physics D: Applied Physics, 31(19):2521, 1998.

[175] A.A. Kudryavtsev and A.I. Ledyankin. On the electron and vibrational temperatures in a
nitrogen afterglow plasma. Physica Scripta, 53(5):597, 1996.

[176] N.A. Dyatko, Yu.Z. Ionikh, N.B. Kolokolov, A.V. Meshchanov, and A.P. Napartovich.
Jumps and bi-stabilities in electron energy distribution in Ar-N2 post discharge plasma. Journal
of Physics D: Applied Physics, 33(16):2010, 2000.

[177] P.F. Ambrico, R. Bektursunova, G. Dilecce, and S. De Benedictis. Nitrogen vibrational exci-
tation in a N2/He pulsed planar-ICP RF discharge. Plasma Sources Science and Technology,
14(4):676, 2005.

[178] V. Guerra, F.M. Dias, J. Loureiro, P.A. Sá, P. Supiot, C. Dupret, and T. Popov. Time-
dependence of the electron energy distribution function in the nitrogen afterglow. Plasma
Science, IEEE Transactions on, 31(4):542 – 551, 2003.

[179] G. Dilecce and S. De Benedictis. Relaxation of the electron energy in the post-discharge of an
He-N2 mixture. Plasma Sources Science and Technology, 2:119–122, 1993.

[180] V. Guerra, P.A. Sá, and J. Loureiro. Nitrogen pink afterglow: the mystery continues. Journal
of Physics: Conference Series, 63(1):012007, 2007.

[181] N.A. Dyatko, I.V. Kochetov, and A.P. Napartovich. Electron energy distribution function
in decaying nitrogen plasmas. Journal of Physics D: Applied Physics, 26(3):418, 1993.

[182] S. De Benedictis and G. Dilecce. Energy transfers by long-lived species in glows and after-
glows. Pure and Applied Chemistry, 74:317–326, 2002.

[183] S. Gorchakov, D. Uhrlandt, M.J. Hebert, and U. Kortshagen. Nonlocal kinetics of the
electrons in a low-pressure afterglow plasma. Physical Review E, 73:056402, 2006.

[184] V. Guerra, P.A. Sá, and J. Loureiro. Electron and metastable kinetics in the nitrogen afterglow.
Plasma Sources Science and Technology, 12(4):S8, 2003.

[185] N. Sadeghi, C. Foissac, and P. Supiot. Kinetics of N2(A 3
Σ
+
u ) molecules and ionization

mechanisms in the afterglow of a flowing N2 microwave discharge. Journal of Physics D:
Applied Physics, 34(12):1779, 2001.

[186] V. Guerra, P.A. Sá, and J. Loureiro. Kinetic modeling of low-pressure nitrogen discharges and
post-discharges. European Physical Journal - Applied Physics, 28:125–152, 2004.

[187] A.V. Phelps. Compilation of cross sections; http://jilawww.colorado.edu/ avp/, refer-
ences therein, 2008.

[188] V. Guerra and J. Loureiro. Non-equilibrium coupled kinetics in stationary N2-O2 discharges.
Journal of Physics D: Applied Physics, 28(9):1903, 1995.

[189] K. Hassouni, A. Gicquel, and M. Capitelli. Self-consistent relaxation of the electron energy
distribution function in excited H2 postdischarges. Physical Review E, 59:3741–3744, 1999.

[190] G.J.H. Brussaard, M.C.M. van de Sanden, and D.C. Schram. Ion densities in a high-
intensity, low flow nitrogen–argon plasma. Physics of Plasmas, 4(8):3077–3081, 1997.

[191] J. Henriques, E. Tatarova, V. Guerra, and C.M. Ferreira. Nitrogen dissociation in N2–Ar mi-
crowave plasmas. Vacuum, 69(1–3):177 – 181, 2002. 12th International School on Vacuum,
Electron and Ion Technologie s, 17-22 September 2001, Varna, Bulgaria.

204



REFERENCES

[192] J.R. Peterson, A. Le Padellec, H. Danared, G.H. Dunn, M. Larsson, A. Larson, R. Pev-
erall, C. Strömholm, S. Rosén, M. af Ugglas, and W.J. van der Zande. Dissociative

recombination and excitation of N+
2 : Cross sections and product branching ratios. Journal of

Chemical Physics, 108(5):1978–1988, 1998.

