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Kurzfassung

Im Hinblick auf den Klimawandel nimmt die Reinhaltung der Luft einen immer héheren
Stellenwert ein. Daher sind heutzutage der Abbau und die Reinigung von Abgasen eine
der wichtigsten Herausforderungen der Menschheit geworden. Schéadliche Gase hierfiir
sind unter anderem fliichtige organische Verbindungen (engl. volatile organic compounds
(VOC)). Weitaus geféhrlichere Gase stellen perfluorierte Verbindungen (engl. perfluo-
rinated compounds (PFC)) dar, die ein 7400 — 23000-fach hoheres klimaschédigendes
Potenzial verglichen mit CO5 haben und in wachsenden Industriezweigen, wie der Pro-
duktion von Halbleiterbauteilen, als Atzgase in grofem Umfang eingesetzt werden. Kon-
ventionell werden diese Abgase thermisch in Ol- oder Erdgasbrennern zersetzt, obwohl
diese schwierig zu handhaben sind und zusétzlich Kohlenstoffoxide produziert werden.
Plasmaprozesse stellen hierfiir eine viel versprechende Alternative dar, da keine zusét-
zlichen Kohlenstoffoxide entstehen. Hochfrequenz- und Gleichstromentladungen haben
den Nachteil, dass sie Elektroden benétigen, die, wenn sie in Beriihrung mit den Abgasen
kommen, leicht erodieren. Daher bieten elektrodenlose Mikrowellenentladungen eine her-
vorragende Alternative fiir den Abbau von Abgasen.

Die vorliegende Arbeit befasst sich mit der Entwicklung und spektroskopischen Unter-
suchung einer bei 2, 45 GHz mikrowellen-getriebenen Plasmaquelle bei Atmosphéarendruck
(engl. atmospheric pressure microwave plasma source (APS)) fir die Abgasreinigung.
Die Plasmaquelle beruht auf einem axial symmetrischen Hohlraum. Das Plasma wird
durch ein Quarzrohr eingeschlossen, und die Gaszufiihrung erfolgt iiber eine metallis-
che Diise. Fiir eine erfolgreiche Anwendung in industriellen Prozessen sind sowohl ein
einfacher Ziindvorgang sowie ein stabiler Betrieb unabdingbar. Um zu gewéhrleisten,
dass das Plasma ohne weitere Ziindhilfe geziindet werden kann, ist die detaillierte Kennt-
nis der elektrischen Feldverteilung erforderlich. Daher wurden finite Element-Simulation
der elektrischen Feldverteilung mit der Software COMSOL Multiphysics  durchgefiihrt.
Die Simulationsergebnisse konnten mit Hilfe eines Netzwerkanalysators verifiziert werden.
Die Simulationen fithrten in Kombination mit den Messungen zu einer Konfiguration, die
sowohl die Ziindung ohne weitere Ziindhilfe als auch einen stabilen Betrieb des Plasmas
gewihrleistet.

Die Charakterisierung des Plasmas fiir verschiedene Mikrowellenleistungen und Gasfliisse
erfolgte mittels optischer Emissionsspektroskopie. Die Gastemperatur wurde mit Hilfe
des A?St — XQH,Y—Ubergangs im freien OH-Radikal ermittelt, wihrend die Elektronen-
temperatur mittels eines Boltzmannplots aus zwei Sauerstoffatomlinien abgeschéatzt wer-
den konnte. Die Neutralteilchen- und Elektronendichte wurden aus diesen Temperaturen
berechnet.

Des Weiteren wurde der Abbau von VOC am Beispiel von Propan und Toluol in Luftplas-
men und von PFC am Beispiel von C'F; und SFy in Stickstoffplasmen untersucht. Die
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Analyse der Roh- und Reingase erfolgte mittels Fourier-Transform-Infrarot-Spektroskopie,
einem Flammenionisationsdetektor, einem Quadrupolmassenspektrometer und einem Gas-
chromatographen. Die Messungen ergaben, dass obwohl eine hohe Abbaueffizienz von
iber 99 % fiir die Zersetzung von VOC erzielt werden konnte, der Einsatz der APS fiir
die Reinigung von VOC fragwiirdig ist, da kritische Nebenprodukte und grofte Mengen
an Stickoxiden erzeugt wurden. Andererseits zeigten die Messungen auch, dass PFC voll-
standig und ohne dass kritische Nebenprodukte entstehen, abgebaut werden konnen und
sich daher die APS sehr gut fiir den Abbau von PFC eignet.



Abstract

In view of the world climate change the cleaning and purification of waste gases has become
one of the most urgent tasks for humankind nowadays. Harmful gases are volatile organic
compounds (VOC). However, even more hazardous gases are perfluorinated compounds
(PFC) which have a 7400..23000 times higher green house potential compared to C'Os
and are widely used for etching processes in growing industry sectors like the production
of semiconductors. Conventionally these waste gases are treated in oil or gas combustions
which are complex to handle and produce additional carbon oxides. Hot plasma processes
offer a promising alternative for this purpose, since the production of additional carbon
oxides is prevented. Common RF and DC discharges have the disadvantage of electrodes
which would erode when they come in contact with the waste gases. An excellent option
is provided by an electrodeless microwave plasma torch at atmospheric pressure.

This work deals with the development and spectroscopic study of a plasma source at
atmospheric pressure powered by 2.45 GHz microwaves (APS) for the abatement of waste
gases. The plasma source is based on an axially symmetric cavity. The plasma is con-
fined in a quartz tube and a metallic nozzle is used for the gas inlet. For a successful
application in industry simple ignition of the plasma as well as stable plasma operation
are indispensable. To guarantee that the plasma can be ignited without any additional
igniters detailed information about the electric field distribution is required. Therefore,
finite element simulations of the electric field were conducted by using the simulation soft-
ware COMSOL Multiphysics' . The simulation results were verified by measurements
with a network analyser. The simulations combined with the measurements led to a con-
figuration which provides an ignition of the plasma without any additional igniters as well
as stable plasma operation.

The characterisation of the plasma was performed by means of optical emission spec-
troscopy for different microwave powers and air flows. The gas temperature was measured
by using the A?S+ —X2H7—transition of the free OH radical while the electron temperature
was estimated from a Boltzmann plot of two atomic oxygen lines. The neutral particle
and electron density were calculated from these temperatures.

Furthermore, the decomposition of as exemplary VOC propane and toluene in air plasmas
and as exemplary PFC C'F; and SFg in nitrogen plasmas was studied. The analyses of
the raw and clean gases were performed using Fourier-Transform Infra-Red spectroscopy,
a flame ionisation detector, a quadrupole mass spectrometer, and a gas phase chromato-
graph. The measurements revealed that the suitability for the abatement of VOC is
questionable even though destruction and removal efficiencies of over 99 % are reached
since critical by-products and large amounts of NOy are produced. However, the mea-
surements also showed that the PFC can be completely decomposed and that no critical
by-products are formed and therefore the APS is well suited for the abatement of PFC.



Introduction

Climate scientists as well as scientific associations agree that one of the most important
causes of the global warming since the beginning of the industrialisation is the aerating of
greenhouse gases which are produced by humankind. Effects of the global warming can
already be observed today. The increase of the global average temperature in the ground
level of 0.74 °C between 1906 and 2005 is the main evidence of the world climate change.
The climbing of the sea level, the melting of the glaciers and weather changes such as
drought periods or heat-waves can be adduced as further effects of the global warming.
These effects have remarkable implications on the human security, health, economy and
environment. So stopping the world climate change or at least attenuate its effects is
one of the biggest tasks of humankind nowadays. As a result in 1997 the United Nations
decided in Kyoto an additional protocol to the United Nations Framework Convention
on Climate Change (UNFCCC), the so called Kyoto Protocol [1]. This Kyoto Proto-
col became operative in February 2005 and ends 2012 and prescribes binding values for
the emission of greenhouse gases. Regulated gases are carbon dioxide (CO;), methane
(CHy), dinitrogenoxide (N2O), volatile organic compounds (VOC), and perfluorinated
compounds (PFC). PFC are widely used for etching processes in growing industry sectors
such as semiconductor industries and in thin-film technologies. Often used PCF like CF,
or SFg have 7400..23000 times higher greenhouse potentials compared to CO,. So the
reduction of exhaust gases and the cleaning and purification of waste gases is becoming a
more and more important task for enterprises. Conventionally these VOC and PFC are
treated thermally in oil or gas combustions even though more COs is produced. Since oil
or gas combustions already produce waste gases by themself, carbon- and nitric-oxides,
and since they are complex to handle and often need a long time to get started, they are
only reasonable for huge and steady waste gas flows.

Hot (thermal) plasma processes at atmospheric pressure, like plasma torches, offer a
promising alternative for this purpose, since these plasma sources provide high electron,
ion, and radical densities and no or only very few additional waste gases are produced.
Common RF- or DC-plasma torches have the disadvantage of electrodes which can erode
when they get in contact with the plasma or the waste gases itself. An electrodeless
microwave-generated plasma torch at atmospheric pressure provides an excellent option
for this purpose.

Besides the purification of waste gases further possible applications of the microwave
plasma torch are other chemical synthesis, for example the pyrolysis of methane to car-
bon and hydrogen which has an application in crewed space flights. Another application is
the treatment of surfaces, for example the activation to increase the adhesion of lacquers
or glue.

Contemporary used microwave plasma sources at a frequency of 2.45 GHz are for example



the surfatron [2, 3, 4], waveguide-based axial-type microwave plasma sources |5, 6, 7, 8, 9],
(tapered) waveguide-based systems [10, 11, 12, 13, 14, 15] and resonator based microwave
plasma sources [16, 17, 18, 19]. Some of them have recently been used to study the
decomposition of waste gases [16, 17, 18, 19, 20, 21, 22, 23, 24| but these sources have
disadvantages. The surfaguide [25] for example needs complex cooling systems of the dis-
charge tube and the plasma undergoes filamentation so not the whole gas flow is treated
[24, 26, 27]. An even profounder problem of these sources is that for the plasma ignition
additional igniters such as AC electric sparks or arc torch modules |20, 21, 22, 28, 29| are
needed. On the other hand, when no igniters are necessary, only pulsed plasma operation
is possible [16, 17, 18, 19]. The utilized sparks or arc modules are susceptible to erode
when they get in contact with the waste gases and/or the plasma.

Due to one of the most important tasks nowadays of cleaning and purification of waste
gases the development of an atmospheric microwave plasma source for this purpose is in-
dispensable. However, for a successful application in industrial processes it is necessary
that the ignition of the plasma is as simple as possible and always guaranteed. Further-
more, for a straight forward handling of the plasma source and a complete decomposition
of the waste gases, a stable and continuous plasma operation as well as an efficient ab-
sorption of the supplied microwave power is indispensable. In addition the ability to treat
large gas flows is required. However, all of the contemporary atmospheric microwave
plasma sources have at least one of the disadvantages mentioned above and therefore are
inappropriate for the successful abatement of waste gases.

Thus in view of the important task of purifying waste gases the development of an atmo-
spheric microwave plasma source with the properties above mentioned is indispensable
and the first task of the present work.

Furthermore, to obtain a better understanding of the purification of waste gases and to
influence the decomposition of these gases and the formation of by-products, information
about the possible reaction channels is needed. Therefore, knowledge about the species
in the plasma and their temperatures as well as their densities is necessary. Pure noble
gas or noble gas dominated microwave-sustained discharges at atmospheric pressure have
already been widely explored |7, 8, 9, 12, 13, 30, 31, 32, 33, 34, 35, 36, 37]. However,
noble gas or noble gas dominated discharges differ from discharges in molecular gases like
air, Og-, No-, or air or Nap-plasmas containing VOC or PFC. Molecular gas microwave
plasma discharges at atmospheric pressure have not been thoroughly and incompletely
characterised |6, 10, 14, 19]. Therefore, the characterisation of waste purification relevant
plasmas and a detailed characterisation of the plasmas produced by this developed mi-
crowave plasma torch is essential.

At last the suitability for the abatement of waste gases of this atmospheric microwave
plasma torch has to be analysed.

Since an excellent option for the decomposition of waste gases is provided by elec-
trodeless atmospheric microwave plasma sources the fundamentals of these plasmas are
presented in chapter 1.

Thereafter, the development of the atmospheric microwave plasma source (APS) is pre-
sented in chapter 2. For a successful operation in the industry an easy ignition as well as
stable plasma operation is indispensable and therefore the APS has to provide all these
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properties. To guarantee that an electric field strength which is high enough to ignite
plasma without any additional igniters is reached, detailed information about the elec-
tric field distribution is needed. The Maxwellian equations can be solved analytically
for simple configurations which is shown in section 2.2. However, information about the
electric field distribution for more complex configurations can only be obtained via finite
element simulations. Therefore, simulations of the electric field as well as calculations of
the Eigenfrequency with the software COMSOL Multiphysics — were performed and are
described in section 2.3. The simulations led to configurations which provide high electric
fields. These configurations were realised, then measured with a network analyser, and
compared to the simulations which is presented in section 2.4.

The simulations in combination with the measurements led to a configuration which is
able to ignite plasma without any additional igniters and maintains stable plasma opera-
tion. A detailed description of this configuration is given in chapter 3.

After that the characterisation of the APS plasmas as well as studies concerning the
abatement of waste gases are presented in chapter 4.

Since gas temperatures of about 500 K..10000 K are expected and reactive gases will be
used, Langmuir probes, which are often used to determine electron temperatures and
densities, would erode and maybe produce misleading results. These metallic Langmuir
probes would also affect the electric field distribution and thus pertubate the discharge.
Optical emission spectroscopy (OES) represents a non-disturbing diagnostic. Further-
more, using OES nearly all species which are present in the plasma can be identified
and gas rotational T, vibrational T, excitation T,,, and electron 7, temperatures as
well as densities can be measured. Since this work focuses on the characterisation of
waste-purification-relevant plasmas, air plasmas were characterised. To measure the gas
rotational temperature T, the A2X+ - X2II -transition of the free OH radical was used
and therefore humid air plasmas were analysed. The rotational temperature provides a
good estimation of the translation or gas temperature. Atomic lines can be used to deter-
mine the excitation temperature 7., which displays the electron temperature 7, when a
Maxwellian velocity distribution and a Boltzmann population are existent. In air plasmas
two atomic oxygen lines could be observed which were used to determine 7,,. The validity
of the Boltzmann plot of only two atomic oxygen lines was verified by Boltzmann plots
of more oxygen lines, which were observed in oxygen plasmas. The electron density n,
for air plasmas could be rated assuming partial local thermodynamic equilibrium and by
using Saha’s equation. These results are described in section 4.2.

The last part of this work deals with the degradation of pollutants in waste gases such as
air flows containing VOC or nitrogen flows containing PFC. Therefore, air flows contain-
ing propane and toluene and nitrogen flows containing CF, and SFg were treated with the
APS and the raw and clean gases were analysed by using Fourier-Transform Infra-Red
spectroscopy (FT-IR), Quadrupolmass spectroscopy and a flame ionisation detector (FID)
as well as a gas-phase chromatograph to measure the destruction and removal efficiency
(DRE) and to obtain information about reaction and by-products. The plasma itself was
again characterised by optical emission spectroscopy which gave information about the
species present in these plasmas. Results of the analyses of the raw and clean gases and
of the characterisation of the plasma allowed to draw conclusions about possible reaction
channels which are presented in section 4.3.

The last chapter 5 provides the summary and conclusions.



Chapter 1

Fundamentals of Atmospheric
Microwave Plasmas

Conventionally waste gases are degraded thermally by oil or gas combustion which in-
trinsicly produces carbon oxides. Furthermore, these combustion processes are complex,
difficult to handle, need a long time to get started, and therefore only a permanent op-
eration is reasonable. Hot (thermal) plasma processes at atmospheric pressure provide a
promising alternative to the conventional treatment of waste gases, since they offer high
electron, ion and radical densities. Furthermore, the intrinsic formation of carbon oxides
is prevented. Common DC- or RF-discharges have the disadvantage of electrodes which
erode when they come in contact with the reactive waste gases. A microwave plasma,
which has no electrodes, offers an excellent option for this purpose. For a comprehensive
understanding of the processes involved in the decomposition of waste gases knowledge of
the fundamentals of atmospheric pressure microwave plasmas is essential. This chapter
provides an introduction to these fundamentals.

1.1 Plasma Parameters and General Plasma
Properties

Starting from the three well known aggregate states solid, liquid, and gaseous, increasing
the temperature plasmas follow after the gaseous state and are sometimes named as
the fourth aggregate state. Thus plasma physics covers the generation, characterisation,
and description of the properties of ionized gases. In contrast to normal gases plasmas
also consist additionally to neutrals of ions and electrons. The charged particles lead to
the circumstance that plasmas behave as a well conducting fluid, which interacts with
electromagnetic fields. Since plasmas have these long-range electromagnetic interactions,
plasmas show collective behaviour like for example oscillations and waves.

A first classification of plasmas can be performed by the temperature and density of the
electrons. The electron density n. ranges over many decades and lasts from very thin
gases in the interstellar space with an electron density of about n, ~ 10°m~2 to plasmas
in stars with electron densities of about n. ~ 10**m™3. The electron temperature 7,
ranges from room temperature for some technical plasmas to several million Kelvin in
stars. Fig. 1.1 gives an overview of the variety of different plasmas and classifies the
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atmospheric pressure microwave-generated plasmas in this diagram. These plasmas are

relativistic plasmas
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Figure 1.1: Overview of the variety of different plasmas. The atmospheric pressure
microwave-generated plasmas can be found between the glow discharges and thermal plas-
mas.

located between the glow discharges and thermal plasmas.

1.1.1 Fundamental Plasma Parameters and Description of
Plasmas

Plasma consists of many different particles, molecules, radicals, atoms, ions and electrons.
The entire density of the plasma can be split into the density of the single species. Usu-
ally, one distinguishes between the density of the neutrals n,, the density of the ions n;,
and the electron density n.. These various densities partly characterise the plasma and
therefore the measurement of these densities is often of great interest.

However, the plasma is not only characterised by the density of each component but also
by the velocity of the particles. If the plasma is in complete thermodynamic equilibrium,
which will be described below, the velocity distribution of the particles is chaotic and a
temperature can be defined which characterises the plasma. Laboratory plasmas are not
in complete thermodynamic equilibrium but often they can be approximated by other
models, which are described in the following. Most of these models lead to more than
only one temperature.

The densities as well as the temperatures are then designated as plasma parameters.
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Complete Thermodynamic Equilibrium

If the plasma is in complete thermodynamic equilibrium it can be described by a
few macroscopic quantities like the temperature and pressure. Then the densities of
neutrals, ions, and electrons are only dependent on the temperature T and pressure p.
All elementary processes such as ionisation or excitation, are in equilibrium with their
reversal process, like the recombination or deexcitation and the complete energy transfer
between the particles is ensured. The plasma is uniquely described by the Saha-Eggert-
equation [45]:

) 3/2 ). i
nenl _ 2(27Tmeka) Q’L (T) 67 kiT , (11)
Ng h3 Qa (T)

Dalton’s law:
p = (na + n; + ne)ka (12)

and the quasi neutrality, which will be explained in section 1.1.2:
n; = Ne. (1.3)

Here only a single ionisation is assumed. Otherwise the corresponding sums must be
calculated. In equation 1.1 ); and (), are the partition functions of the neutrals and ions
and Fj; is the ionisation energy. Furthermore, m, is the electron mass, h Planck’s quantum,
and k;, the Boltzmann constant. The particles obey a Maxwellian velocity distribution
what implies that the particle velocity has no preferred direction and the swirling of the
particles is perfectly chaotic. The Maxwellian velocity distribution f); is given by the
following equation:

[
<
»

AP (1.4)

4
T,m) = —
fM(U7 7m) ﬁvfh

where v?, is the most probabilistic velocity:

2k T

m .