[193] A.A. Viggiano and Robert A. Morris. Rate constants for the reaction of Ar+2 with N2 as
a function of N2 vibrational temperature and energy level. Journal of Chemical Physics,
99(5):3526–3530, 1993.

[194] S. Kato, J.A. de Gouw, C.-D. Lin, V.M. Bierbaum, and S.R. Leone. Charge-transfer rate con-

stants for N+
2 (ν = 0− 4) with Ar at thermal energies. Chemical Physics Letters, 256(3):305–

311, 1996.
[195] N. Kang, F. Gaboriau, S.-G. Oh, and A. Ricard. Modeling and experimental study of molec-

ular nitrogen dissociation in an Ar–N2 ICP discharge. Plasma Sources Science and Technol-
ogy, 20(4):045015, 2011.

[196] J. Ehlbeck, A. Ohl, M. Maaß, U. Krohmann, and T. Neumann. Moving atmospheric
microwave plasma for surface and volume treatment. Surface and Coatings Technology,
174/175(0):493 – 497, 2003. Proceedings of the 8th International Conference on Plasma
Surface Engineering.

[197] J. Ehlbeck, U. Schnabel, M. Polak, J. Winter, Th. von Woedtke, R. Brandenburg,
T. von dem Hagen, and K.-D. Weltmann. Low temperature atmospheric pressure plasma
sources for microbial decontamination. Journal of Physics D: Applied Physics, 44(1):013002,
2011.

[198] M. Liehr and M. Dieguez-Campo. Microwave PECVD for large area coating. Surface and
Coatings Technology, 200:21–25, 2005.

[199] M. Walker, K.-M. Baumgärtner, J. Feichtinger, M. Kaiser, A. Schulz, and E. Räuchle.
Silicon oxide films from the plasmodul. Vacuum, 57:387–397, 2000.

[200] S. Letout, L.L. Alves, C. Boisse-Laporte, and P. Leprince. Characterization of a surface-
wave sustained plasma discharge in a co-axial structure. Journal of Optoelectronics and
Advanced Materials, 7:2471–2475, 2005.

[201] C. Boisse-Laporte, O. Leroy, L. de Poucques, B. Agius, J. Bretagne, M.C. Hugon, L. Teulé-
Gay, and M. Touzeau. New type of plasma reactor for thin film deposition: magnetron plasma
process assisted by microwaves to ionise sputtered vapour. Surface and Coatings Technology,
179:176–181, 2004.

[202] L.L. Alves, S. Letout, and C. Boisse-Laporte. Modeling of surface-wave discharges with
cylindrical symmetry. Physical Review E, 79:016403, 2009.

[203] L.L. Alves, G. Gousset, and A. Ohl (ed.). Microwave Discharges: Fundamental and Appli-
cations. INP Greifswald, Germany, 2003.

[204] X.L. Zhang, F.M. Dias, and C.M. Ferreira. A self-contained modelling and experimental study
of surface wave produced argon discharges in a coaxial setup with a central metallic cylinder: I.
modelling. Plasma Sources Science and Technology, 6(1):29, 1997.

[205] A. Delgarno and N.F. Lane. Free-free transitions of electrons in gases. Astrophysical Journal,
145:623, 1966.

[206] J. Chapelle and F. Cabannes. Absorption et emission du rayonnement continu emis par un jet

de chalumeau à plasma d’argon entre 30 et 30000cm−1. Journal of Quantitative Spectroscopy
and Radiative Transfer, 9:889–919, 1969.

[207] S. Letout. Couplage onde de surface-plasma en présence de résonance, dans une décharge micro-
onde à basse pression. PhD thesis, Université Paris-Sud, France, 2007.

[208] Z.-F. Nie, F. Liu, Q.-H. Zhou, X.-J. Chang, S.-Y. Zhang, and R.-Q. Liang. Investigation of
electron density and temperature in microwave plasma generated by a cylindrical teflon waveg-
uide. Europhysics Letters, 86(3):35001, 2009.

[209] A. Schulz, P. Büchele, and E. Ramisch et al. Scalable microwave plasma sources from low to
atmospheric pressure. Contributions to Plasma Physics, 52(7):607–614, 2012.