Vth — (15)
In complete thermodynamic equilibrium the population of the different atomic and ionic
levels follows a Boltzmann distribution. Then the population n,, of a certain energy level
is given by:
_ Ym —En

Ny, = N-—e BT, (1.6)
The radiation of a plasma, which is in complete thermodynamic equilibrium, is constituted
by Kirchhoff-Planck’s law, which describes the energy distribution of the electromagnetic
radiation in dependence of the frequency v [46]:

2h _ _hv -1
L, = C—2y3 [e BT — 1] . (1.7)
However most laboratory plasmas are not in complete thermodynamic equilibrium but in
other equilibria. Therefore, local thermodynamic equilibrium, which is a first step to the
description of laboratory plasmas, is described in the following.
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Local thermodynamic Equilibrium

If no complete thermodynamic equilibrium is present, often, when collisional processes
predominate, the energy transfer processes make sure that locally the electrons as well as
the other particles have a Maxwellian velocity distribution in good approximation with the
same temperature. Then the ionisation and the excitation situation of the atoms and ions
are still given by the Saha-Egert equation and the Boltzmann distribution, respectively, at
this temperature and the plasma is in local thermodynamic equilibrium [46]. To provide,
that the energy transfer processes lead to a uniform temperature of the electrons and the
other particles, the electron density must attain a critical value which is given by the
following relation [45]:

ne > 1.6 - 108VT(AE)*m=3. (1.8)

AF is the energy distance of the levels in which transitions of the regarded level can
occur. Furthermore, a local thermodynamic equilibrium is only present when the average
free path length A is distinctly smaller than the temperature and density gradient. This
can be expressed in the two following relations [46]:

AT An

In contrast to plasmas in complete thermodynamic equilibrium, the radiation from a
plasma in local thermodynamic equilibrium is no longer given by the Kirchhoff-Planck’s
law. The radiation is now, besides the temperature, defined by the population densities
as well as by the complex quantum mechanical structure of the particles. Therefore,
the radiation from a plasma which is in local thermodynamic equilibrium provides much
more information about the plasma and its constituents. Plasmas in local thermody-
namic equilibrium are aspired but are only found in exceptional cases like in arc plasmas
with n, ~ 10%2..102*m™3. Then the local thermodynamic equilibrium provides a good
description for these plasmas [48]. However, often the partial local thermodynamic equi-
librium provides a better description of laboratory plasmas than the local thermodynamic
equilibrium and therefore the partial local thermodynamic equilibrium is described in the
following part.

Partial Local Thermodynamic Equilibrium

Often the requirement in equation 1.8 is not fulfilled. Commonly the plasma is heated
by a high frequent electromagnetic field and only the light electrons can gather energy
from this field. The heavy particles are heated by collisions with the fast electrons but the
energy transfer is small due to the mass ratio of the heavy particles to the electrons and
two velocities distributions for the electrons and heavy particles develop. Then, instead
of a uniform temperature for all particles, the particles can have different temperatures
for their Maxwellian velocity distributions. It must be noted, that generally the electron
temperature 7T, is higher than the temperature of the heavy particles. Furthermore, an
ionisation temperature for each ionisation state as well as for every population density
an excitation temperature can be associated. A partial local thermodynamic equilibrium
is present if the excitation temperature of all energy levels, except the one of the ground
state, coincides with the electron temperature [46|. Since the population of the electronic



1.1. PLASMA PARAMETERS AND GENERAL PLASMA PROPERTIES 15

excited states is induced by electron collisions in most laboratory plasmas, but the de-
excitation on the other hand, beside the electron collision deexcitations, is also caused
by spontaneous emission, which is not balanced, the excited states are underpopulated
compared to the ground state. Therefore, equation 1.6 must be corrected by a factor
by, < 1 [48]. Furthermore, the Saha-Eggert equation 1.1 must also be corrected by a
factor %, with @ > 1, since the ionisation is smaller than in plasmas which are in complete
thermodynamic equilibrium [48]. Moreover, Dalton’s law 1.2 must be extended to:

p = nekpTe + (g + ni) kT, (1.10)

where T, is the electron temperature and 7} is the temperature of the heavy particles, the
gas temperature [48]. For plasmas in partial local thermodynamic equilibrium the ion-
isation and the excitation is controlled by the electron temperature T,, the dissociation
of molecules by the temperature of the heavy particles Ty, the rotational excitations of
molecules by T}, and the vibrational excitation of molecules by T, and T}.

Corona Equilibrium

For plasma with low electron densities (n, < 10 m™3..10'"m™3) the deexcitational
electron collisions can be neglected against the spontaneous emission. This is, for exam-
ple found in the plasma of the sun’s corona and therefore the model which describes such
plasmas is called corona model. The corona model assumes that the excitation is only
controlled by electron collision whereas the deexcitation is given by spontaneous emission
and photo recombination.

Collisional-Radiative Models

For plasmas which are located between the two regimes with electron densities 10 m~3
< ne = 1022m~3, which are described by the partial local thermodynamic equilibrium
and the corona model, the collisional-radiative model provides a good description. A
rate equation is formulated in this model, which respects all excitation and deexcitation
processes between the excited state and the ground state. Typically, electron collision
excitation and deexcitation as well as photo excitation and absorption and spontaneous
as well as induced emission are considered. Collisional-radiative models can also be used
to calculate the constants a and b, which were introduced for the description of the partial
local equilibrium.

Different kinds of plasmas can be described with the models presented above even
though not all plasmas can be described by one of these models. Typical plasma param-
eters of atmospheric pressure microwave-generated plasmas will be presented in section
1.3 and then the model which suits best will be figured out and it will be discussed why
a certain model was chosen to describe the plasma of the APS.

1.1.2 Derived Plasma Parameters

The variety of all the plasmas presented in Fig. 1.1 can be described by the same pa-
rameters. These parameters can be derived from the plasma parameters described in the
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previous section 1.1.1 and will be presented in the following.
Quasi Neutrality

As already mentioned a plasma consists of neutral and charged particles. However, the
plasma is quasi neutral on macroscopic scales. This implies that the numbers of positively
charged particles and of negatively charged particles must be equal. For single charged
ions this can be expressed by the following equation:

Ne =n; =n, (1.11)
where n; is the ion density and n is the plasma density.
Degree of Ionisation y

Since a plasma, among neutral particles, also consists of charged particles, a degree of
ionisation y can be described by the ratio of the density of the charged particles n; to the
density of the uncharged particles n,:

Ne Ne Ny

X: ~N — — .
Ng + TN Ng Ng

(1.12)

The degree of ionisation ranges from almost complete ionised fusion plasmas, which have
an ionisation degree of nearly y = 1, to technical plasmas, which often have distinct lower
ionisation degrees of about y ~ 107¢..1072 and y ~ 10~% in extreme cases.

Debye Length A\p

The quasi neutrality is not retained on the microscopic scale, since ions reject other
ions whereas electrons are attracted. Therefore, the ions are enclosed by electrons to
shield their own charge. On the other hand, the electrons are enclosed by ions for the
same purpose. Hence the electric potential is not given by the electric potential in vacuum
but by the Debye-Hiickel potential:

o(r) = 2 -16_%, (1.13)

dmeg T

where ¢ is the charge of the particle, r the distance from the charged particle, and Ap
the so called Debye length. Thus the electric potential of a charged particle in a plasma
decreases faster than in vacuum. The Debye length is given by the following equation

Gok?bT
Ap =/ ——— 1.14
D ’I’L€2 ) ( )

with &, being the Boltzmann constant and 7" the temperature [42]. In a plasma a charged
particle is enclosed by a cloud with oppositely charged particles whose dimension is of
about the Debye length \p.
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With the Debye length the quasi neutrality of the plasma on the macroscopic scale
can then be expressed by the following relation:

L>Ap (1.15)

with L being the dimension of the plasma. This illustrates that plasmas are quasi neutral
when they are regarded from the outside.

Plasma Parameter Np

It must furthermore be assured that enough particles are located in this charge cloud.
The number of particles in the Debye sphere is given as follows:

4 4 Ty T\ 2/
Np=n-gmA} = % : (6065 ) 12 (1.16)

and is defined as the plasma parameter Np [42].
Plasma Frequency w,

The collective behaviour is expressed by plasma oscillations and waves. The simplest
plasma oscillation is an oscillation where the electrons oscillate versus the ions. The
frequency of this oscillation is given by the electron plasma frequency:

ne?
Y Lo 1.17
“p €0Me ( )

The electron plasma frequency wy, is of major importance to the propagation of waves in
plasmas. The whole plasma frequency w, is given by:

2 2 2
Wy = Wpe + Wy, (1.18)
where w,; = ,/%fne_z is the ion plasma frequency. However, the plasma frequency is

dominated by the electron plasma frequency, due to the mass difference of ions and elec-
trons and therefore the plasma frequency can be approximated by the electron plasma
frequency: w, ~ wpe.

1.2 Plasma and Electromagnetic Waves

Since the analysed plasma source is generated by microwaves and therefore the energy to
the plasma is supplied via a high frequency electromagnetic field, the behaviour of waves
in unmagnetized, temperated plasmas will be discussed in the following. The plasma will
be described by the Drude-Model and the conductivity, the penetration depth, and the
absorbed power in a collision dominated plasma will be deduced [44].

In this model the current is entirely provided by the electrons since only the electrons are
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able to follow the high frequency field at the excitation frequency of 2.45 GHz. Further-
more, the model is limited to weak ionised plasma, without a pressure gradient Ap, and
without any external magnetic field. All collisions are assumed to be elastic, so that this
model does not incorporate excitation and ionisation. Since only weak ionised plasmas are
described the electron neutral particle collision frequency v, is applied for the collision
frequency.

Conductivity o

At first the plasma can be described by Ohm’s law, which expresses the behaviour of
the charged particles, which can follow the electric field, here the electrons [44]:

o dj nee?
Ven] + E = m

E = el E, (1.19)

with 7 being the electron current density and w the angular frequency of the irradiated
high frequency wave. On the left side the loss term of the electron current density, which
is determined by the collisions with the frequency v,,., as well as the temporal derivative
of j are given while the right side describes the term, which is given by the electric field E.
If a harmonic time dependence e™? of the electric field and the electron current density
is assumed, the time derivative of the electron current density can be replaced by iw and

equation 1.19 becomes:
S nee?
VenJ + iwj = E. (1.20)

e

The electric field is generally linked to the conductivity o by following relation [44]:
j=o0F. (1.21)
When equation 1.20 is transposed

nee? 1

) = —F 1.22
J Me Vep + W ( )

and compared to 1.21 the conductivity is given by:

nee’ 1

(1.23)

o= —_—
Me Vep + W

The behaviour of this equation becomes more apparent when the normalised collision
frequency v/w is used and when the equation is separated into a real and an imaginary
part [44]:

2
2 v, -V,
Ne€ ( z”) — =

o= e s (Vﬂ); (1.24)

w

To obtain the total conductivity equation 1.24 must be expanded by the vacuum displace-
ment current and becomes [44]:

nee? ()" it

Ttot = + jweo. (1.25)
T Mot 1 4 (2

w
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The real part displays the Ohmic losses while the imaginary part leads to an inductive
behaviour of the plasma. The real part grows quadratically in dependence of the collision
frequency and therefore the real part dominates in collision dominated plasma.

Relative Permittivity ¢, and Refraction Index n,.s

The relative permittivity €, of the plasma can be deduced from the total conductivity

given in equation 1.25
o

r=1—1—, 1.26
€ - (1.26)
and with the plasma frequency w, one gets:
2
w
& =1—-—">r (1.27)
wW(w — 1Wen)
The refraction index n,.s is given by the root of the relative permittivity e,
Nref = Ve =Re(Npep) +ilm(npes) = Nge + iNgm (1.28)

with [44]

S \/%(1—a)+%\/(1—a)2+ (”;"a>2, (1.29)

S \/—%(1—a)+%\/(1_@)2+ (”;"Q)Q, (1.30)

(1.31)

Q
Il

If the exciting frequency w gets smaller than the plasma frequency w, and if no collisions
(Vne = 0) are considered, the refraction index n,.; becomes zero: n,.s — 0. Then no
waves can propagate in the plasma. The electron density at which the exciting wave can
no longer penetrate into the plasma is reached when w = w, and a cutoff density n. can
be defined:

€oMe
w2

ne = (1.32)

o2
The situation changes if collisions are considered. Even for w < w, or n, > n,, the real
part of the refraction index n,.s can be greater than one and a wave with a frequency of
w < w, can penetrate into the plasma. Fig. 1.2 shows in a) the real part of the refraction
index in dependence of n./n. while b) shows the same for the imaginary part for different
collision frequencies v, /w.

Skin Depth 4 of the Wave

How deep the wave penetrates into the plasma is described by the skin depth 6. The
skin depth is defined as the length when the amplitude of the penetrated wave has dropped
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Figure 1.2: Dependence of the real and imaginary part of the refraction index on ne/n.
for different collision frequencies vey, /w. If Ve, /w is zero the real part of the refraction index
becomes zero for n./n. = 1. A wave cannot propagate. However, for high densities and
large collision frequencies the refraction index can become bigger than n,.; = 1 and a wave
can penetrate into the plasma [41].

to 1/e. This can be calculated from the relation & = £n,.;. Hereby the imaginary part

causes the losses:

sl (1.33)

W NI
So for smaller frequencies w the skin depth is relatively large for the same refraction index
Nyef-

Power Absorption by the Plasma

The power P, which is absorbed by the plasma per volume V' can also be deduced
from this model and is given by:

P
p:V:j-E:aEz. (1.34)

Therefore, the effective power per volume p,, is the real part of the entire power density
[44]:

2 Ven 2
Py = & () S B (1.35)
mel/en 1 _'_ Vz}n)
Pu) e Fen
= (1.36)

VE2 Ne 1 + (Ven)2

Fig. 1.3 shows the power absorption in dependence of the collision frequency v,./w for
different n./n. ratios and for a microwave frequency of 2.45 GHz. It can be seen that the
most power is absorbed when the frequency of the microwave w is of about the same order
of magnitude as the collision frequency v,.
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Figure 1.3: Dependence of the the power absorption of the collision frequencies v, /w for
different n./n. ratios [44].

1.3 Typical Plasma Parameters for Atmospheric
Microwave-generated Plasmas

The fundamental and derivated plasma parameters of atmospheric pressure microwave-
generated plasmas are summarised in table 1.1. A plasma is classified as an ideal plasma
if [42]:

>\D<<L,
Np>1 and
1

y@ﬂ

(1.37)

> 1.

Since the Debye length of an atmospheric pressure microwave-generated plasma is about
Ap =~ 0.1..1 um and the dimension of the APS plasma L is within centimetres, the first
requirement in 1.37 is fulfilled. With Np ~ 40..350 the second requirement, that the
number of particles in the Debye sphere should be much larger compared to one, is not
that well provided as in low pressure or fusion plasmas with Np of about 2-10* and 2- 108,
respectively, [43]. w,, - - =38.90 and thus is greater than one. So the criteria for an ideal
plasma are tenably fulfilled for an atmospheric pressure microwave-generated plasma.

The electron density n. of an atmospheric pressure microwave-generated plasma ranges
between n, ~ 10%..10*! m~2 while the cutoff density for a microwave with a frequency of
2.45GHz, w = 27-2.45 GHz = 1.54-10'% 1 is already reached at a value of n, = 7.4-10% m

as can be seen in table 1.1. Thus the quotient of ¢ = ~ is about 3000 and the microwave
should only marginally penetrate into the plasma However since 2« = 1..4, the collisions
ensure that the microwave can still penetrate into the plasma. Slnce “re js about one, the
energy transfer from the microwave to the plasma is optimal, as shown in section 1.2, and
the plasma is heated well. This can also be seen when the refraction index is regarded:
the imaginary part is ny,, = 14.3, which shows the good absorption of the microwave by
the plasma. The real part is ng. = 16.9 and contributes to a good absorption, since the
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Table 1.1: The table summarises the fundamental and derived plasma parameters of at-
mospheric pressure microwave-generated plasmas.

fundamental plasma parameters:

gas temperature T T, ~ 1500..4000 K

electron temperature T, T, ~ 4000..20000 K, which corresponds
to an energy of T, ~ 0.345..1.726 eV

neutral particles n, density at a gas temperature of about 7j, ~
3000 K and at atmospheric pressure:

Ng ~2.1-10*%*m™3

electron density n. ne ~ 10%°..10*! m—3

electron neutral collision Ven & 2..7- 10" s71 [27]

frequency v,

derived plasma parameters:

degree of ionisation Y~ 1073..107°

Debye length Ap Ap ~ 0.1..1 um

plasma parameter Np number of particles in the Debye sphere:
Np ~ 40..350

plasma frequency w, wy = 560 - 10°...1800 - 109 £

cutoff density n. Ne="7.4-10%m=3

refraction index 1.y Ngre = 14.3; Nrm = 16.9

skin depth ¢ of the microwave 0~ 1.2mm

absorbed power Z5 By ~66.3 ﬁ

phase velocity of the wave in the plasma is given by vy, = %, which shows that the phase
velocity becomes smaller when the wave enters into the plasma. Since the phase velocity
decreases, the microwave propagates slower and the power can be better absorbed by the

plasma.

In section 1.1 different models to describe the plasma were presented. Since the
electron density of atmospheric pressure microwave-generated plasma is in the range of
ne ~ 10%..10*' m—3, the APS plasmas would be best described by the collisional-radiative
model. However, the description via the collisional-radiative model is very complex since
rate equations for all populating and depopulation processes must be formulated. There-
fore, for a first characterisation of the APS plasma a simpler model was chosen. Atmo-
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spheric pressure microwave-generated plasmas are collisionally dominated plasmas with
an electron neutral particle collision frequency of v,, ~ 2..7 - 10 m~3, which is consider-
ably higher than the transition probability of A? = 2.45-107s~! of a commonly observed
transition in nitrogen plasmas [49]. Thus, since e~ 8- 102..3 - 102, deexciting collisions
can not be neglected in the description of the APS plasma. Therefore, a description of
the APS plasma by the corona model can be debarred since this model neglects collisional
deexcitation.

A description by a partial local thermodynamic equilibrium seems to be more suitable for
a first characterisation of the APS plasma. Here the excitation is given by the Boltzmann
distribution and the ionisation by the Saha-Eggert equation. The radiation of the plasma
depends on the particle densities and temperatures as well as on the complex quantum
mechanical structure of the molecules and atoms. So the radiation of the plasma, which is
voluntarily emitted by the plasma, can be used to acquire information about the particle
densities and temperatures. The determination of temperatures and densities or gener-
ally the characterisation of plasmas by the voluntarily emitted radiation of the plasma is
called optical emission spectroscopy (OES).

So a first characterisation of the APS plasma was performed by optical emission spec-
troscopy and it was assumed, that the APS plasma is in partial local thermodynamic
equilibrium. However, for a detailed and comprehensive characterisation of the APS
plasma a collisional-radiative model should be applied in further works.



Chapter 2

Development of the Atmospheric
Microwave Plasma Source (APS)

In this chapter at first contemporary used atmospheric plasma sources and their deficien-
cies are presented. Thereof, the requirements of an atmospheric microwave plasma source
for successful use in industrial application are drafted and the design and concept of the
atmospheric microwave plasma source (APS) are introduced in section 2.1.

Thereafter, the detailed development of the APS is presented: For a successful industrial
application a simple ignition of the plasma as well as stable plasma operation are indis-
pensable. To guarantee an ignition without any additional igniters a high electric field
must be reached and therefore detailed information about the electric fields is required
which is why finite element simulations of the electric field distribution were conducted
and are presented in section 2.3.

The simulation results were verified by measurements with a network analyser and are
presented in section 2.4 and resulted in an APS configuration which provides plasma igni-
tion without any additional igniters as well as stable plasma operation. This is presented
in chapter 3.

2.1 Design of the Atmospheric Microwave Plasma
Source APS

At present a variety of different configurations of atmospheric pressure microwave plasma
sources at a frequency of 2.45 GHz exists [39]. Some of them are used to study the
decomposition of waste gases [16, 17, 18, 19, 20, 21, 22, 23, 24]. Examples for atmo-
spheric pressure microwave plasma sources are the surfatron |2, 3, 4|, waveguide-based
axial-type microwave plasma sources |5, 6, 7, 8, 9|, (tapered) waveguide-based systems
[10, 11, 12, 13, 14, 15] and resonator-based microwave plasma sources [16, 17, 18, 19].
Three different principles of atmospheric pressure microwave plasma sources will be pre-
sented in the following sections. First, two waveguide-based axial-type microwave plasma
sources which were first proposed by M. Moisan, second, (tapered) wave-guide systems,
and third, cylindrical resonator based sources will be described. Afterwards, the design of
atmospheric pressure microwave plasma source APS, which is enhanced and characterised
in this work, will be introduced and compared to the other sources.

24
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The first waveguide-based axial-type microwave plasma source was introduced by M.
Moisan and is called TIA ‘torch & injection axiale’ [5]. Fig. 2.1a) shows a schematic view
of the TTA design. The TIA is based on a conventional waveguide-to-coaxial line transi-

a) A b)
c) d)

Figure 2.1: Different kinds of atmospheric pressure microwave plasma sources: a)
waveguide-based axial-type microwave plasma source ‘torch a injection axiale’ TIA intro-
duced by Moisan et al. [2, 3, 4], b) the waveguide-based system ‘Microwave Plasma Torch’
MPT developed by Jin et al. [40], ¢) another waveguide-based system: a surfaguide presented
by M. Moisan et al. [25], and d) a cylindrical resonator based plasma source developed by
Baeva et al. [16, 17, 18, 19].

tion. The plasma gas is guided through the inner conductor of the coaxial line and exits
through a nozzle. The microwave is guided in via the described rectangular and coaxial
wave guides, reaches the end of the coaxial transition line and with the gas flow through
the inner conductor a plasma is ignited at its top. Two shorting plungers are used to
match the impedances and to minimise the reflected power. The plasma forms a small
flame at the top of the inner conductor.

The simplest waveguide-based system is the Microwave Plasma Torch MPT and was first
suggested and developed by Jin et al. [39, 40]. Its design is very simple and is shown
in Fig. 2.1b). A quartz tube is inserted perpendicular in a rectangular waveguide and a
longitudinal extended plasma can be ignited. Again, a shorting plunger is used to match
the impedances and to minimise the reflected microwave power. The so called surfaguide
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has a similar design, which was developed by M. Moisan and is shown in Fig 2.1c) [25].
The surfaguide consists of several parts: first a common rectangular waveguide which is
tapered to a part with a reduced height and then is again tapered to the common height.
In the middle of the part with the reduced height, a thin quartz tube is inserted perpen-
dicular into the waveguide, as can bee seen in Fig 2.1c). On one side of the waveguide the
microwave is coupled in and guided to the quartz tube where a plasma can be ignited.
Since the quartz tube is very thin a complex cooling of the tube is indispensable. On the
other side of the waveguide a shorting plunger again is necessary to match the impedances
and to minimise the reflected power.

Another contemporary atmospheric pressure microwave plasma source is based on a cylin-
drical resonator which is coupled to a rectangular waveguide as shown in Fig 2.1d) and
was developed by Baeva et al. [16, 17, 18, 19]. The resonator has a very high quality and
the coupling between the waveguide and the resonator is improved by a tapered coupling
element. This allows a self ignition of the plasma but only a pulsed plasma operation is
possible since the plasma detunes the resonant frequency of the resonator and because of
the high quality no more microwave power can be coupled into the resonator.

All of the contempory atmospheric pressure microwave plasma sources presented above
have some disadvantages and therefore they are inappropriate for a successful application
in industrial processes such as the purification of waste gases. For example the TIA only
produces a very small plasma flame so that only little amounts of waste gases can be
treated while the surfaguide needs a complex cooling system of the quartz tube. Other
disadvantages are that additional igniters such as AC electric sparks or torch modules
are often needed or that self igniting resonator based plasma sources can only operate in
pulsed mode [16, 17, 18, 19, 20, 21, 22, 23, 24].

However, a plasma system which will be used in industrial applications has to be easy
to handle and must be able to treat large amounts of gases. Therefore, a self igniting
system, which can operate continuously and is able to treat large amounts of gases, is
needed. A large diameter quartz tube allows the treatment of large gas flows due to the
long dwell time. A large enough diameter prevents contact with the plasma avoiding
thermal damage to the quartz tube. On the other hand the diameter of the quartz tube
must be smaller than half the wavelength of the microwave since otherwise microwave
would be radiated. For an ignition of the plasma at atmospheric pressure in air and
without any additional igniters a high electric field of E;jpition ~ 2 - 106 % inside of the
plasma source is required. A high electric field can be obtained when resonators, which
have a high quality @), are used. However, such resonators have a narrow resonance curve
with a sharp resonant frequency. This can lead to further problems: On the one hand
the supplied microwave must have exactly the same frequency as the resonant frequency
of the resonator, on the other hand due to the permittivity of the burning plasma the
resonant frequency of the resonator shifts, the microwave can no longer penetrate into the
resonator and no continuous operation of the plasma source is possible.

Thus an optimal plasma source which provides plasma ignition without any additional
igniters as well as stable and continuous plasma operation is provided by a configuration
which has a high enough quality that a sufficiently high electric field for the ignition can
be established but the quality must also be low enough that a continuous operation is
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Figure 2.2: Schematic view of the atmospheric pressure microwave plasma source APS,
enhanced and characterised in the present work: It is based on an axially symmetric cavity.
The microwave is coupled in by a rectangular waveguide and the plasma is confined in a
quartz tube which is located in the centre of the cavity.

possible.

The atmospheric pressure microwave plasma source APS, which was enhanced and
characterised in this work, is based on an axially symmetric cavity which acts as a cylin-
drical resonator. Microwaves of a frequency of 2.45 GHz are fed into the cavity via rect-
angular wave guides. A quartz tube in the centre of the resonator confines the plasma
and acts as a reaction chamber. The quartz tube has an inner diameter of 26 mm and an
outer diameter of 30 mm and therefore is large enough for the treatment of large gas flows
but also smaller than half the wavelength of the used microwave. A metallic nozzle which
forms a coaxial part below the resonator is needed for the gas inlet. Since this gas inlet
forms a coaxial structure below the cylindrical resonator a second resonator is created as
will be seen in section 2.3.2.3 which describes finite element simulations of the electric
field distribution of the resonator configurations. So this plasma source is actually based
on two resonators. A second tangential gas inlet which leads to a swirl flow of the plasma
gas increase stable plasma operation. Fig 2.2 shows a schematic view of the plasma source.

Thus to develop a self igniting plasma source, detailed knowledge about the electric
filed distribution in the resonator configurations is necessary. Simple configurations such
as a sole cylindrical resonator can be calculated analytically as presented in the following
section 2.2 but more complex systems like the complete plasma source with the quartz
tube and the metallic nozzle can only be covered by using finite element simulations of



28 CHAPTER 2. DEVELOPMENT OF THE APS

the electric field distribution. This will be presented in section 2.3.

2.2 Analytical Solutions of the Maxwellian Equations
for Cylindrical Resonators

Simple configurations such as a cylindrical resonator with a height h and a radius r can
be solved analytically by solving Maxwell’s equations. In a charge-free and insulating

R TN
N

r

-
- %0 p

TN

Figure 2.3: Cylindrical resonator with a height h and a radius r.

dielectric medium particularly in vacuum the density of volume charge p. is zero and the
specific conductivity o is also zero. Therefore, Maxwell’s equations for sinusoidal signals
with a time dependence of e=™* are given by [50]:

V-E=0 (2.1a)

V-B=0 (2.1b)

VxE=iB (2.1c)
C

VxB= —we%ﬁ (2.1d)

where E and B are the electric and magnetic field components, respectively, w the angular
frequency, ¢ the speed of light in vacuum, p the permeability of free space, and € the
permittivity of free space. Resolving (2.1¢) to B and inserting in (2.1d) or resolving
(2.1d) to E and inserting in (2.1c) one gets the two following wave equations [50):

2

V2E + %,LLEE ~0 (2.22)
2

V2B + %MEB ~0. (2.2b)

Since we have cylindrical symmetry, the E- and E—Components can be written as E =
E(z,y,z)-e ™" and B = B(x,y,2) - e ! and the z-component can be separated:

= E(z,y) - e~ *k= (2.3a)

E
B = B(x,y) - e “*ih=, (2.3b)
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According to the boundary conditions for standing waves, the z-components are given by
[50]:

, [
E. = E(z,y) e ™" cos <%) (2.4a)
’ l
B. = B(z,y) -e ™" . sin (%) (2.4b)
where [ is the axial wave number which can be [ = 0,1,2,3,... for the electric field and

[ =1,2,3,... for the magnetic field component. Changing to cylindrical coordinates p, ¢,
and z and formulating a separation ansatz due to the rotational symmetry one gets [50]:

E](IO7 ¢) . eiisziwt q)(p> . 6im¢ . eiisziwt (2 5)
B(p’ ¢) . eil’k27iwt \Ij(p) . elm(b . 6:‘:“42*1&}15’ .

and thus the two dimensional wave equations can be written in the following form [50]:

o 19 5, m?
=~ - =\ =0 2.6
(55272 ) ¥ 26)
which is the so called Bessel differential equation with [50]

2
s W 9 , r
V= peg - k*,  with k= 7 (2.7)
The solution of the Bessel differential equation is given by the Bessel function J,,,. Here-
from the field components can be calculated, the z-component of the electric field for

example is given by [50]:

Iz

Ez(p’ ¢7 Z,t) = EO : e_th COS (T) Jmn(ﬂymn : p) ’ eim¢ (28)

with m being radial and n azimuthal wave numbers. m and n take on the values m =
0,1,2,... and n =1,2,3,.... The boundary condition E,(p = r) = 0 results in

X
i ” (2.9)

where x,,, is the nth-root of the equation .J,,,(x) = 0. Combining 2.7 and 2.9 the resonant

frequency wi,,,; is given by:
1 A
] = 2 — . 2.10
Wmnl = e,u\/xm"+<h) ( )

The resonator of the atmospheric pressure microwave plasma source APS has a height h
of 0.0482m and a radius r of 0.05m. So the resulting resonant frequency of the lowest
E-mode with m = 0,n =1, and [ = 0, the Egp;p-mode, is

To1

van

(2.11)

Wo1o0 =
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and with zg; = 2.405
Wo10

o10 = 2— = 2.296 GHz. (212)
T
Since the magnetron’s frequency is fixed at 2.45 GHz a relation to calculate the dimensions
of the resonator for a fixed frequency is required. Considering only E,,,o-modes 2.10 is
only dependent on the resonator radius and can be resolved as follows:

Frmn = j:;z_ﬂ (2.13)
By now the appropriate resonator radius can easily be calculated for a given magnetron
frequency. The magnetron frequency is fixed at 2.45 GHz which results in a resonator
radius of » = 0.0468 m. Since the radius of the APS is 0.05 m, which results in a resonant
frequency of vy = 2.296 GHz for the Eg19-mode, the radius of the APS is too large to be
resonant to the magnetron’s frequency of 2.45 GHz if it is only regarded as a cylindrical
resonator.
However, the real resonator configuration is more complex as described in section 2.1. To
confine the plasma, a quartz tube in the centre of the resonator is necessary. Furthermore,
a metallic nozzle is needed for the gas inlet which forms a coaxial part below the resonant
cavity. These complex configurations cannot be calculated analytically anymore. There-
fore, simulations of the electric field distribution of these complex configurations are indis-
pensable. The commercial finite element simulation software COMSOL MultiphysicsTM
was chosen for this purpose. The following section 2.3 describes the simulation software
COMSOL MultiphysicsTM in section 2.3.1 while section 2.3.2 describes the simulation
results.

2.3 Simulations with COMSOL Multiphysics

2.3.1 The Simulation Software COMSOL Multiphysics'

COMSOL MultiphysicsTM is a commercial finite element simulation software which can be
used to solve three dimensional scientific problems based on partial differential equations
[51]. It has different kinds of physics modes which consist of predefined templates and user
interfaces. These are already equipped with the required equations and variables so that
only the geometry of the explorative configurations and the relevant physical quantities
such as material properties - here especially the conductivity - must be defined rather than
all the underlying equations. COMSOL Multiphysics — then compiles a set of essential
partial differential equations which describe the whole model. The different physics modes
can be used isolated or they can be combined to study multiphysical phenomena. Here
only a single physics mode, the RF module, was used, which is configured for the analysis
of electromagnetic waves and will be described in the following section 2.3.1.1. COMSOL
MultiphysicsTM has three different ways of providing the partial differential equations.
They are described by the following three mathematical application modes:

e coefficient for linear or almost linear models,

e general form for non-linear, and
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e weak form for models with partial differential equations on for example boundaries,
edges or for models which have mixed time and space derivations.

With these application modes, the following analysis types can be made:

e stationary and time-dependent analysis,
e linear and non-linear analysis, and
e Eigenfrequency and modal analysis.

As already mentioned above, the partial differential equations are solved by the finite
element method. Additionally, the meshing is adapted and the errors are controlled by
using different numerical solvers which were usually chosen automatically and adapted to
the problem by COMSOL Multiphysics'  itself.

2.3.1.1 The RF Module

The RF Module is designed to solve and model scientific problems concerning the propa-
gation of electromagnetic waves. This module can handle time-harmonic, time-dependant,
as well as Eigenfrequency and Eigenmode tasks. For the propagation of electromagnetic
waves this means that harmonic, transient, and Eigenfrequency and Eigenmode analysis
are possible. The module has two application modes for three dimensional problems: the
electric waves application, which was chosen, and the boundary mode analysis applica-
tion. The electromagnetic waves application provides, among others, harmonic propaga-
tion and Eigenfrequency analysis. With the harmonic propagation, stationary or steady
state problems can be solved. It was therefore used to simulate the steady state electric
field distribution for a given configuration when a microwave is coupled into the configu-
ration. The Eingenfrequency analysis was taken to calculate the Eigenfrequencies as well
as the electric field distribution of a given configuration.

The Maxwellian equations form the basis [51]. The limited conductivity which gives rise
to Ohmic losses is realised as a complex permittivity €, = ¢ — je’. €’ reflects all the
losses whereas €’ is the real part of €.. Alternatively, the losses can be expressed by the
conductivity o itself using o = we” where w is the angular frequency. The partial differ-
ential equation for time-harmonic and Eigenfrequency problems can then be written in
the following form:

V X (i7'V x E) — k2eE =0 (2.14a)
Vx (€' xH)—kuH=0 (2.14D)
[51], with D =¢E and B = ,ul:j , |4, € are the permeability and permittivity, respectively,
and kg = wy/6 Mo = w/c (c: speed of light in vacuum) being the wave number of free

space (€ = €.€, it = poptr). When Eigenfrequency problems are solved the Eigenvalue is
A=k
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The boundary and interface conditions can be written as follows:

ity X (B} — Ey) =0 (2.15a)
ity - (Dy — Dy) = p, (2.15b)
fiy x (Hy, — Hy) = J, (2.15¢)
fiy - (B) — By) =0 (2.15d)

[51], where 7 is the normal vector, p,, and j; are the surface charge density and the
surface current density, respectively. Almost all simulations were performed with perfect
electric conductor boundaries since the simulations with real conductivities led to nearly
the same results for the electric field distributions. When perfect electric conductors are
used as boundaries, equation 2.15 is reduced to:

ixE=0 (2.16)

[51]. The electric field distribution was calculated by using harmonic propagation. There-
fore, a microwave has to be induced in the created configuration. This microwave excita-
tion is generated by a matched boundary condition at the front of the waveguide and the
boundary conditions become:

it x (V x E) = jB(E — (it - E)ii) = —2jB(Eo — (it - o)) (2.17)

where E is the independent variable and Ej, is the incident field or the source field [51]. 3 is
the propagation constant and for the propagation of an Eg;-mode in the used rectangular

waveguide given by:
T\ 2
_ 2., — (2
B = \/(27r1/) e <a> (2.18)

with v being the frequency of the microwave and a being the longer side of the rectangular
waveguide. So the excitation is given by an incident electric field and the power can be
varied by the amplitude Ej of a sinusoidal electric field. Before the problem can be solved
a mesh must be created which consists of tetrahedral elements for three-dimensional con-
figurations. A custom mesh size of < 1/10\ was used for the simulations where A is the
wavelength of the microwave. In narrow regions the mesh size was refined. The problems
are solved with different solvers which are usually chosen automatically and adapted to
the problem. Normally, the stationary linear solver is used for harmonic propagation and
the Eigenvalue solver is chosen for the Eigenfrequency analysis [51]. Some simulations
were performed where a parameter was varied for example the frequency of the incident
microwave. Therefore, harmonic propagation was used and the parametric linear solver
was selected as solver [51]. Many different physical values are accessible for the evaluation
of the result. Here the interesting physical values are the electric field components and
their norms, the absorbed microwave power in particular parts of the configuration, the
incident and reflected power as well as the resonant frequencies. The electric field com-
ponents can be displayed as slices at different places in the configuration and at different
intersection lines.

So the general procedure of all simulations performed with COMSOL MultiphysicsTM
can be summarised as follows:
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1. The geometry of the whole configuration is created.

2. The properties of individual parts, such as the electrical properties of the quartz
tube, of the configuration are assigned.

3. The boundary conditions are defined, such as perfect electric conductors for the
metallic walls and the matched boundary condition at the front of the waveguide
where the microwave is excited.

4. The application mode and the solver are chosen: harmonic propagation or Eigen-
frequency analysis

5. The precision of the mesh is defined.

6. The simulation is run, the results are displayed and evaluated.

The simulations performed with COMSOL MultiphysicsTM and their results are presented
and discussed in the following section 2.3.2.

2.3.2 Simulation Results

For a successful operation of the atmospheric pressure microwave plasma source APS in in-
dustrial processes, a self igniting APS which needs no additional igniters is indispensable.
Therefore, knowledge about the electric field distribution of different APS configurations
including the quartz tube and the metallic nozzle for the gas inlet is needed. Simple
configurations such as a cylindrical resonator can be calculated analytically as shown
in section 2.2. For more complex configurations like the realistic APS with the quartz
tube and the coaxial part below, formed by the gas inlet, the electric field distribution
of the configuration is only accessible by using simulations. These simulations were per-
formed using the simulations software COMSOL Multiphysics  which is described in the
previous section 2.3.1. In this section 2.3.2 the results of the simulations are presented

and discussed. The simulations were performed using the procedure described in section
2.3.1.1.

2.3.2.1 Simulations of Cylindrical Resonators Excited in Higher Modes

First, Eigenfrequency analysis of a cylindrical resonator with the radius of the atmo-
spheric pressure microwave plasma source APS of » = 0.05m and of a Egjp-mode res-
onator for 2.45 GHz (r = 0.0468 m) were performed. Resonant frequencies of 2.296 GHz
and 2.45 GHz, respectively, resulted, which are in excellent agreement with the analytical
calculations performed in section 2.2. Then the electric field distribution of a cylindrical
resonator with a radius of the APS (r = 0.05m) coupled to a rectangular waveguide was
simulated. The microwave was excited at the front of the waveguide with a power of
3kW and a frequency of 2.45 GHz. Fig. 2.4a) shows the norm of the electric field. It can
easily be seen, that the maximal electric field of about £ = 72.7kV /m in the centre of the
resonator is not higher compared to the one of about £ = 82.8kV/m in the waveguide.
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Figure 2.4: View from above on the distribution of the norm of the electric field of a) a
cylindrical resonator with the same radius as the APS, r» = 0.05m, b) a Egzp-mode resonator
with a radius of » = 0.1073 m, and ¢) a Egsp-mode resonator with a radius of 7 = 0.1684 m.
The excitation of the microwave was carried out at the front of the waveguide with a fre-
quency of 2.45 GHz and a power of 3 kW.