[210] A. Kromka, O. Babchenko, T. Izak, K. Hruska, and B. Rezek. Linear antenna microwave
plasma CVD deposition of diamond films over large areas. Vacuum, 86(6):776 – 779, 2012.
13th Joint Vacuum Conference, Štrbské Pleso, Slovakia, June 20-24, 2010.

205



REFERENCES

[211] E.M. Barkhudarov, N. Christofi, I.A. Kossyi, M.A. Misakyan, J. Sharp, and I.M. Taktak-
ishvili. Killing bacteria present on surfaces in films or in droplets using microwave UV lamps.
World Journal of Microbiology and Biotechnology, 24(6):761–769, 2008.

[212] X.L. Zhang, F.M. Dias, and C.M. Ferreira. A self-contained modelling and experimental study
of surface wave produced argon discharges in a coaxial setup with a central metallic cylinder: II.
experiment. Plasma Sources Science and Technology, 6(1):101, 1997.

[213] O. Carabaño, A. Gamero, and A. Sola. Surface wave microwave plasmas produced in a
coaxial structure at low pressure. Proceedings of "Microwave Discharges: Fundamentals
and Applications", 2012, Zvenigorod, Russia, 8:179, 2012.

[214] S. Rahimi, M. Jimenez-Diaz, S. Hübner E.H. Kemaneci, J.J.A.M. van der Mullen, and
J. van Dijk. A two-dimensional Plasimo model for coaxial plasma waveguides. Journal of
Physics D: Applied Physics, submitted(0):0, 2013.

[215] H.M. Mott-Smith and I. Langmuir. The theory of collectors in gaseous discharges. Physical
Review, 28:727–763, 1926.

[216] G. Wenig. Modellierung und Diagnostik nachleuchtender Niederdruckplasmen. PhD thesis,
Ruhr-Universität Bochum, 2011.

[217] P. Scheubert, U. Fantz, P. Awakowicz, and H. Paulin. Experimental and theoretical char-
acterization of an inductively coupled plasma source. Journal of Applied Physics, 90(2):587–
598, 2001.

[218] M.J. Druyvesteyn. Der Niedervoltbogen. Zeitschrift für Physik, 64(11-12):781–798, 1930.

[219] V.A. Godyak and V.I. Demidov. Probe measurements of electron-energy distributions in
plasmas: what can we measure and how can we achieve reliable results? Journal of Physics D:
Applied Physics, 44(23):233001, 2011.

[220] M.A. Lieberman and A.J. Lichtenberg. Principles of Plasma Discharges and Materials Pro-
cessing. New York: Wiley, 1994.

[221] Y.S. Chou, L. Talbot, and D.R. Willis. Kinetic theory of a spherical electrostatic probe in a
stationary plasma. Physics of Fluids, 9(11):2150–2167, 1966.

[222] S. Klagge and M. Tichý. A contribution to the assessment of the influence of collisions on
the measurements with langmuir probes in the thick sheath working regime. Czechoslovak
Journal of Physics B, 35(9):988–1006, 1985.

[223] E. Wasserstrom, C.H. Su, and R.F. Probstein. Kinetic theory approach to electrostatic probes.
Physics of Fluids, 8(1):56–72, 1965.

[224] S.A. Self and C.H. Shih. Theory and measurements for ion collection by a spherical probe in a
collisional plasma. Physics of Fluids, 11(7):1532–1545, 1968.

[225] A. Rousseau, E. Teboul, N. Lang, M. Hannemann, and J. Röpcke. Langmuir probe diag-
nostic studies of pulsed hydrogen plasmas in planar microwave reactors. Journal of Applied
Physics, 92(7):3463–3471, 2002.

[226] C.G. van de Walle. Hydrogen as a cause of doping in zinc oxide. Physical Review Letters,
85:1012–1015, 2000.

[227] A. Stavrides, J. Ren, M. Ho, J. Cheon, J. Zink, H.P. Gillis, and R.S. Williams. Growth
and characterization of diamond-like carbon films by pulsed laser deposition and hydrogen beam
treatment. Thin Solid Films, 335(1-2):27 – 31, 1998.

[228] U. Fantz, P. Franzen, W. Kraus, H. D. Falter, M. Berger, S. Christ-Koch, M. Fröschle,
R. Gutser, B. Heinemann, C. Martens, P. McNeely, R. Riedl, E. Speth, and D. Wünderlich.
Low pressure and high power rf sources for negative hydrogen ions for fusion applications (ITER
neutral beam injection) (invited). Review of Scientific Instruments, 79(2):02A511, 2008.