This is not surprising since the resonator diameter of » = 0.1 m is nearly the same size
as the waveguide (a = 0.0864m and b = 0.0432m) as can be seen in Fig. 2.4a). So the
Eg10-mode resonator is only a rounded short-circuited waveguide. The small electric field
in the centre of the resonator reflects the poor quality () of the configuration consisting
of the resonator and the waveguide.

The quality () describes the relation of the energy stored in the resonator per time to
the energy loss. The losses are caused by Ohmic losses in the metallic resonator walls on
the one hand. On the other hand, microwave, which is reflected at the resonator walls, is
able to leave the resonator through the waveguide. A high electric field in the resonator
centre can be achieved by increasing the power of the microwave. However, thereby the
electric field in the waveguide is increased, too. If only the electric field in the resonator
centre shall be increased, the quality of the resonator must be improved. The insufficient
quality caused by Ohmic losses can be easily improved, if the resonator walls are coated
with a thin metal coating, which has a high conductivity. The other loss caused by the
loss of the reflected microwave through the waveguide is much profounder. Since the
microwave is coupled into the resonator via a waveguide with nearly the same dimensions
as the resonator radius, a remarkable amount of the microwave, which is reflected at the
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resonator walls, can leave the resonator through the waveguide without any difficulties.
Since an electric field of about 2 MV /m is required for the ignition of plasma in air at at-
mospheric pressure, a sole Egjg-mode resonator cannot be used for a self igniting plasma
source at atmospheric pressure, if only microwave sources of some kW are available.
Therefore, a configuration with a higher quality, which leads to a higher electric field in
the resonator centre, is required. An improvement of the quality can be achieved, when
the resonator diameter is enlarged compared to the waveguide dimensions, so that less
reflected microwave power is lost. This means that an Eg;p-mode resonator can no longer
be used, instead, we have to pass on to higher mode resonators.

When only Ej,.o-mode resonators are considered, the radius for such a cylindrical
resonator can be calculated by formula 2.13

xmn

BN

given in section 2.2. The electric field distributions of higher mode resonators were anal-
ysed to examine if configurations with higher mode resonators lead to configurations
with a sufficiently high quality and thus to a sufficiently high electric field for the ig-
nition of plasma. According to equation 2.13 the radius of an Egyy-mode resonator is
ro20 = 0.1073 m. Fig. 2.4b) shows the electric field distribution of an Egy-mode resonator
coupled to a rectangular waveguide. The resonator was again excited with a microwave of
a frequency of 2.45 GHz and a power of 3kW. The electric field in the centre of the Eggq-
mode resonator is increased and reaches a maximum of about £ = 136.3kV/m, which is
noticeably higher compared to that in the centre of the Ego-mode resonator and to that
in the waveguide of about F = 82.5kV/m. This shows that the quality of the Egy-mode
resonator has increased compared to the quality of the Eqig-mode resonator. Going an-
other step further, one comes to an Egszg-mode resonator. The electric field distribution of
an Eg3p-mode resonator coupled to a rectangular waveguide is shown in Fig. 2.4¢). Again
the quality of the resonator has improved which is reflected in the higher electric field
of about F = 138.8kV/m in the centre of the Egzp-mode resonator. Further Eg,,o-mode
resonators show slightly higher electric fields but also have huge dimensions which are
impractical to handle and are therefore not pursued any further.

T"mn0 =

These simulations revealed that higher mode resonators, which have larger diameters
and therefore are much larger compared to the waveguide, have improved qualities @,
which is reflected in the higher electric field in their centre. Another way to improve the
quality of the configuration can be achieved, if special coupling elements are used, which
reduce the coupling hole between the waveguide and the resonator, so that less reflected
microwave power is lost through this coupling hole. Therefore, different kinds of coupling
elements were developed and explored which are presented in the following section 2.3.2.2.

2.3.2.2 Simulations of Configurations with Coupling Elements

As already shown in section 2.3.2.1, the quality, and accordingly the electric field in the
centre of the resonator, can be improved when higher mode resonators are used. Since the
dimensions of higher mode resonators are larger than the waveguide, less of the reflected
microwave is lost through the waveguide, which corresponds to an enhanced coupling from
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the waveguide to the resonator. An improved coupling can also be achieved, if special
coupling elements are used. These coupling elements reduce the dimension of the part of
the waveguide, which is coupled to the resonator, so that the coupling hole between the
waveguide and the resonator is small compared to the resonator itself.

Therefore, a waveguide with a reduced height and a length of A\,/4, a so called \/4-
part, can be used. )\, is the wavelength of the microwave in the waveguide and is given
by the following equation:

A
A= ———2— here=0.1728m (2.19)

o\ 2
()

whereby g is the wavelength in free space and A. the critical wavelength of the waveguide

given by [55]:

Ao = ! (2.20)

(5)"+ (3)°

with m and n being the mode numbers, here m = 1 and n = 0 and a and b the dimensions
of the waveguide (a = 0.864m and b = 0.432m). The length of A,/4 is chosen because
reflections caused at the joint of the different parts superpose destructively. Fig. 2.5a)
shows the electric field distribution of a cylindrical resonator with a radius » = 0.05m
(radius of the APS) coupled to a rectangular waveguide via a A/4-part with a height of
hy,/a = 0.005m. A microwave with a frequency of 2.296 GHz, the resonant frequency of
the cylindrical resonator, and a power of 3kW was excited at the front of the waveguide.
The electric field in the centre reaches a value which is £ = 0.36 MV /m and is clearly
higher than the electric field in the waveguide of £ = 0.09 MV /m. The coupling from the
waveguide is improved since the coupling hole to the resonator is much smaller compared
to the dimensions of the resonator. An even better improvement can be achieved if an
Eoso-mode resonator is coupled to the waveguide via a A\/4-part. The electric field distri-
bution of such a configuration is shown in Fig. 2.5b). The electric field in the centre of the
resonator reaches a maximum value of £ = 1.84 MV /m, which is much higher compared
to that in the waveguide. Here the effect of the improvement of the quality is higher
because the Egzp-mode resonator itself has a larger dimension compared to the size of the
waveguide and additionally the coupling hole between the waveguide and the resonator is
reduced as well.

A softer transition from the waveguide with normal height to the resonator, with a
reduced height, can be realised, when the hight of the waveguide is tapered along a dis-
tance of n - A\,/4. As a good compromise between an unmanageable length and a soft
transition, a length of the tapered section of [ = 1.5\, has emerged. Fig. 2.5¢) shows the
electric field distribution of a waveguide coupled to a cylindrical resonator with a radius
of r = 0.05m (same radius as the APS) via such a taper. The excitation of the microwave
was again carried out at the front of the waveguide with a frequency of 2.296 GHz (res-
onant frequency of the » = 0.05m resonator) and a power of 3kW. The electric field
of E'=0.29 MV /m in the centre of the resonator is a little bit smaller compared to the
electric field, which was achieved with the configuration where the A/4-part was used, but
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Figure 2.5: Distribution of the norm of the electric field of a) a cylindrical resonator with
the same radius as the APS, » = 0.05m, coupled to the waveguide via a A/4-part and c) via
a taper, b) a Eggp-mode resonator with a radius of » = 0.1684 m coupled to the waveguide
via a A/4-part and d) via a taper. The excitation of the microwave was carried out at the
front of the waveguide with a frequency of 2.296 GHz and 2.451 GHz for the r = 0.05m
resonator and the Eg3g-mode resonator, respectively, and a power of 3kW.

is distinctly higher than the electric field in the waveguide or in the case when no coupling
element is used. When a Egzg-mode resonator is used instead of the Eg;op-mode resonator,
the electric field in its centre again can be increased to a value of £ = 0.58 MV /m. The
electric field distribution of this configuration is shown in Fig. 2.5d).

Furthermore, the transmission properties of these coupling elements were analysed,
since for a stable and efficient plasma operation the reflected powers are required to be
minimal. Additionally to the two coupling elements, the A/4-part and the taper, a slit
with a thickness of 0.001 m and height of 0.005 m was analysed. Fig. 2.6 shows the electric
field distribution in the coupling elements if a microwave with a frequency of 2.45 GHz
and a power of 3kW is excited at the front of the waveguide. The other sides of the con-
figurations were set as matched boundaries with a propagation constant 3 for the incident
microwave. The particular distribution of the electric field is caused by reflections of the
microwave at the different joints. The transmitted power ratio was calculated from the
ratio of the incident microwave power to the transmitted power. The analysed slit has a
transmitted power ratio of 37 % and has a high electric field in the gap. So this coupling
element has poor transmission properties and additionally, the disadvantage, that already



38 CHAPTER 2. DEVELOPMENT OF THE APS

norm el. field
[MV/m]

0.25

0.20

0.258 m

- 10.15

0.043 m
1.5\ =

=0.001 m

d
A4

0.05

tramferﬂjd_ 37.1 89.9 96.8
power [%o]: 0.00

Figure 2.6: Transfer properties of the coupling elements: a) a slit, b) a A\/4-part, and c) a
taper. The excitation of a microwave of a frequency of 2.45 GHz and a power of 3kW was
carried out at the front of the waveguide. The other side of the configurations was set as
matched boundary with a propagation constant 3 for the incident wave.

a sparkover at the gap could ignite a plasma, so that a plasma can no longer be ignited in
the centre of the resonator and no stable plasma operation is possible. The transmitted
power ratio through the \/4-part reaches a much higher value of 89.9 %. The best trans-
mission properties are provided by the taper with a transmitted power ratio of 96.8 %,
since it forms a soft transition from the waveguide to the resonator.

These simulations of the electric field distribution of configurations with coupling
elements and higher mode resonators showed that the quality, and, in accordance to that,
the electric field in the resonator centre can be augmented significantly by using higher
mode resonators and /or coupling elements. This offers the chance to design a self igniting
plasma source. The quality of the configuration can be increased when the dimension of
the resonator is significantly higher compared to the microwave supply line, which can be
achieved by two different ways: Either to enlarge the resonator itself, which leads to higher
mode resonators, or to reduce the coupling hole by using special coupling elements. The
highest electric fields can be achieved, when both methods are combined, which results
in an Eggp-mode resonator in combination with a A/4-part. However, for a stable and
efficient plasma operation a high transmitted microwave power is desirable. Therefore,
a configuration of a combination of a Eg3g-mode resonator with a taper, which provides
the best transmission properties with 96.8 % transmitted microwave power and also has
a relatively high electric field in the resoantor centre, is more preferable.

However, it must be noted, that the quality @) is linked to the resonant frequency w by
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the following equation:
L w

Q - A_u)’
with Aw being the bandwidth. This means, that for a fixed frequency an improvement of
the quality leads to a narrower resonant curve. A resonator configuration with a very high
quality in turn has a sharp resonant frequency, which may cause problems in operation.
Therefore, the frequency of the microwave generated by the magnetron needs to be very
close to the resonant frequency. This can cause problems in operation since the magnetron
frequency varies slightly in dependence of the output power and magnetron type. A
burning plasma acts as dielectric causing a shift of the resonant frequency which results
in further difficulties. The practical implications are analysed in chapter 3. To examine
if the quality of the improved configurations, consisting of a higher mode resonator and/
or combined with coupling elements, is sufficient for self ignition of a plasma and also
suitable for stable and continuous plasma operation, an Eg3g-mode resonator, a taper, a
A/4-part, and a slit were designed and manufactured. The microwave properties of these
configurations are analysed in section 2.4. The capability of plasma operations is tested
and presented in chapter 3.

(2.21)

2.3.2.3 Simulation of the Realistic APS

In section 2.3.2.1 simulations of the electric field distribution of a cylindrical resonator
with the same radius as the APS of » = 0.05m coupled to a waveguide were presented.
However, the real APS has a quartz tube to confine the plasma and a metallic nozzle,
which forms a coaxial structure below the cylindrical resonator. The influences of the
quartz tube and the metallic nozzle will be analysed in this section using Eigenfrequency
analyses as well as simulations of the electric field distribution of these configurations.

At first, the influence of the quartz tube, which is commonly used as reaction chamber
in the experiments, on the resonant frequency was analysed. Eigenfrequency analyses of
the cylindrical resonator (radius of r = 0.05 m, same radius as the APS) with an inserted
quartz tube were performed for this purpose. In Fig. 2.7 Eigenfrequency analyses of this
cylindrical resonator with and without an inserted quartz tube are shown. The resonant
frequency of the cylindrical resonator without the quartz tube is 2.296 GHz, as already
mentioned in section 2.3.2.1. The Eigenfrequency analysis of the cylindrical resonator
with an inserted quartz tube with an outer diameter of 0.03m and an inner diameter
0.026 m revealed a resonant frequency of 2.078 GHz for this configuration. So the reso-
nant frequency decreases when a quartz tube is inserted into the cylindrical resonator.
This can be explained by the higher permittivity of the quartz tube compared to the
permittivity of air. Thus the resonator is virtually enlarged, which leads to a virtually
larger radius and results in a lower resonant frequency. In Fig. 2.7¢) an Eigenfrequency
analysis of a cylindrical resonator with an inserted quartz tube with other dimensions
(inner diameter: 0.08 m, outer diameter: 0.076m) is shown. It can be seen that this
configuration has a resonant frequency of 2.223 GHz. This shows that the position of the
dielectric is also important. It illustrates, that if the dielectric is located in a minimal
electric field the shift of the resonant frequency is small but in contrast if it is located in
a field maximum the shift is noticeably higher. So the inserted quartz tube causes a shift
of the resonant frequency to lower frequencies and must be considered when an enhanced
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Figure 2.7: Eigenfrequency analyses of a cylindrical resonator with a radius of r = 0.05m
(same as APS): a) without a quartz tube, with an inserted quartz tube with b) outer diameter
of 0.03m and inner diameter of 0.026 m, and c¢) outer diameter of 0.08 m and inner diameter
of 0.076 m.

self igniting plasma source is developed. The effect that the inserted quartz tube virtually
enlarges the resonator can be generalised for all other dielectrics but the magnitude of
shift is characteristic to the dielectric material.

Furthermore, the influence of the metallic nozzle, - necessary for the gas inlet - which
forms a coaxial structure below the cylindrical resonator, is explored. Simulations of the
electric field distribution and Eigenfrequency analyses of the APS with the metallic nozzle
were performed for this purpose. The dimensions of this APS are shown in Fig. 2.8.

Now the influence of the metallic nozzle position on the electric field distribution and
resonant frequency is analysed. In the lower part of Fig. 2.9 the electric field distributions
of three selected configurations are shown. The excitation of the microwave was carried
out at the front of the waveguide with a frequency of 2.45 GHz and a power of 3kW. The
diagram shows the dependence of the resonant frequency and the norm of the electric field
at nozzle tip on the nozzle position. The simulations show, that the position of the nozzle
has a distinct influence on the electric field distribution as well as on the value of the
electric field. The left simulation shows the electric field distribution for a configuration
where the nozzle extends 2mm into the cylindrical resonator. The electric field reaches
its maximum value of £ = 0.213MV /m at the nozzle tip. In the middle, a simulation
of the configuration where the nozzle extends 8 mm into the resonator is shown. Again,
the highest electric field is attained at the nozzle tip but its value of £ = 1.19MV/m
has increased dramatically. The distribution of the electric field in the right simulation,
where the nozzle extends 13 mm into the resonator, shows that the situation has changed.
The highest electric field of £ = 0.271 MV /m is no longer reached at the nozzle tip
(E =0.038 MV /m) but at the base of the cylindrical resonator.

The dependence of the electric field at the nozzle tip from the nozzle position is sum-
marised in the diagram in Fig. 2.9, which shows, that the highest electric field can be
achieved when the nozzle extends 8 mm into the cylindrical resonator. The red curve in
the diagram shows the resonant frequency in dependence of the nozzle position. It shows
that the resonant frequency decreases from 3.266 GHz when the nozzle extends 0 mm into
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Figure 2.8: Dimensions of the APS with the metallic nozzle for the simulation of the electric
field distributions and Eigenfrequency analyses: cylindrical resonator diameter dg = 0.1 m,
cylindrical resonator height hp = 0.0482 m, diameter of the coaxial part below the cylindrical
resonator deoq, = 0.03 m, height of the coaxial part heoq = 0.025m, height of the nozzle tip
hy, = 0.012m, diameter of the nozzle d,, = 0.0154, and height of the nozzle tip above the
resonator base hy.

the resonator to 2.421 GHz when it extends 14 mm into the resonator. So the resonant
frequency decreases when the nozzle is moved into the resonator. This means on the other
hand, that the nozzle can be used to adjust the resonant frequency and therefore can be
used as a tuning element.

Thus these simulations revealed how dramatically the metallic nozzle affects the reso-
nant frequency as well as the distribution and the value of the electric field. A maximum
electric field can be achieved when the nozzle extends 8 mm into the resonator and the
resonant frequency decreases when the nozzle is moved into the resonator. Measurements
of the resonant frequency in dependence of the nozzle position were performed to verify
this characteristic. The simulated and experimental results are in excellent agreement
and are presented in section 2.4.

Since the above presented simulations revealed that the position of the metallic noz-
zle has a dramatic influence on the resonant frequency as well as on the electric field
distribution, simulations of the distribution of all electric field components and of the
resonant frequency in dependence of the nozzle position and of the cylindrical resonator
radius were performed. These simulations revealed that the APS, which is based on a
cylindrical resonator with a metallic nozzle, needed for the gas inlet, actually consists of
two resonators: the cylindrical resonator and a second coaxial resonator which is formed
below the cylindrical resonator by the metallic nozzle. Moreover, Eigenfrequency analyses
showed that two modes exist: the well-known resonator mode and a second mode, which
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Figure 2.9: Simulation of the electric field distribution and Eigenfrequency analyses in
dependence of the nozzle position: The diagram shows the norm of the electric field at the
nozzle tip and the resonant frequency in dependence of the nozzle position. Below, the
electric field distribution of three selected configurations is shown. The norm of the electric
field reaches its highest value when the metallic nozzle extends 8 mm into the cylindrical
resonator. The resonant frequency decreases when the nozzle extends further into the cylin-
drical resonator.

will be called coaxial mode in the following.

Fig. 2.10a) and b) show distributions of the z-components of the electric field of the two
different modes for two different nozzle positions of —13 mm and 17 mm, which were per-
formed by Eigenmode analyses. Fig. 2.10a) shows the distribution of the z-component of
the electric field for the coaxial mode and b) for the resonator mode. The z-component
of the resonator mode has its maximum in the centre of the cylindrical resonator for both
nozzle positions whereas the coaxial mode reaches its maximum value at the nozzle tip.
So the two modes have distinct different distributions of the z-component of the electric
field.

The diagrams in Fig. 2.10c) and d) show the dependence of the resonant frequencies of
the two modes on the nozzle position and on the resonator radius, respectively. The black
curves show the dependence of the resonant frequency of the coaxial mode. The frequency
dependence of the resonator mode is given by the red curves, which show the simulated
results, and the blue curves, which display the analytically calculated resonant frequencies
by using equation 2.11. It can be seen, that the resonant frequency of the coaxial mode
is only dependent on the nozzle position and decreases when the nozzle is moved into the
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Figure 2.10: Distribution of the z-component of the electric field for the two different
nozzle positions and for a) the coaxial and b) the resonator mode. The two diagrams show
the resonant frequency in dependence of c) the nozzle position h; and d) the resonator
radius 7.

resonator (black curve in Fig. 2.10c)). However, the resonant frequency of the coaxial
mode is not affected by the variation of the resonator radius (black curve in Fig. 2.10d)).
The resonant frequency of the resonator mode is on the other hand independent of the
nozzle position (red and blue curve in Fig. 2.10c)) but shows a strong dependence on the
resonator radius, which is demonstrated by the simulations as well as by the analytical
calculations (red and blue curve in Fig. 2.10d)). This can already be seen, when regarding

equation 2.11:
Woio o1

o2 Ty el

which shows that the resonant frequency is linear in % for Egp-mode resonators.

Voo =

These simulations showed that the APS is based on two resonators, the cylindrical
resonator and the coaxial one, which is formed by the metallic nozzle. This leads to two
different modes: the resonator mode and the coaxial mode. The resonator mode has a
high electric field in its centre and the resonant frequency is independent of the nozzle
position but dependent on the resonator radius. In contrast, the coaxial mode has a
maximum electric field at the nozzle tip and its resonant frequency is independent of the
resonator radius but dependent on the nozzle position. Thus the resonant frequency of the
two modes can be varied on the one hand by the resonator radius for the resonator mode
and on the other hand by the nozzle position for the coaxial mode. When the resonator
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radius and the nozzle position are chosen in such a way, that both modes have the same
resonant frequency, the electric field in the APS can be increased even more drastically.
This is shown by simulations of an APS, which is driven by microwaves of 915 MHz and
was realised for this APS, which was newly designed and manufactured [41].

Further simulations of the electric field distribution as well as Eigenfrequency analyses
of this 915 MHz APS where performed concerning the variation of other parameters like
the height h.q, or the diameter d.,., of the coaxial part which revealed their influence
on the resonant frequency [41]. These simulations disclosed, that a larger coaxial height
leads to a higher electric field and thus to a configuration with a higher quality [41]. This
can again be explained by the fact, that the size of the whole APS configuration is large
compared to the dimensions of the waveguide.

To summarise, the simulations of a cylindrical resonator with the same dimensions as
the APS showed, that such a resonator only has a low quality and according to this a
low electric field in its centre, so that a self ignition of the plasma is almost impossible.
Therefore, simulations of higher mode resonators such as Egp- and Egzg-mode resonators
were performed and showed that these configurations have a higher quality and thereby a
higher electric field in their centre since the dimension of the resonator is large compared
to the size of the waveguide.

Another possibility to enhance the quality, is to use special coupling elements. Thereby
the coupling hole between the waveguide and the resonator is minimised. The simulations
of the three coupling elements, a slit, a A\/4-part, and a taper, displayed that the highest
electric field can be achieved when the \/4-part is used, whereas the taper has the best
microwave transmission properties. A further improvement of the quality can be obtained
when a higher mode resonator is combined with a coupling element. To examine if these
configurations are suitable for an atmospheric pressure microwave plasma source, which
provides self ignition of plasma and stable plasma operation and to verify the simulation
results a Egzg-mode resonator, a slit, a A/4-part and a taper were designed, manufactured,
and measured by using a network analyser. The experimental results are presented in sec-
tion 2.4 and compared to the simulations.

Furthermore, the simulations of the real APS with inserted quartz tube revealed that,
the inserted quartz tube virtually enlarges the resonator which leads to a shift of the
resonant frequency to lower resonant frequencies. The simulations of the APS with the
metallic nozzle, which is needed for the gas inlet, showed that the electric field distribu-
tion as well as the resonant frequency are affected radically by the metallic nozzle. The
resonant frequency decreases when the nozzle is moved into the resonator. On the other
hand this means that the nozzle can be used to adjust the resonant frequency and thus
functions as a tuning element, which can be used to develop a self igniting atmospheric
pressure microwave plasma source, as will be presented in chapter 3. Further simulations
and Eigenmode analyses revealed that the nozzle forms a coaxial structure below the
cylindrical resonator, so that the APS is actually based on two resonators: the cylindrical
resonator and a coaxial one. Eigenfrequency analyses revealed that there are two possible
modes: The resonator mode which has a high electric field in the resonator centre and
whose resonant frequency is independent of the nozzle position but depends on the res-
onator radius and on the other hand the coaxial mode with its highest electric field at the
nozzle tip. The resonant frequency of the coaxial mode is independent of the resonator
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radius but it shows a strong dependency on the nozzle position.

Thus the simulations delivered detailed information about the electric field distribution
of different kinds of configurations and revealed how higher quality configurations can
be attained and fundamentals of the APS, like that it consists of two resonators, what
further aided the development of a self igniting APS, which will be presented in chapter
3. However, before that measurements of the microwave properties of the configurations
discussed in this section 2.3.2 are presented in the following section 2.4.

2.4 Measurements of the Microwave Characteristics
and Comparison with the Simulations

The simulations with COMSOL MultiphysicsTM in section 2.3 showed, that configurations
with a high electric field in the resonator centre can be achieved when higher mode res-
onators, for example Eggg- or Egzp-mode resonators, and /or special coupling elements, like
a taper, a A/4-part or a slit, are used which increase the quality of the configuration. To
verify these results a Eggo-mode resonator, a taper, a \/4-part and slit were designed and
manufactured and are presented in section 2.4.1. The quality of configurations, consist-
ing of the Egzp-mode resonator or the APS combined with the coupling elements, were
measured with the experimental setup presented in section 2.4.2 by using a network anal-
yser. These results are presented in section 2.4.3. Furthermore, Eigenfrequency analyses
of the real atmospheric pressure microwave plasma source have been performed and re-
vealed that the quartz tube, which confines the plasma, causes a shift of the resonant
frequency to lower frequencies. Simulations of the electric field distributions as well as
Eigenfrequency analyses of the APS with the metallic nozzle showed, that the resonant
frequency depends on the nozzle position and decreases when the nozzle is moved into
the cylindrical resonator. To verify these results from the simulations, measurements of
the resonant frequency of the ASP with and without an inserted quartz tube as well as
in dependence of the nozzle position were performed and are presented in section 2.4.3.

2.4.1 Design and Construction of the Ej3-Mode Resonator and
the Coupling Elements

The simulation of the electric field distribution revealed, that a high electric field in the
centre of the resonator, which is needed for a self ignition of the plasma, can be achieved
when either higher mode resonators or special coupling elements are used. The highest
electric field can be attained when a higher mode resonator is combined with one of these
coupling elements. The simulations showed that the highest electric field can be obtained
when the resonator dimension is large compared to the waveguide, which lead to an Egzg-
mode resonator. This resonator is, with a radius of 0.1684 m, comparably large to the
waveguide (a = 0.0864 m and b = 0.0432 m) but not too large to be impractical to handle.
To verify the results obtained by the simulations, concerning the quality and the resonant
frequency, and to test if the quality, and according to that the electric field in the centre of
an Eg3p-mode resonator, is high enough to ignite plasma without any additional igniters,
an Egzp-mode resonator was designed and manufactured.

To confine the plasma again a quartz tube was chosen but with a larger diameter of 0.04 m
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Figure 2.11: Schematic view of the Eg30-APS with a radius of » = 0.1634 m and a height
of h = 0.06 m. The microwave can be coupled in from the left side via a waveguide or a
coupling element. The top and bottom of the Eg30-APS are made of an aluminium plate
and the wall is made of a perforated metal plate. Fig. 3.4 in section 3.4 shows a photo of

the E030—APS.

(diameter of the quartz tube of the Eyo-APS: 0.03m), so that the quartz tube is located
in a place, where the electric field is low and according to that only a small shift of the
resonant frequency is caused. Additionally, with a larger quartz tube higher gas flows can
be treated. With a larger quartz tube even higher gas flows could be treated and this
tube could be placed in the second minimum of the electric field, so that again the shift of
the resonant frequency is small. However, any hole in the resonator, here for the quartz
tube, must be smaller than half the wavelength of the microwave power since otherwise
microwave would be coupled out through this hole. The gas inlet was again realised with a
metallic nozzle, so that this atmospheric pressure microwave plasma source, also consists
of two resonators and therefore has a resonant frequency tuning element, the metallic
nozzle. Further on, this APS, which is based on a Egyzp-mode resonator, will be named
Eg30-APS while the Egip-mode-based APS will be named Eg;o-APS.

The radius of the Eg30-APS was calculated iteratively by simulations. Therefore, Eigenfre-
quency analyses with COMSOL MultiphysicsTM of the Eg30-APS with the inserted quartz
tube and one fixed nozzle configuration were performed iteratively for different radii un-
til the resonant frequency of the Eg30-APS coincided with the magnetron frequency of
v = 2.45GHz. This led to a radius of r = 0.1634 m for the Eg3o-APS. Thus the Eg3o-APS
was manufactured with this radius and a height of 0.06 m. Fig. 2.11 shows a schematic
view of the Eg30-APS. The top and the bottom of the Eg30-APS resonator are made of
aluminium plates whereas the wall is made of a perforated metal plate, so that the plasma
inside the resonator is accessible for diagnostics. The microwave can be coupled in from
the left side via a waveguide or via a coupling element. In addition to the central gas inlet
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through the metallic nozzle, a second tangential gas inlet was integrated, which enhances
a stable plasma operation. To verify the simulation results, the microwave properties, like
the quality and the resonant frequency, of the Eg39-APS were characterised by using a
network analyser and will be presented in section 2.4.3. Plasma operation was also tested
and will be presented in chapter 3.

The simulations presented in the previous section 2.3 showed that a higher quality can
not only be achieved by using a higher mode resonator but also when special coupling
elements are used. Three coupling elements were analysed in section 2.3: a slit, a \/4-
part, and a taper. Fig. 2.12 shows schematic views and photos of the manufactured three
coupling elements. The slit has a thickness of d = 1 mm and a height of A = 5mm. The

a) b) c)

= = = = =

Figure 2.12: Schematic view and photos of the three coupling elements: a) a slit with a
thickness of d = 1 mm and a height of h = 5mm, b) a A\/4-part with a length of [ = /4 =
43 mm and a height of A = 5mm, and c¢) a taper with a tapered length of [ = 1.5\, = 0.258 m
and a tapered height of 5 mm.

A/4-part has a length of [ = 43 mm and the same height as the slit: h = 5mm. The taper
has the same tapered height and a tapered length of 1.5\, = 0.258 m. Their microwave
properties, here the improvement of the quality when they are combined with an APS,
were analysed with a network analyser and the results will be presented in section 2.4.3.

2.4.2 Experimental Setup

The simulations of the electric field distribution revealed that the quality, and according
to that the electric field, can be enhanced when higher mode resonators or special cou-
pling elements are used. The Eigenmode analyses showed, that the resonant frequency of
the Eg10-APS is dependent on the position of the metallic nozzle and decreases when the
nozzle is moved into the resonator. So to verify the results obtained by the simulations,
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measurements of the resonant frequency as well as measurements of the quality of the sole
Eo10- and Eg39-APS and combined with the coupling elements were performed.
The microwave properties of such configurations can be characterised by the scattering
parameters, the so called S-parameters [55]. S-parameters are commonly used to describe
the behaviour of linear networks in dependence of the frequency. The number of required
S-parameters is dependent on the number of gates and is given by the square of the gates.
A configuration which consists of a resonator coupled to a waveguide, like the APS; is a
oneport, has only one gate, namely the front of the waveguide where the microwave is
coupled in, and therefore is characterised by only one S-parameter.

A network analyser was used to measure the S-parameters of the Egig9- and the Eg3o-APS

a)

network
analyser

quartz tube
transition: \ ~ resonator

coaxial - ——

waveguide coupling |~ /g
element °

nozzle
A:S11 MK_1 (IEEE) :-20.62248 10 dB/ 0.0004B
LOG g
MAG \
RBI : :
AUTO i
1704 G~
1579 \ Sy v
= i
; 864 (GHz
A:  START:1GHz STOP :3GHz

Figure 2.13: a) A schematic view of the experimental setup for the measurement of the
microwave properties using a network analyser and b) a typical measurement. The marker
on the left denotes the cutoff frequency of the rectangular waveguide while the right marker
denotes the dip at the resonant frequency.

and of the coupling elements. The utilised MS4662A network analyser from Anritsu can
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be applied to characterise two-port networks, which have two gates. A twoport can be
characterised by four S-parameters: Sii-, So1-, Sa1-, and Soo-parameter. The Si1- and
Sao-parameter characterise the reflection properties while the Si9- and Sy1-parameter char-
acterise the transmission properties. Since a one-port, the FEgjo- and Egzp-APS (combined
with the coupling elements), is measured here, only the S;;-parameter was explored. The
Sii-parameter expresses, as already mentioned, the reflection coefficient. The reflection
coefficient is dependent on the frequency of the incident microwave. When the resonator
is stimulated at its resonant frequency only small amounts of the microwave power are re-
flected back into the waveguide. This means, that the reflection coefficient and according
to that the Si;-parameter, has a minimum, a dip, at the resonant frequency. Thus, when
the Sii;-parameter of an APS is measured in dependence of the frequency, the resonant
frequency can be determined from the position of the minimum. Furthermore, the width
of that dip provides information about the quality of the measured configuration. A wide
dip denotes a low quality while a narrow dip indicates a high quality of the configuration.

Fig. 2.13a) shows the schematic view of the experimental setup for the measurement

of the microwave properties. A measuring signal of a few mW is produced by the network
analyser and guided to the coaxial-to-waveguide transition via a coaxial cable where the
microwave is coupled into the rectangular waveguide and guided to the resonator. When
configurations with coupling elements were measured, the coupling elements were placed
between the coaxial-to-waveguide transition and the resonators. The reflected signal is
detected by the network analyser, the Si;-parameter is calculated and displayed. The
frequency of the measuring signal was varied from 1 GHz to 3 GHz. Fig. 2.13b) shows
a typical measurement of the Sj;-parameter. The marker on the left denotes the cutoff
frequency of the rectangular waveguide vey0rf = 1.704 GHz while the right marker denotes
the dip at the resonant frequency, here v,., = 2.864 GHz.
So the microwave properties of the Eqio- and Eg3o-APS as well as of the coupling elements,
the resonant frequency and the quality, can be measured with this experimental setup
using a network analyser. The resonant frequency can be determined from the position
of the resonant dip of the Sj;-parameter while the quality is given by the width of the
resonant dip. The following section 2.4.3 presents measurements of the resonant frequency
and of the quality of the different configuration and compares them to the simulation
results.

2.4.3 Experimental Results

The simulations in section 2.3.2 revealed that configurations with a higher quality, and
therewith associated a high electric field in the resonator centre, can be achieved when
higher mode resonators or special coupling elements are used. Therefore, a Egzp-mode
resonator and the three coupling elements were designed and manufactured as described
in section 2.4.1. The quality of different configurations was measured via the experimen-
tal setup presented in section 2.4.2. In the experiment the Full Width at Half Maximum
FWHM of the resonant dip is assumed as a measure of the quality. In the simulations
the quality is displayed by the norm of the electric field in the resonator centre E..pire.
The quality of the sole Eq19-APS with a radius of » = 0.05m and the Eg3o-APS, described
in section 2.4.1, as well as a combination of the APS with the coupling elements (slit,
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Table 2.1: This table summarises the quality of the sole Eg19- and Eg3o-APS and configura-
tions with the three coupling elements, the slit, the taper, and the \/4-part, in combination
with the APS. As a measure of the quality of the configurations the norm of the electric
field in the resonator centre E.cpire 18 assumed for the simulations whereas the Full Width
at Half Maximum (FWHM) is assumed for the experiment.

simulation experiment
norm of the el. field in the Full Width at Half
resonator centre Eceppre [V/m| Maximum FWHM [MHz|
Eo1o 0.73-10°V/m 76.0 MHz
Egy with slit 1.04 - 10° V/m 92.0 MHz
Eo10 with taper 2.85-10°V/m 10.6 MHz
Eoio with \/4-part 3.56 - 10° V/m 6.40 MHz
Eoso 1.39-10°V/m 7.96 MHz
Egso with slit 1.77-10°V/m 3.36 MHz
Eo30 with taper 5.80 - 10° V/m 2.92 MHz
Eoz0 with \/4-part 18.4-10°V/m 2.64 MHz

taper, and A/4-part), were measured. Table 2.1 summarises these measurements and
compares them to the simulation results. The simulations revealed an E..,:.. of the sole
Eo10-APS of 0.73 - 10° V/m whereas the measurements revealed a FWHM of 76.0 MHz.
When the Eg;o-APS is combined with a slit, the E.cpe increases to 1.04 - 10° V/m and
the FWHM decreases to 22.0 MHz. So the simulation as well as the measurements show
that the quality of the Eq;0-APS combined with a slit has increased compared to the sole
Eo10-APS. When a taper instead of the slit is used the quality can be improved as Eccpire
= 2.85-10°V/m and FWHM = 10.6 MHz show. A further improvement can be achieved
when a \/4-part is used instead which leads to an electric field of 3.56 - 10°V/m and to
a Full Width at Half Maximum of 6.40 MHz. This displays that for the Eg;o-APS the
simulations and the measurements show the same behaviour. The simulation and the
measurement revealed an Egese of 1.39 - 10°V/m and a FWHM of 7.96 MHz, respec-
tively, for the sole Eg30-APS which means that the quality has increased compared to the
Eo10-APS. Again configurations of the Eg3p-APS combined with the slit, the taper, or the
A/4-part were simulated and measured. These simulations and measurements showed,
that the quality can be improved when a slit is used. A further improvement can be
obtained when a taper is used and the best results can be achieved when a \/4-part is
combined with an Eg3o-APS.

So the measurements show the same behaviour as the simulations and illustrate that the
quality can be improved when higher mode resonators and special coupling elements are
used.
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The simulations in section 2.3.2.3 showed that the inserted quartz tube, which is
needed to confine the plasma, causes a shift of the resonant frequency to lower frequen-
cies. Therefore, measurements of the resonant frequency with the network analyser of
the Eg10-APS with and without inserted quartz tube were performed. The Si;-parameter
was measured and the resonant frequency was determined from the position of the reso-
nant dip. For the Eq;o-APS the resonant frequency was determined to 2.736 GHz without
quartz tube and 2.584 GHz with the quartz tube for a fixed nozzle position. Thus the
simulations and measurements agree that inserting a quartz tube into the resonator causes
a shift in the resonant frequency to lower frequencies.

Furthermore, the simulations in section 2.3.2.3 revealed, that the resonant frequency
of the Eg19-APS decreases when the metallic nozzle, which is used for the gas inlet, is
moved into the resonator. To measure the resonant frequency in dependence of the nozzle
position the Ey;o-APS was equipped with a movable nozzle. Fig. 2.14 shows the resonant
frequency in dependence of the nozzle position. The square symbols were obtained by
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Figure 2.14: Dependency of the resonant frequency on the nozzle position. The square
symbols were obtained by the simulations while the round symbols represent the measured
values. Both curves show the same behaviour and are in excellent agreement: the resonant
frequency decreases when the nozzle is moved into the resonator.

the simulations performed in section 2.3.2.3 while the round symbols show the measured
values. The curves show an excellent agreement between the simulation and the measure-
ment. Since the resonant frequency is dependent of the nozzle position the nozzle can be
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used as a tuning element to adjust the resonant frequency. This leads to an Ego-APS
configuration, which provides self ignition of the plasma and maintains stable plasma op-
eration as will be presented in chapter 3.

Moreover, differently shaped nozzle tips were manufactured to analyse the influence
on the resonant frequency. Fig. 2.15b) shows a photo of the different nozzle tip shapes
which include a range of pointed tips shown on the right side of the photo, a round nozzle
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Figure 2.15: a) Dependence of the nozzle position on the resonant frequency for differently
shaped nozzle tips. b) Photo of the different nozzle tips.

tip and a completely flat tip seen on the left side of the photo. The pointedness of the
tip is characterised by the height of the pointed part of the tip and ranges from 20 mm, a
relatively strongly pointed tip, to 6 mm, which is only slightly pointed, as can be seen in
the photo. The diagram in Fig. 2.15a) shows the dependence of the resonant frequency
on the nozzle position for the different nozzle tips. The dependence is the same for all the
nozzle tips: the resonant frequency decreases when the nozzle is moved into the resonator.
However, the resonant frequency for a fixed nozzle position shifts for the different nozzle
tips. For example, a resonant frequency of 2.94 GHz can be achieved when the nozzle
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with the flat tip extends 8 mm into the resonator whereas the same resonant frequency is
obtained when the nozzle with the round tip extends about 3.5 mm into the resonator. A
relatively sharp nozzle tip, e. g. the 20 mm-nozzle has a resonant frequency of 2.712 GHz
when the nozzle extends 8 mm into the resonator while a relatively flat tip, like the 6 mm-
nozzle, has a distinct lower resonant frequency of 2.288 GHZ for the same nozzle position.
This means that a more pointed nozzle tip leads to a higher resonant frequency compared
to nozzles with a less pointed tip in the same position.