[229] A. Matsuda. Microcrystalline silicon: Growth and device application. Journal of Non-
Crystalline Solids, 338-340(0):1–12, 2004. Proceedings of the 20th International Con-
ference on Amorphous and Microcrystalline Semiconductors.

[230] Z. Qing, D.K. Otorbaev, G.J.H. Brussaard, M.C.M. van de Sanden, and D.C. Schram.
Diagnostics of the magnetized low-pressure hydrogen plasma jet: Molecular regime. Journal of
Applied Physics, 80(3):1312–1324, 1996.

206



REFERENCES

[231] M. Abdel-Rahman, V. Schulz von der Gathen, T. Gans, K. Niemi, and H.F. Döbele.
Determination of the degree of dissociation in an inductively coupled hydrogen plasma using
optical emission spectroscopy and laser diagnostics. Plasma Sources Science and Technology,
15(4):620, 2006.

[232] A. Rousseau, A. Granier, G. Gousset, and P. Leprince. Microwave discharge in H2 : in-
fluence of H-atom density on the power balance. Journal of Physics D: Applied Physics,
27(7):1412, 1994.

[233] X.R. Duan, H. Lange, and A. Meyer-Plath. Absolute density distribution of H atoms in a
large-scale microwave plasma reactor. Plasma Sources Science and Technology, 12(4):554,
2003.

[234] B.P. Lavrov, N. Lang, A.V. Pipa, and J. Röpcke. On determination of the degree of dissociation
of hydrogen in non-equilibrium plasmas by means of emission spectroscopy: II. experimental
verification. Plasma Sources Science and Technology, 15(1):147, 2006.

[235] B.P. Lavrov, A.V. Pipa, and J. Röpcke. On determination of the degree of dissociation of hy-
drogen in non-equilibrium plasmas by means of emission spectroscopy: I. the collision-radiative
model and numerical experiments. Plasma Sources Science and Technology, 15(1):135, 2006.

[236] S.A. Astashkevich, M. Käning, E. Käning, N.V. Kokina, B.P. Lavrov, A. Ohl, and
J. Röpcke. Radiative characteristics of 3p Σ,Π 3d Π

−,∆− states of H2 and determination
of gas temperature of low pressure hydrogen containing plasmas. Journal of Quantitative
Spectroscopy and Radiative Transfer, 56(5):725 – 751, 1996.

[237] R.K. Janev, D. Reiter, and U. Samm. Collision processes in low-temperature hydrogen plasmas.
Berichte des Forschungszentrums Jülich, 4105, 2003.

[238] H.W. Drawin and F. Emard. Instantaneous population densities of the excited levels of hydro-
gen atoms and hydrogen-like ions in plasmas. Physica B+C, 85(2):333 – 356, 1976.

[239] J. Callaway. Electron-impact excitation of hydrogen atoms: Energies between the n=3 and n=4
thresholds. Physical Review A, 37:3692–3696, 1988.

[240] J.D. Walker and R.M.St. John. Design of a high density atomic hydrogen source and determi-
nation of balmer cross sections. Journal of Chemical Physics, 61(6):2394–2407, 1974.

[241] L.C. Johnson. Approximations for collisional and radiative transition rates in atomic hydrogen.
The Astrophysical Journal, 174:227, 1972.

[242] H. Tawara, Y. Itikawa, H. Nishimura, and M. Yoshino. Cross sections and related data
for electron collisions with hydrogen molecules and molecular ions. Journal of Physical and
Chemical Reference Data, 19(3):617–636, 1990.

[243] B.L. Preppernau, K. Pearce, A. Tserepi, E. Wurzberg, and T.A. Miller. Angular momentum
state mixing and quenching of n=3 atomic hydrogen fluorescence. Chemical Physics, 196(1-
2):371 – 381, 1995.

[244] M. Glass-Maujean, S. Lauer, H. Liebel, and H. Schmoranzer. Collisional quenching of the
H(n = 3) atoms by molecular hydrogen: cross section measurements. Journal of Physics B:
Atomic, Molecular and Optical Physics, 33(21):4593, 2000.
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