To summarise, the simulations in section 2.3 revealed, that a sole Eg;y resonator cou-
pled to a waveguide only has a very poor quality and therefore, the electric field in the
resonator centre is not higher compared to the one in the waveguide. This led to con-
figurations with higher qualities: higher mode resonators and special coupling elements.
To verify the simulation results an Eg3p-mode based APS as well as the three analysed
coupling elements, the slit, the taper, and the \/4-part, were designed and manufactured
as described in section 2.4.1.

The measurements of the quality of the individual configurations showed that the sole
Eg10-APS has the lowest quality. The quality can be improved when a slit is used as
coupling element. Further improvements can be achieved when the taper or the \/4-part
is used. The measurements of the quality of the Eq30-APS showed that the quality can
also be improved when higher mode resonators are used and an even higher improvement
can be achieved when the Ey3p-APS is combined with the coupling elements. So the ex-
perimental and simulation results agree.

The simulations also showed that the inserted quartz tube, which is needed to confine the
plasma, causes a shift of the resonant frequency to lower resonant frequencies. This could
be verified by measurements of the resonant frequency of the Eg;o-APS with and without
an inserted quartz tube.

Further simulations revealed, that the resonant frequency is dependent on the position of
the metallic nozzle, which is necessary for the gas inlet. Therefore, the resonant frequency
of the Egy1o-APS was measured in dependence of the nozzle position and showed, that the
simulated and measured results are in excellent agreement. Further on, measurements of
the resonant frequency in dependence of different nozzle shapes were performed. These
revealed that the dependence of the nozzle position on the resonant frequency is the same
for all analysed nozzle shapes, in that the resonant frequency decreases when the nozzle
is moved into the resonator. However, the shape of the nozzle tip has an influence on the
resonant frequency: More pointed nozzle tips lead to a higher resonant frequency than
nozzle tips, which are less pointed, for the same nozzle position.

As already mentioned above, the nozzle position depends on the resonant frequency, which
can be measured with a network analyser. Regarded from a different perspective, this
means that the resonant frequency of the APS can be adjusted by the position of the
metallic nozzle. This fact leads to an APS configuration which is able to ignite plasma
without any additional igniters and maintains stable and continuous plasma operation.
This APS will be presented in the following chapter 3.



Chapter 3

The Self Igniting APS

The atmospheric pressure microwave plasma source APS is based on a cylindrical res-
onator as described in section 2.1. The plasma is confined in a quartz tube. A metallic
nozzle, which is needed for the gas inlet, forms a coaxial structure below the cylindrical
resonator. The simulations in chapter 2.3 revealed, that the quartz tube causes a shift
of the resonant frequency and that the metallic nozzle affects the resonant frequency of
the APS. The measurements in section 2.4 verified that the resonant frequency decreases
when the nozzle is moved into the resonator. Since the magnetron frequency is fixed, but
varies in dependence of the type and on the output power, the resonant frequency of the
APS can be adjusted to the frequency of the microwave generated by the magnetron. To
determine the frequency of the produced microwave the magnetron was measured with a
spectrum analyser, which is described in the following section 3.1. In combination with
a commonly used setup for the operation of microwave-generated plasma sources, which
is described in section 3.2, this leads to a self igniting Eg19-APS, which is presented in
section 3.3. Section 3.4 deals with a self igniting Eq3o-APS.

3.1 Measurements of the Magnetron

To acquire knowledge about the frequency dependency of the utilised magnetron the fre-
quency of the radiated microwave was measured in dependence of the output power with
a spectrum analyser. The output power of the utilised magnetron ranges from 0.3 kW
to 3kW. Fig. 3.1 shows the frequency of the radiated microwave in dependence of the
output power. The diagram illustrates, that the frequency of the produced microwave
increases from 2.4515 GHz to 2.4563 GHz when the output power of the magnetron is
increased from 0.3kW to 2.7kW. When the output power is further increased to 3 kW
the frequency of the radiated microwave decreases somewhat to 2.4560 GHz. Since now
the frequency dependency of the magnetron is known the resonant frequency of the APS
can be adjusted to the frequency of the microwave generated by the magnetron.

o4
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Figure 3.1: Dependency of the microwave frequency on the output power of the magnetron.

3.2 Commonly used Experimental Setup for the
Operation of Microwave-generated Plasma
Sources

Commonly an experimental setup as shown in Fig. 3.2 is used for the operation of
microwave-generated plasma sources. The plasma source is supplied with microwave

three-stub-tuner

T quartz tube

/ ?onator

V.

o

circulator gas inlet wmp 1k g gas inlet

metallic nozzle:
tuning element

gas inlet

Figure 3.2: Commonly used experimental setup for the operation of microwave-generated
plasma sources. The microwave is produced by the magnetron, which is shown on the left
side. Then the microwave is guided through a circulator with a waterload and a three-stub-
tuner to the plasma source via waveguides, shown on the right side. The circulator is used
to protect the magnetron from reflected microwave power whereas the three-stub-tuner is
used for impedance matching.
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power of 3kW, which is produced by the magnetron. The magnetron is shown in Fig. 3.2
on the left side. The circulator located to the right of the magnetron protects the mag-
netron from microwave power reflected by the plasma source. The reflected microwave is
redirected into the waterload where it is dumped. This is necessary because microwave
reentering the magnetron would destroy it.

A well known impedance matching element is a so called three-stub-tuner. A three-
stub-tuner consists of a part of a waveguide with three stubs at a distance of about 3/8\;,
which can be moved into the waveguide. This device can be used to match the impedance
from the waveguide to the plasma source. It can be achieved by placing the three stubs in
the waveguide in such a way, that the reflected microwave power from the plasma source
is reflected back to the plasma at the stubs, so that the forward power to the plasma
source in maximised. Behind the three-stub-tuner the plasma source is mounted, here the
APS.

3.3 The Self Igniting Ey-APS

The simulations as well as the measurements of the microwave properties revealed that
the metallic nozzle affects the resonant frequency of the APS. The resonant frequency
decreases when the nozzle is moved into the resonator. Thus the resonant frequency of
the APS can be tuned by the position of the metallic nozzle to match the frequency of
the microwave, which is generated by the magnetron and already known by measurement.
This can be achieved with the same experimental setup, which was used to measure the
microwave properties and is described in section 2.4.2.

The Eg10-APS with an inserted quartz tube, coupled to a three-stub-tuner, is connected
to the network analyser and the resonant frequency is determined from the position of
the resonant dip in the Sij;-parameter. The nozzle is moved up and down iteratively
until the resonant frequency of the APS has the same value as the microwave generated
by the magnetron. Then the impedance is matched with the three-stub-tuner by itera-
tively adjusting the three stubs, so that the resonant dip gets as deep as possible, which
implies that the forward power is maximised. After this procedure the whole Ego-APS
with the positioned three stub tuner is mounted behind the magnetron and the circulator.
Then the magnetron is turned on and a microwave power of about only 0.3 kW..0.5 kW
is sufficient to ignite a plasma in the Eg;9-APS without any additional igniters. After
the plasma is ignited the three-stub-tuner must be readjusted since the impedance of the
APS has changed due to the plasma burning in it. Then the microwave can be supplied
continuously to the plasma and is almost completely absorbed by the plasma.

The fact that an Eg;0-APS, whose resonant frequency is adjusted to the frequency of the
microwave, in combination with a three-stub-tuner provides a sufficiently high electric
field to ignite plasma without any additional igniters can be explained by the fact, that
the three-stub-tuner acts as an excellent coupling element. Since the three-stub-tuner
reflects the microwave, which is reflected from the APS, back into the resonator, the
three-stub-tuner enhances the quality, so that a high electric field can be established in
the resonator centre, which is sufficiently high to ignite plasma without any additional
igniters. Thus, the three-stub-tuner acts as an excellent coupling element. Therefore, it
would be very interesting to simulate the electric field distribution of such a configuration
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consisting of an APS combined with a three-stub-tuner and to compare these simulations
to the simulations presented in earlier chapters. However, the iterative process of finding
the optimal stub positions would have to be performed manually which was deemed to
time-consuming.

In summary the development-history of a self-igniting Eg19-APS was as follows. First
the simulations of the realistic Ey1o-APS revealed that the resonant frequency is depen-
dent on the nozzle position and decreases when the nozzle is moved into the resonator,
which was verified by measurements. On the other hand this led to the fact that the
nozzle provides a tuning element, which can be used to adjust the resonant frequency of
the APS to the frequency of the utilised microwave. The use of a three-stub-tuner can
improve the quality of the Ego-APS to such an extent that the electric field in its centre,
which is established by microwaves of a power of about only 0.3 kW..0.5 kW, is sufficiently
high to ignite a plasma in air at atmospheric pressure without any additional igniters.

The Different Plasma Modes

The plasma which can be ignited in the APS can assume different shapes. Fig. 3.3
shows photos and schematic views of the different plasma shapes. The plasma is observed
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Figure 3.3: Different kinds of plasma modes in the Eg1o-APS. In the upper part of the
figure photos of the different plasma modes are shown and below schematic views illustrate
how the different plasma modes are located in the APS. a) A small plasma flame at the
nozzle tip, which reflects the electric field distribution of the coaxial mode, b) an extended
plasma in the centre of the resonator with contact with the nozzle tip, and c) a free-standing,
extended plasma in the resonator centre, without contact with the nozzle, which both reflect
the electric field distribution of the resonator mode.

via five small holes in the front of the APS. The photo in Fig. 3.3a) shows a small plasma
at the nozzle tip. The plasma forms a converging filamentary cone, which is delimited to a
small region above the nozzle tip. This plasma mode reflects the electric field distribution
of the coaxial mode shown in section 2.3.2.3, which has a high electric field at the nozzle
tip. This coaxial plasma mode can be observed at very high gas flows when the supplied
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microwave power is comparably low.

When gas flows, which are not too high, are used and enough microwave power is sup-
plied, the plasma jumps into another mode and an extended plasma can be observed.
The plasma nearly fills the complete quartz tube and protrudes above the cylindrical
resonator. The plasma still has contact with the nozzle tip and reflects the electric field
distribution of the resonator mode, which was shown in section 2.3.2.3. Fig 3.3b) shows a
photo and a schematic view of this plasma mode. The photo on the left shows the whole
APS with the plasma, which protrudes above the upper edge of the APS. The right photo
shows a close look at the plasma through the five holes and it can be seen that the plasma
is in contact with the nozzle tip.

An extended plasma, which has no contact with the nozzle and therefore is free-standing,
can also be attained if the gas flow as well as the microwave power are not too high. This
is illustrated by the photo and the schematic view in Fig. 3.3c). The left photo again
shows the whole APS. On the right photo the plasma is observed through the five holes
and it can be seen that the plasma has no contact with the nozzle. Since in this mode
the plasma has no contact with the nozzle it has the advantage that the nozzle cannot
be damaged by the plasma. The extended plasmas also have the advantage that larger
amounts of waste gases can be treated, since the plasma almost fills the complete quartz
tube and is also prolonged in the axial direction. A closer look at the plasma shape in
dependence of the gas flow and of the microwave power is presented in section 4.2.3 and
their effect on the decomposition of waste gases is presented in section 4.3.

3.4 The Self Igniting Ej3,-APS

It was presented, in the previous section 3.3, that already the Eg1o-APS in combination
with a three stub tuner provides a self igniting microwave plasma source at atmospheric
pressure. This can be achieved by using the metallic nozzle as a tuning element to adjust
the resonant frequency to the frequency of the microwave generated by the magnetron.
The simulations in section 2.3 showed that the sole Ego-APS only has a low quality,
which results in a small electric field in its centre. However, the simulations of higher
mode based APS showed that these configurations provide a higher quality and therefore
a higher electric field in their centre. Therefore, a Eg30-APS was designed and manu-
factured as presented in section 2.4. Since this Eg39-APS has an inherent higher quality
compared to the Eq;o-APS, the ignition of a plasma in this Eq3p-APS should be even eas-
ier. Therefore, the capability of the Egy30-APS as a self igniting microwave plasma source
at atmospheric pressure and for stable, continuous, and efficient plasma operation was
tested.

The frequency dependence of the magnetron has already been measured and presented in
section 3.1 because detailed information about the frequency of the microwave was also
essential for the plasma ignition and operation of the Ego-APS. Since the Eg3-APS as
well as the Ego-APS is based on a cylindrical resonator and on a second coaxial one,
which is formed by the metallic nozzle, needed for the gas inlet, the resonant frequency of
the Eg30-APS can again be adjusted by this nozzle. The same procedure to adjust the res-
onant frequency of the Eg30-APS as was used for the Eg1o-APS, which is presented in the
previous section 3.3, is used. A three-stub-tuner, which is used to match the impedance
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between the waveguide and the APS, is used once again. After the resonant frequency
of the Eg30-APS is adjusted by the nozzle to the frequency of the microwave, the whole
configuration is mounted behind the magnetron and the circulator. When the magnetron
is turned on, a plasma can be ignited in the Eg30-APS without any additional igniters.
In contrast to the Eg19-APS, the microwave power which is needed to ignite a plasma,
differs most extensively in dependence of very slight deviations of the exact nozzle position.

Fig. 3.4a) shows the Eg3p-APS with an automatic three-stub-tuner and the circula-
tor with the waterload behind the three-stub-tuner. The magnetron can be seen in the
background. The photo in Fig. 3.4b) shows an extended plasma burning in the centre of
the Eg30-APS. As with the Eq19-APS, the three different plasma modes, a small plasma
at the nozzle tip, an extended plasma which still has contact with the plasma, and a
free-standing, extended, and contactless plasma, were also observed in the Eg3o-APS. A
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Figure 3.4: a) A photo of the Eg30-APS with an automatic three-stub-tuner and the
circulator with the waterload behind the three-stub-tuner. In the background the magnetron
can be seen. The quartz tube protrudes out of the cylindrical resonator. Below the APS a
part of the movable nozzle can bee seen as well as the gas supply. The walls of the Egzg-APS
are made of a perforated metal plate, to have good diagnostic access to the plasma inside the
resonator, as described in section 2.4. b) A photo of the Eg30-APS with an extended plasma
burning in its centre. ¢) A close look through the perforated metal plate in the resonator:
It can be seen that again a free-standing plasma which has no contact with the nozzle can
be generated.

close look through the perforated metal plate in the resonator is shown in Fig. 3.4c). It
can be seen that a free-standing plasma with no contact with the nozzle is again possible
with this Eg3o-APS plasma source.
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The above mentioned fact that the microwave power, which is needed to ignite the
plasma, differs that much in dependence of very slight deviations of the exact nozzle
position, is caused by the higher quality of this Eg39-APS configuration compared to an
Eo10-APS. Since the Eg30-APS has a higher quality ) the resonant frequency is sharper
according to equation 2.21:

L w
Q=7

Therefore, the resonant frequency of the Eg30-APS must coincide precisely with the fre-
quency of the microwave. Since the frequency of the microwave differs in dependence
of the output power, as presented in section 3.1, the two frequencies coincide only at a
certain output power. This leads to the fact that the power needed for the plasma ignition
differs most extensively in dependence of slight deviations of the exact nozzle position.
Thus the higher quality of the Eg30-APS, in comparison to the Ey;o-APS, which was sup-
posed to be an advantage, since it provides a higher electric field in the resonator centre
and therefore should facilitate plasma ignition, has turned into a disadvantage.

Another disadvantage is discovered when the three-stub-tuner is readjusted, after the
plasma is ignited, to match the changed impedance of the Ey39-APS with the burning
plasma to the waveguide. When the Eg19-APS was used in the previous section 3.3 nearly
the complete supplied microwave power was absorbed by the plasma. Here, when the
Eo30-APS is used, only about half of the supplied microwave power can be absorbed by
the plasma. This, as well as the fact, that the resonant frequency of the Eg39-APS and
the frequency of the microwave must precisely coincident, is caused by the high quality of
the Eg30-APS which in turn leads to a sharp resonant frequency. Since the plasma causes
a shift of the resonant frequency of the Eg30-APS due to its dielectric properties, the
resonant frequency and the frequency of the microwave no longer match. In case of the
Eo10-APS the resonant frequency was wide enough, due to the lower quality of the Egq-
APS, so that the resonant frequency still overlaps with the frequency of the microwave.
When in contrast the Eg3o-APS is used with an obvious higher quality and therefore a
sharper resonant frequency, this resonant frequency overlaps scarcely with the frequency
of the microwave. Thus the microwave can no longer be coupled into the Eg30-APS and
is reflected. This can only be partly compensated by the three-stub-tuner. Since the
enhanced quality of the Eg30-APS causes problems at the ignition of the plasma as well
as during plasma operation, APS configurations which consist of an APS in combination
with a coupling element were not tested, since these configurations provide even higher
qualities and therefore would intensify the described problems even more.

These problems, which are found at configurations with a high quality, were also ob-
served by Pott [19]. He used a resonator configuration, which is described in section 2.1,
with an enormous quality and had the same problems. Since he used a system which is
based on a sole Eyjp-mode resonator, he had no tuning element to adjust the resonant
frequency to the frequency of the microwave produced by the magnetron. Therefore, he
had to force the magnetron frequency to the resonant frequency by complex injection
locking of the magnetron. Aside from that, he also had to face the problem, that the
resonant frequency of the resonator is detuned by the burning plasma and then none of
the supplied microwave power can be coupled into the resonator. This fact induced him
to operate this atmospheric pressure microwave plasma source only in pulsed mode. In
pulsed mode the microwave can first couple into the resonator, produce a high electric
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field which is sufficient to ignite a plasma at which point microwave power is no longer
coupled into the resonator and the microwave power supply is stopped. The plasma is
extinguished, the magnetron is switched on again, and the whole procedure is repeated.

To summarise, the simulations of the realistic Eg;o-APS in section 2.3.2.3 revealed that

the resonant frequency is dependent on the position of the metallic nozzle, which is needed
for the gas inlet, and decreases when it is moved into the resonator. This could be verified
by measurements of the resonant frequency in dependence of the nozzle position. Thus
the nozzle position can be used as a tuning element to adjust the resonant frequency of
the Eg19-APS to the magnetron frequency, which is exactly known by measurements with
a spectrum analyser. In combination with a three-stub-tuner this results in a microwave
plasma source which provides plasma ignition without any additional igniters in air at
atmospheric pressure. A three-stub-tuner is commonly used to match impedances. Here
it furthermore acts as a coupling element between the waveguide and the Eg19-APS. Then
only a few hundred watts are needed to ignite a plasma in air at atmospheric pressure
in the Eg19-APS without any additional igniters. Three different plasma modes can be
observed: a small plasma at the nozzle tip, an extended plasma, which is still in contact
with the nozzle, and a free-standing extended plasma above the nozzle.
Since the simulations in section 2.3.2.1 showed that APS, which are based on higher
mode resonators, have a higher quality and therefore provide a higher electric field in
their centre, they should facilitate the ignition of the plasma. Therefore, an Eg3p-APS
was designed and manufactured as described in section 2.4.1. However, the high quality
of the Eg30-APS turned out to be of no advantage. On contrary, the high quality led
to disadvantages of the Eg39-APS. Since the Eg30-APS has a high quality the resonant
frequency is relatively sharp, so that the frequency of the microwave and the resonant
frequency must coincide precisely. Furthermore, when the plasma is ignited, the resonant
frequency of the Eg3o-APS is shifted by the plasma and the resonant frequency overlaps
only slightly with the frequency of the microwave and the microwave can hardly couple
into the resonator. Thus only a fraction of the supplied microwave power can be absorbed
and the plasma operation becomes inefficient.

So the Eg19-APS provides an optimal configuration since it offers a sufficiently high
quality, which provides a sufficiently high electric field for the ignition of a plasma in
air at atmospheric pressure without any additional igniters, but whose quality is not
too high and therefore the resonant frequency is wide enough, that, when the plasma
is burning, the supplied microwave power still couples into the Eyg-APS and can be
absorbed by the plasma. It offers the possibility to operate in the described three different
plasma modes. So the Eg;o-APS combines both of these desirable properties, in that it
provides self ignition of the plasma and stable, efficient and continuous plasma operation.
Since the Eg1o-APS provides the optimal configuration as a microwave plasma source at
atmospheric pressure, the plasma of this Eq;o-APS is characterised and its capability for
the decomposition of waste gases is analysed in section 4.2 and 4.3, respectively.



Chapter 4

Characterisation of the Self Igniting
APS

In the previous chapters the development and optimisation of the atmospheric microwave
plasma source APS, which provides plasma ignition without any additional igniters as
well as stable plasma operation, was presented. Now the suitability of the APS for the
decomposition of waste gases is analysed in this chapter. Since for a comprehensive un-
derstanding of the abatement processes detailed knowledge about the temperatures and
densities of the plasma particles is necessary, the APS plasma is characterised first. There-
after, studies concerning the decomposition of waste gases follow.

So in this chapter at first the experimental setups are presented in section 4.1 and after-
wards the characterisation of the APS plasma by means of optical emission spectroscopy
as well as analyses concerning the abatement of waste gases are presented in section 4.2
and section 4.3, respectively.

4.1 The Experimental Setup

The characterisation of the APS plasma is performed by using optical emission spec-
troscopy whose advantages will be presented later on. For the decomposition of waste gas
studies the raw and clean gases are characterised by a variety of different measurement
devices. Fig. 4.1 shows a schematic view of the complete experimental setup, which is
used for the characterisation of the plasma as well as for the analyses of the decomposition
of waste gases.

The APS is, as already mentioned, based on a cylindrical resonator. The plasma is
confined in a quartz tube, since quartz is transparent for a wide range of electromagnetic
radiation. Thus a wide optical range can be used for the characterisation by optical
emission spectroscopy of the plasma. In further industrial applications the quartz tube
can be replaced by a tube made of a more robust material, which only has to fulfil the
requirement that it is transparent for microwaves, for example by a ceramic tube. The
gas is supplied via a metallic nozzle, which forms a coaxial structure below the cylindrical
resonator and is also needed as a tuning element to adjust the resonant frequency, as
explained in chapter 3. Additionally to the central gas inlet via the nozzle, a second
tangential gas inlet was installed. The tangential gas inlet leads to a vortex of the plasma
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Figure 4.1: Schematic view of the experimental setup, which was used to characterise
the plasma of the APS and for the analyses of the decomposition of waste gases. The
characterisation of the APS plasma was performed by means of optical emission spectroscopy.
The plasma is imaged by the optical setup consisting of three lenses (one f = 25 mm and two
f =300mm) and two mirrors on the entrance slit of a spectrometer. The analyses of the raw
and clean gases were performed with the shown Fourier-Transform Infra-Red spectrometer
(FTIR), a flame ionisation detector (FID), and a quadrupole mass spectrometer.

gas, so that the plasma is kept away from the quartz tube and so the plasma is stabilised.
Additionally, the vortex leads to a better mixing of the gas, which supports the exhaustive
decomposition of waste gases. The microwave of a frequency of 2.45 GHz is supplied via
rectangular waveguides and the circulator from the magnetron to the APS, which was
explained in detail in section 3.2. In the following two sections the experimental setup,
which is needed for the optical emission spectroscopy, and the measurement devices for
the analyses of the decomposition of waste gases, will be presented in detail.

4.1.1 Optical Emission Spectroscopy

The characterisation of the APS plasma is performed by means of optical emission spec-
troscopy since it has the following advantages:

e Almost all temperatures and densities of all plasma particles can be determined.

e [t is a non disturbing diagnostic, since exclusively the voluntarily emitted radiation
from the plasma is utilized.
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e Since, the diagnostic is in no contact with the plasma, reactive plasmas, like plasmas
containing waste gas, can be characterised.

To characterise the plasma inside the resonator, the front side of the APS was furnished
with a narrow slit of d = 4 mm, which does not affect the electrical field distribution in
the resonator.

Three different spectrometers were used for the characterisation: two overview spec-
trometers, which are sensitive in the visible and IR region 200..1000 nm (Mechelle 7500)
and in the UV and visible region 175..700 nm (Avantes), respectively, and furthermore a
third spectrometer, which can also be used to measure overview spectra as well as for the
measurement of spectra with a high resolution in the wavelength range of 200 nm..800 nm
(Acton, SpectraPro-750i). The Mechelle spectrometer has a focal length of 190 mm and
a resolution of A\/AX = 7500. The Avantes spectrometer has a resolution of about
A/AX =~ 1000..3500. The Acton spectrometer is equipped with three different gratings:
150, 600 and 1800 grooves mm™!. With the 150 grooves mm™*! grating overview spectra in
the UV and visible region can be measured while the 1800 grooves mm™! grating is used
for the measurement of high resolution spectra. The Acton spectrometer has a focal length
of 750 mm and therefore a maximal resolution of A\/AX = 20000 can be achieved with the
1800 grooves mm ™! grating. An image-amplified CCD camera with 1300 x 1030 pixel is
mounted at the exit slit of the Acton spectrometer. This camera reduces the maximal
resolution to A/AX = 13000 but has the advantage that simultaneously to the spectral
measurement a one-dimensional spatial resolution is obtained. Table 4.1 summarises the
properties of the three utilised spectrometers.

For a spatially resolved characterisation of the plasma in radial and axial direction,
the plasma was projected on the entrance slit of one of the three spectrometers by an
optical setup. A schematic view of the optical setup is shown in Fig. 4.1. For a complete
radial characterisation of the plasma inside the resonator, a lens with a focal length of
f = 25mm was placed very close to the slit in the resonator. The two mirrors were used
to turn the image of the plasma by 90 °. Then two lenses with focal lengths of f = 300 mm
are used to sharply project the virtual intermediate image of the plasma on the entrance
slit of the spectrometer. All components of the optical setup were chosen to have good
optical properties from the UV to the IR range. When the Acton spectrometer was used,
a one-dimensional spatial resolution in radial direction was already achieved by the CCD
camera. When the other spectrometers were used the spectrometer was moved along the
radial direction. To get an axial resolution of the plasma the whole optical setup and the
spectrometers were moved in axial direction while the APS remained at the same position.
At each axial position the optical setup was checked and if necessary readjusted. Fig. 4.2
illustrates the optical setup by photos.

The properties of the optical setup and the magnification factor were measured with a
1 mm-slit which was located in the centre of the APS, was illuminated with different lamps
for the analysed wavelength ranges and moved in radial direction in the APS. Fig. 4.3
a) shows a photo of a HgCd-lamp, which illuminates the 1 mm-slit. The quartz tube is
placed in front of the slit. The lens holder with the f = 25 mm lens can be seen on the
left side of the photo and the Acton spectrometer in the background. The two mirrors
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Table 4.1: Overview of the three utilised spectrometers.

Avantes Mechelle Acton
resolution ~ 1000..3500 7500 13000
AJAN
observance 175..700 nm 200..1000 nm 200..800 nm
wavelength high sensitivity high sensitivity high sensitivity
in the UV and in the visible and in the visible
visible range IR range range
advantages e small and overview spectrometer e three gratings
portable with a high resolution 150, 600 and
e casy relative 1800 grooves mm~*
intensity e one-dimensional,
calibration spatial resolution

and the other two lenses with f = 300 mm are not shown in the photo but of course were
also part of the optical setup as illustrated in Fig. 4.2. A diagram of the transformation
properties of the optical setup on the camera of the Acton spectrometer for a wavelength
of 313nm (Hg spectral line) is shown in Fig. 4.3 b) as an example. Such diagrams were
measured for all analysed wavelength ranges and than used to reconstruct the spatial
distribution of the plasma parameters in the APS.

Since absolute line intensities or at least line intensity ratios are necessary for the
determination of the plasma parameters, like particle densities and temperatures, an
intensity calibration of the utilized spectrometers was performed with a tungsten ribbon-
lamp. The tungsten ribbon-lamp was placed in the centre of the APS, comparable to the
HgCd-lamp in Fig. 4.3 but without the slit, for this purpose. Then a spectrum of the
tungsten ribbon-lamp was recorded and by comparison with the theoretical spectrum of
the tungsten ribbon-lamp an intensity calibration function was calculated. This calibra-
tion function was used to correct the measured intensities of the observed transitions.

4.1.2 Decomposition of Waste Gases

One possible application of the APS could be the decomposition of waste gases. To exam-
ine if the APS is suitable for the abatement of waste gases, the decomposition of volatile
organic compounds (VOC) and perfluorinated compounds (PFC) was studied in this work.
The raw and clean gases were analysed with a Fourier-Transform Infra-Red spectrometer
(FTIR) from Bruker Vector 22 with a gas cell with a length of 20 cm, a flame ionisation
detector (FID), a quadrupole mass spectrometer, and an Agilent GC/MSD 6890/5970
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Figure 4.2: Photos of the optical setup, which was used to characterise the plasma by
means of optical emission spectroscopy. a) and b) show the whole optical setup in a) with
the closed resonator and b) with the opened resonator. c¢) shows a close look from above
at the opened resonator with the metallic nozzle in its centre and at the lens holder of the
f = 25mm-lens. d) shows a front view of the opened resonator with the lens holder of the
f = 25mm-lens, the f = 25 mm-lens, and the two mirrors. The optical path is drawn in red
in all the photos.

gas-phase chromatograph.

The raw and clean gases are guided through the FTIR, the FID and/or the quadrupole
mass spectrometer after they have@ﬁ)assed the APS as shown in Fig. 4.1. A sample of the
clean gas was absorbed on Tenax™ and then analysed in the gas-phase chromatograph.
The desorption of the sample occurred thermally in a helium gas flow with a Gerstel TDS
2-system.

The raw and clean gas analyses enabled to get knowledge about the generated prod-
ucts. The results from the analyses performed with the FID and the quadrupole mass
spectrometer were also used to calculate destruction and removal efficiencies DRE of the
waste gases. Furthermore, optical emission spectroscopy of plasmas containing waste gas
was performed to obtain information about the reaction products in the plasma. The
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Figure 4.3: a) shows a photo of the optical setup which was used to measure the properties
of the optical setup and its magnification factor. A 1mm-slit, which is placed in the centre
of the APS, is illuminated with a lamp, here a HgCd-lamp, and is moved in radial direction.
b) shows a diagram of the transformation properties of the optical setup on the camera of
the Acton spectrometer for a wavelength of 313nm (Hg spectral line).

detailed characterisation of the raw and clean gases and the spectroscopic analyses of the
plasmas containing waste gas led to information about the possible reaction channels. All
these results of the characterisation of the decomposition of waste gases with the APS are
presented in section 4.3.

4.2 Characterisation of the APS Plasma

One possible application of the APS is the abatement of waste gases, which is performed
in air or nitrogen plasmas, since usually waste gases appear as mixtures of air or nitrogen
and the harmful gases. For a comprehensive understanding of the decomposition of waste
gases and to influence possible reaction channels as well as to optimise the decomposition
process, detailed information about the particle densities and temperatures in dependence
of the gas flow and microwave power of these plasmas is required. Therefore, the plasma
is characterised by means of optical emission spectroscopy which uses the voluntarily
emitted radiation of the plasma.

Since the radiation of the plasma is determined by the densities and the temperatures
but also by the quantum mechanical structure of the molecules and atoms these must
be known to get distinct and reliable information about the temperatures and densities.
Therefore, the following section 4.2.1 covers the theoretical description of atomic and
molecular spectra.

Thereafter, overview spectra of an air plasma are presented and it is discussed which
plasma parameters are available by evaluating these spectra and which spectroscopic
methods and evaluation procedures are chosen for this purpose. This is presented in
section 4.2.2.

Finally the gas and electron temperatures as well as their densities for an air plasma for
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different gas flows and microwave powers are presented in section 4.2.3. Furthermore,
these results are discussed and evaluated as well as considerations about the heating
mechanism are shown in this section.

4.2.1 Theoretical Descriptions of Atomic and Molecular Spectra

Since usually optical emission spectra of atmospheric microwave plasmas exhibit radiation
from molecules as well as from atoms the following sections introduce the spectra of atoms
and diatomic molecules which are presented in section 4.2.1.1 and 4.2.1.2, respectively. It
is also shown what kind of temperatures and densities can be determined in each case.

4.2.1.1 Spectra of Atoms

The spectrum of an atom consists of individual spectral lines. This can already be de-
scriptively explained with a very simple description of atoms, which is provided by Bohr’s
atomic model. According to Bohr’s atomic model, an atom consists of a positively charged
atomic nucleus and electrons, which circulate around the nucleus on discrete orbits, like
planets around the sun. The radiation from an atom in form of a photon is emitted when
an electron from a higher orbit with a higher energy falls down to an orbit with a lower
energy, not necessarily the ground state.

If the radiation emitted by atoms in a plasma shall be used to gain information about
particle densities and temperatures, a more detailed description to calculate the atomic
transitions is indispensable. A proper description is provided by quantum mechanics. The
electrons are no longer regarded as particles but as waves. Thus the electrons do not cir-
culate in discrete orbits around the nucleus and their residence is not exactly designated.
The solutions of Schrodinger’s equation for electrons in the electromagnetic field of the
nucleus lead to probabilities of presence for the electrons, which correspond to different
energy levels [56]. Some of these energy levels can be degenerated and therefore can be
populated by more electrons.

At the absolute zero point of temperature the electrons populate the lowest energy levels
with respect to the Pauli principle since electrons are fermions [56]. The higher energy
levels are populated either by inelastic collisions with other particles or by the absorption
of a photon, which is called collisional or photo excitation, respectively. The deexcita-
tion can occur in two different ways: By a collision with another particle, which is called
collisional deexcitation, or by the emission of a photon. The emission of a photon can
either be induced by another photon with the same energy or happens spontaneous and is
then called induced or spontaneous emission, respectively. However, not all energetically
possible transitions between two levels are allowed. Certain selection rules specify which
transitions are allowed and are for example presented in [56].

The energy levels, which are also called the spectral series, can be represented graph-
ically by a Grotrian diagram. A Grotrian diagram for some energy levels of oxygen is
shown in Fig. 4.4 including the transitions and their wavelength.

The energy difference AFE of the two participating energy levels defines the frequency v
by AE = hv and the wavelength A = ¢ of the emitted photon. Thus this radiation should
be a very sharp line, but the spectral line can be broadened by different mechanisms.
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Figure 4.4: Grotrian diagram for some energy levels of oxygen from [59]. 'S, 'D, 3S°, and
so on are the atomic energy states. The transitions °P — °S? around 777 nm and 3P — 35°
around 844 nm, which are marked with the red ellipses, are observed in an APS air plasma

and are utilised to determine the excitation temperature 7., by means of a Boltzmann plot
as will be explained in section 4.2.2.

First of all, all spectral lines have a natural line width, which is caused by the fact that no
exact energy can be assigned to the energy levels due to Heisenberg’s uncertainty princi-
ple. Since the two energy levels have no distinct energy, the energy of the emitted photon
also varies some what, which causes the natural width of the spectral line.

Furthermore, the spectral line can be broadened by an electric field, for example induced
by the electrons, which causes a Stark broadening. The interaction with other particles
causes a further broadening, the Van der Waals and pressure or collisional broadening.
Moreover, the movement of the atom itself leads to a Doppler broadening of the spectral
line. Lastly, the broadening of the spectral line by the optical setup must be considered,
which is called apparatus broadening.

The different line broadening mechanisms can be used to determine some temperatures
and densities: Since the Doppler broadening is caused by the movement of the atoms, the
Doppler broadening provides information about their translation temperature 7,. The
highest broadening can be observed with light atoms, such as hydrogen.

The Stark broadening can be used to determine the electron density. Commonly also
transitions of the hydrogen atoms are used, especially the Hg atomic line, since the linear
Stark effect can be applied to this transition and well-engineered evaluation methods have
been developed.
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The intensity of a spectral line [I;; is given by the following relation, if a Boltzmann
distribution is present:
. E
%Aik%noe_’%’%, (4.1)
where vy, is the frequency of the spectral line, g is the statistical weight of the upper
level, Q. is the partition function of the upper level, Ej is the energy of the upper level,
ng is the number of atoms, and A;;. is Einstein’s transition probability. The transition
probability A;. can be calculated by quantum mechanics by the overlapping of the wave
functions of the two participating levels ¢ and k. The A;.s have been calculated for many
kinds of atoms and are tabulated, so that the values can be looked up. Thus if two
spectral lines with different excitation energies Ej and E; are observed, the temperature
can be determined by the following equation:

(B E)
ky - In (IiijlAjlgl >
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T= (4.2)

whereas ik and jl refer to the two participating transitions. If more than two spectral
lines are observed a Boltzmann plot leads to a more precise determination of the electron

Vik Aik Gk
the energy of the upper level E) and the electron temperature 7, can be calculated from

the slope kf—i} of the obtained straight line. The obtained temperature is called excitation
temperature T,,.

In local thermodynamic equilibrium the excitation temperature 7., is the electron tem-
perature T,. Even in partial local thermodynamic equilibrium, provided that the electron
density is high enough, the excited levels and the free electrons and the ions are balanced
with only the ground state differing from local thermodynamic equilibrium. Then the
Boltzmann plot is still valid to determine the electron temperature T, [48, 47].

Equation 4.1 is not only dependent on the temperature but also on the number of atoms
ng. The density of different atomic species can therefore be determined from the absolute
value of the spectral line intensity, when all quantum mechanical constants as well as the
temperature are known.

temperature. Then the logarithm of the reduced intensity In ( Lix ) is plotted against

To summarise, the spectra of atoms can be used to determine the electron temperature
T., the gas temperature T, and atom densities as well as the electron density n.. The
electron temperature can be deduced from the line intensity ratios by using a Boltzmann
plot while the density of different atomic species can be determined from the absolute
value of the line intensity. The gas temperature and the electron density can be deduced
from the line broadening caused by the Doppler effect and by the Stark effect, respectively.

4.2.1.2 Spectra of Diatomic Molecules

Generally, in a simple model molecules are built of several nuclei with electrons around
them. Comparable to the atoms, described in the previous section 4.2.1.1, molecules have
electronic energy levels. The electrons occupy the different levels and the molecule can be
excited and deexcited electronically. Furthermore, since molecules consist of more than
one nucleus, molecules not only have electronic energy levels: The whole molecule can ro-
tate and the single nucleus in the molecule can oscillate against each other. The resulting
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rotational, vibrational, and electronic energy levels can be regarded separately, since the
particular energies are distinctly different: E,,; < Fip < E.

In the present work only the spectra of diatomic molecules, which are the simplest
molecules, will be explained and discussed, since primarily spectra of diatomic molecules
are observed in the analysed APS plasma.

As a first approximation the rotation of a diatomic molecule can be described by the
handle model of a rigid rotator [57|. The energy of a certain level is discrete and can be
calculated by Schrodinger’s equation to:

2

Ero -
b 8n2d

J(J +1), (4.3)

where h is Planck’s constant, [ is the momentum of inertia, and J is the rotational
quantum number. The rotational quantum number J can be an integer 0,1,2,.. and is
correlated to the angular momentum L by the following equation:

| = % JT+1). (4.4)

In molecular spectroscopy a common unit for the energy of the emitted photon is cm™!

and the rotational energy becomes:

1 Erot
() =5 === BI(J+1) (4.5)

with "
= Sl (4:6)

which is called the rotational constant B. Since the diatomic molecule is not completely
rigid and thus the distance between the two nuclei varies in dependence of the angular
momentum due to the centrifugal force, a correction term must be added in equation 4.5:

F(J)=BJ(J+1)—DJ*(J+1)% (4.7)
where D is approximately given by the Kartzer relation:

4B3
= 7

D (4.8)

and is always small compared to B.
A Morse potential is assumed for the description of the oscillation of the molecule [57]:
V=D, (1—err)? (4.9)

where D, is the dissociation energy, r. is the potential minimum, and 3 is given by:

2m2cpin
We.
D.h

8= (4.10)
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4 is the reduced mass of the molecule and w, is the oscillation frequency in cm~!. The
oscillation energy can again be calculated by Schrodringer’s equation and one obtains:

1 1 1’
G) =we (v F5) —were (V45 ) Fwee (v+5 )+ (4.11)

where v is the oscillation quantum number. The higher-order correction terms are much
smaller compared to the lower-order ones. Usually the oscillation and the rotation su-
perpose and therefore, both must be combined. Therefore, the constant B, which is
dependent on the distance of the two nuclei, is split into a part which describes the
equilibrium position B, and another oscillation dependent part B,. This leads to:

1
BV:Be—O{e (V+§> + (412)

with
h

= —. 4.13

8m2cpar? (4.13)
Compared to B, the constant o, is small, which depends on the anharmonicity of the
oscillation and on B, and w,.. Furthermore, like the oscillation is taken into account for

B, D must also be corrected:

D, =D, -3, (1/+%> T (4.14)

When all the above results are combined, the rotational vibrational energy term becomes:
F(J)=B,J(J+1) = D,J*(J + 1) (4.15)
where the index v denotes the examined oscillation level.

As mentioned above an electronic energy term F, exists alongside the rotational and
vibrational energy term, so that the total energy of an energetic level of a molecule is
given by:

Eiw=T.+Gv)+ F,(J) (4.16)

where T, denotes the contribution from the electronic excitation. Thus the energy of
an energy level of a molecule has a rotational, vibrational and electronic amount which
is illustrated in the schematic view in Fig. 4.5. The electronic levels are subdivided by
vibrational levels, which are again subdivided by rotational levels.

Like the excitation of atoms the population of the energy levels is provided either
by collisional excitation with other particles or by the absorption of a photon. The
deexcitation is also again possible by collisional deexcitation or by induced or spontaneous
emission of a photon. For the transition between the different energetic levels again certain
transition rules must be satisfied, which are for example explained in [57].

If the population of the energetic levels follows a Boltzmann distribution, the intensity of
a spectral line is given by:
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Figure 4.5: Schematic view of the energy levels of a molecule. The electronic levels are
subdivided by vibrational levels, which are again subdivided by rotational levels.

where ng is the number of molecules, g is the energetic degradation of the upper energy
level, E} is the energy of the upper energetic level, v, is the frequency of the emitted pho-
ton, (y is the partition function of the upper level, h and k;, are Planck’s and Boltzmann’s
constant, respectively, and A, is the transition probability. The transition probabilities
can again be calculated by quantum mechanics from the overlapping of the wave functions
of the participating energetic levels. Since the intensity of spectral lines of molecules is
dependent on the temperature the spectra of molecules can be used to determine temper-
atures of particles in the plasma.

Pure rotational transitions are observed in the wavelength range of microwaves while pure
vibrational and rotational-vibrational transitions are observed in the IR range. Pure elec-
tronic transitions or electronic transitions in combination with changes in the rotational
and /or vibrational quantum number are located in the visible and UV wavelength range.
Since optical emission spectroscopy usually covers the wavelength range between 150 nm
and 200 nm to 1 um, only electronic transitions of molecules are observed. Since electronic
transitions with no change of the rotational and vibrational quantum number are possi-
ble, but also electronic transitions where the rotational and/or the vibrational quantum
number changes, the spectra of molecules are very complex but therefore also offer the
possibility to gain much information about the plasma.

For electronic transitions where only the rotational quantum number J changes and the
vibrational quantum number v stays unchanged the temperature in equation 4.17 pro-
vides information about the rotational temperature T, of the regarded molecule. Since
usually the energy transfer between the rotational energy of a molecule and its translation
energy in atmospheric pressure plasmas is warranted, the rotational temperature provides
a good estimation of the gas temperature of the plasma.
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When electronic transitions are regarded where only the vibrational quantum number v
changes, information about the vibrational excitation of the molecule is given, which is
expressed by the vibrational temperature 7,;,. Normally the vibrational temperature T,
is higher compared to the rotational temperature T, but still smaller than the electron
temperature 7.

Furthermore, it must be noted that the spectral lines are also broadened by the same
effects as the spectral lines of atoms, so that the translation or gas temperature 7, can
also be determined from the Doppler broadening of the molecular spectral lines.

Thus the spectrum of a molecule provides information about the temperatures of the
molecule. When different molecule species are present in the plasma the particular spectra
of each species give information about the particular temperatures of the different plasma
particles. Since furthermore different temperatures Tj, T,, and T,; can be determined
for each species from the molecular spectra, it can be analysed how well the energy is
transferred within the molecules and between the different species and therefore, to what
extend the plasma is in (partial) local thermodynamic equilibrium.

Since the intensity of the spectral lines is also dependent on the number of molecules,
the density of each species can be determined from the absolute value of the line intensity
when all quantum mechanical constants for the regarded transitions and the temperature
determined from line intensity ratio considerations are known.

The spectra of molecules provide information about different temperatures and den-
sities of the species present in the plasma. Rotational and vibrational temperatures, T},
and T, can be deduced from line intensity ratios while the translation temperature 7T,
can be determined from the line broadening caused by the Doppler effect. The abso-
lute intensity of the spectral lines can be used to determine the densities of the different
molecule species.

To summarise, the detailed description of atom and diatomic molecule spectra, can

be used to obtain detailed information about fundamental plasma parameters: particle
temperatures and densities. Table 4.2 summarises the presented methods to determine
these plasma parameters by optical emission spectroscopy. It shows, that line intensity
ratios of spectral lines from atoms and molecules can be used to measure particle densities
if the energy levels are Boltzmann populated, while the absolute line intensities provide
information about the particle densities. Furthermore, if the line width is dominated by
Doppler or Stark broadening mechanisms, the line width can be used to determine either
the translation temperature 7} or the electron density n., respectively.
The right column in table 4.2 denotes which spectroscopic methods were applied to mea-
sure the fundamental plasma parameters of the APS plasma. Some methods could not be
applied since the necessary transitions could not be observed, other plasma parameters
were determined by using another method. A detailed description why these methods
were used and which other methods were chosen to measure the plasma parameters of the
APS plasma is presented in the following section 4.2.2.
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Table 4.2: Summary of possible methods to determine the fundamental plasma parameters
by optical emission spectroscopy.

applied for the
spectroscopic method plasma parameter characterisation of

the APS plasma

atomic spectra

line intensity ratios: excitation or electron
Boltzmann plot temperature T,, or T, v
absolute line intensity density of atomic species X
line width:
Doppler broadening translation temperature 7,

of the atoms X
Stark broadening electron density n, X

molecular spectra

line intensity ratios rotational and vibrational
temperature, T,,; and T,;, v
absolute line intensity density of molecular species X
line width:
Doppler broadening translation temperature 7
of the molecules X

4.2.2 Overview Spectra and Applied Spectroscopic Methods

To acquire preliminary information about the APS plasma and to obtain knowledge which
spectroscopic methods can be applied to determine the plasma parameters overview spec-
tra of an air plasma were recorded. Fig. 4.6a) shows overview spectra of dry and humid
air plasma in the UV and visible range from 175 mm to 725 mm recorded by the Avantes
spectrometer.

The spectrum of the dry air plasma is dominated by molecule NO-bands in the UV. These
bands belong to the B?IT — X?TI- and A?X" — z*TI-transitions, which are called the NOg-
and NO,-system, respectively |58]. These NO-bands outshine Ny- and N3 -bands as well
as Oo-bands, which therefore are not observed. When the air is moistened, additionally to
the NO-bands, molecule bands of the free OH radical appear in the UV. These molecule
bands can be used to determine rotational and vibrational temperatures of the particles
as explained in section 4.2.1.2. Since the energy transfer between the rotational excitation
of a molecule and its translation energy is usually ensured, the rotational temperature
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Figure 4.6: Overview spectra of an air plasma: a) overview spectrum in the UV and visible
range of a dry and humid air plasma recorded with the Avantes spectrometer. Since the
Avantes spectrometer is equipped with two different grating, one for the wavelength range of
175nm..500 nm and the other of 400 nm..700 nm, in the wavelength range between 400 nm
and 500 nm measurements with both gratings are conducted which is why here two spectra
with different intensities are shown. The spectrum of the dry air plasma is dominated by
NO-bands in the UV while in the spectrum of the humid air plasma supplemental OH-bands
appear. b) overview spectrum from the UV to the IR range of a dry air plasma recorded
with the Mechelle spectrometer. The sensitivity of the Mechelle spectrometer is very poor
in the UV range and therefore the NO-bands can only be observed weakly. However, with
the Mechelle spectrometer the IR range is accessibly, where two atomic oxygen lines are
observed at 777 nm and 844 nm.
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provides a good estimate of the gas temperature. The A?Y* — le'[v—transition of the
free OH radical between 306 nm and 310nm is very sensitive to the temperature and is
therefore often used to determine the rotational temperature T,y [60, 61, 62]|. Further-
more, studies performed by E. Felizardo et al. showed that the admixture of water as a
diagnostic gas only has a negligible influence on the gas temperature and therefore can
well be used for the determination of the gas temperature [65].

A method which allows relatively quick and easy an estimation of the rotational tempera-
ture was proposed by C. Izarra and is based on the comparison of three characteristic band
heads at 306.50 nm, 306.91 nm, and 309.50 nm [61|. A more precise method to measure the
rotational temperature was developed by J. Happold and is based on the comparison of
a measured high-resolution spectrum of the free OH radical between 306 nm to 309.5 nm
with simulated spectra of different temperatures [62, 63]. The simulation of the spectra is
based on quantum mechanical calculations and on high-resolution measurements by Dieke
and Crosswhite [64]|. For the population of the particular levels a Boltzmann population
was assumed [62, 63]. The spectra were convolved with the apparatus profile with an
apparatus width of A = 0.06 nm. Since the intensity ratios of the bands already provide
the information about the rotational temperature, all spectra were normalised to the band
head at 308.9 nm.

Fig 4.7 a) shows simulated OH-spectra for different temperatures between 830K and
4440 K. Tt can easily be seen that the shape of the spectrum changes distinctly when the
temperature is varied and therefore is suitable to determine the rotational temperature.

The high-resolution spectra were measured with the Acton spectrometer with the
1800 grooves - mm~! grating. Since the Acton spectrometer is equipped with an ICCD
camera simultaneously to the spectral measurement a one-dimensional spatial resolution
is obtained. Thus in combination with the two mirrors, which turn the image by 90°, a
profile in radial direction could be measured simultaneously.

Fig. 4.6 shows that the spectrum of a dry air plasma already exhibits NO-bands where the
OH-band, which is used to obtain the rotational temperature, is located. Thus the high-
resolution spectra of the OH-band must be corrected. Therefore, for each parameter set
a spectrum of a dry and humid air plasma was recorded between 306 nm..310 nm. Then
the spectrum of the dry air plasma was subtracted from the spectrum of the humid air
plasma. Since only intensity ratios are needed to determine the rotational temperature,
the measured spectra were also normalised to the band head at 308.9 nm. Furthermore,
only a very narrow wavelength range between 306 nm and 309.5 nm was used and there-
fore, an intensity calibration was not necessary for the evaluation of these spectra.

To obtain the rotational temperature from the measured and corrected spectra, spectra for
temperatures from 830 K to 9800 K were simulated in 30 K steps. The measured spectra
were compared to the simulated spectra and then the temperature with the best agree-
ment of the two spectra was taken [62, 63]. Fig. 4.7 b) shows a measured high-resolution
spectrum and the simulated spectrum, which fits best with the measured one. In this
case the temperature could be determined to 7, = 3140 K.

An overview spectrum from 200 nm to 1000 nm of a dry air plasma is shown in Fig. 4.6
b). This spectrum was recorded by the Mechelle spectrometer. Since the sensitivity of the
Mechelle spectrometer is very poor in the UV range, the NO-bands, which were observed
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Figure 4.7: a) simulated spectra of the A2X+ — X2H7-transition of the free OH radical
between 306 nm and 309.5mm for different temperatures between 830K and 4400K. b)
Comparison of a measured spectrum to the simulated spectrum which agrees best with the
measured one. Thus the temperature could be determined to be 3140 K. Since already the
intensity ratios provide the information about the rotational temperature, all spectra are
normalised to the band head at 308.9 nm.

clearly with the Avantes spectrometer, cannot be seen very well in this overview spectrum.
However, with the Mechelle spectrometer the IR range is accessible, which revealed that
two atomic oxygen lines at 777 nm and at 844 nm can be observed. Atomic nitrogen lines
which are located around 925 nm, 850 nm..875 nm and 900 nm were not observed.

These two atomic oxygen transitions P — ®S° at 777nm and 3P — 35° at 844nm were
used to obtain the excitation temperature 7., by means of a Boltzmann plot. T,, gives
a lower estimation of the electron temperature T.. All spectra of the two atomic oxygen
lines for the determination of the electron temperature were also recorded by the Mechelle
spectrometer, since both other spectrometers have a too low sensitivity in the IR range.
Unlike the Acton spectrometer, the Mechelle spectrometer has no one-dimensional reso-
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lution, so that many single spectra had to be recorded for the measurement of the radial
profiles. The line intensity ratios are needed for the determination of the electron tem-
perature with a Boltzmann plot. Since the two observed atomic oxygen lines are located
in a wide wavelength range, an intensity calibration is necessary. Therefore, the Mechelle
spectrometer was calibrated with a tungsten ribbon-lamp as explained in section 4.1.1.

Furthermore, since the refraction power of the lenses is dependent of the wavelength
the optical setup had to be adjusted for the measurement of each of the two different
temperatures.

The overview spectra of a dry and a humid plasma showed that the A?Xt — XQHW—

transition of the free OH radical between 306 and 310 mm is observed in humid air plasmas
and can be used to obtain the rotational temperature 7,,;, which gives a good estimate of
the gas temperature 7,. Furthermore, the overview spectrum shows two atomic oxygen
lines at 777nm and at 844 nm, which can be used to determine the excitation tempera-
ture T,, by means of a Boltzmann plot. T,, provides a lower estimation of the electron
temperature 7.
However, the neutral particle and electron density, n, and n., cannot be obtained directly
from these spectra. A well established method to determine the electron density n. is
measuring the Stark broadening of the Hj atomic line at 486 nm, as explained in section
4.2.1.1. However, due to the moisture of the air, only OH-bands but no atomic hydrogen
lines could be observed, but since the Hz atomic line offers the possibility to measure the
electron density, little amounts of pure hydrogen were mixed to the air as diagnosis gas.
Nevertheless only one atomic hydrogen line, the H, line at 656 nm could be observed.
This line is however predominantly broadened by the Doppler effect and therefore cannot
be used to determine the electron density. Because of that, the electron density could not
be measured directly by optical emission spectroscopy.

The neutral particle density n, can be estimated by using Dalton’s law 1.10:
P = nekae -+ (na + ni)k'ng.

Assuming n; = n, < n,, n. and n; are negligible against n, and so equation 1.10 becomes:

p = ngkpT,. (4.18)
Rearranging this equation leads to:
p
Y= . 4.19
= (4.19)

The neutral particle density can thus be calculated from the measured gas temperature,
if p is assumed to be constant and equal to the surrounding atmospheric pressure.

Since the electron density could not be measured directly by optical emission spec-
troscopy, the electron density was estimated employing Saha’s equation 1.1:

nen;  2(2mmekyT)%? Qi(T) _ =i

— e T

Ng h3 Q.(T) ’
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where a two temperature model was assumed. The temperature 7" was assumed to be the

electron temperature T, [66] and the ratio of the partition function 8((?) was assumed to

be 1 [45]. The overall ion density is given by:

Nak 202k T,)3/? _ Fik
N, overall = Z Nk = Z e 13 e Hle (420)
k k
and n; - n. becomes:
Eik
N+ Ne = const Tf/z Z Ng e T (4.21)
k
with: 32
2(2mmk

const = % (4.22)

Due to the quasi neutrality n. = n; the electron density n. can be calculated by:

Eik

Ne = \/const TN " e B (4.23)

k

To summarise, the optical emission spectrum of dry air plasma is dominated by NO-
bands in the UV range. Two atomic oxygen lines at 777 nm and 844 nm can be observed
in the IR range. These two atomic oxygen transitions were used to obtain the electron
temperature T,. When the air is moistened, additionally to the NO-bands, OH-bands
appear in the UV range of the spectrum. This OH-band between 306..310 nm was used
to determine the gas temperature 7. Unfortunately, the neutral particle density n, and
the electron density n. could not be determined directly by means of optical emission
spectroscopy for an air plasma. The neutral particle density n, was therefore calculated
employing Dalton’s law 4.19. The Saha equation 1.1 was used to obtain an estimate of
the electron density n.. Thus the four plasma parameters gas and electron temperatures
T, and T, as well as their densities n, and n. were determined. Table 4.3 summarises
the methods, which were applied. In the following section 4.2.3 the experimental results
from the measurements of the neutral particle and electron temperatures as well as the
determination of their densities are presented.

4.2.3 Experimental Results and Interpretations

In the previous section 4.2.2 optical emission spectra of dry and humid air plasmas were
shown. Based on these spectra the spectroscopic methods which can be applied to obtain
the plasma parameters, the neutral gas and electron temperatures and their densities,
were presented. In this section the experimental results of the measurements of the tem-
peratures by means of optical emission spectroscopy of dry and humid air plasmas as well
as the calculations of the neutral particle and electron densities are presented.

Since the abatement of waste gases is studied for different gas flows and microwave
powers the plasma of the APS is characterised in dependence of the supplied microwave
power and air flow. A first impression of how the APS plasma behaves in dependence of
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Table 4.3: Summary of the determined fundamental plasma parameters of the APS plasma,
applied methods, and used transitions.

plasma parameter applied methods used transitions

rotational or gas line intensity ratios: A2t V=0

temperature T, ~ T, comparison of simulated — X2, =0
and measured spectra of the OH radical

excitation or electron line intensity ratios: atomic oxygen

temperature T, ~ T,, Boltzmann plot lines

neutral particle Dalton’s law

density n,

electron density n. Saha equation

the microwave power and gas flow can already be studied when the APS is observed with-
out spectroscopic methods. Fig. 4.8 shows photos of the APS for three different gas flows,
10 sl/min, 30 sl/min, and 70sl/min and three different microwave powers, 1 kW, 2kW, and
3kW. For a microwave power of 3kW only air flows of 30sl/min and 70sl/min could be
performed since at 10sl/min the plasma extends to far in radial direction, touching and
thereby destroying the quartz tube. The resonator with the slit at its front is located in
the lower part of each photo. The quartz tube with a length of 564 mm extends above the
resonator and confines the plasma. The air flow was supplied via the tangential gas lead.
Therefore, the plasma flame shows a slight torsion for high gas flows of 30sl/min and
70sl/min for a microwave power of 1 kW and for an air flow of 70sl/min and microwave
powers of 2kW and 3kW. Furthermore, the photos clearly show that the length and the
radius of the plasma and therefore the volume of the plasma decrease when the gas flow is
increased. On the other hand the plasma radius and length increase when the microwave
power is increased.

Further characterisations of the plasma, like the determination of the gas and electron
temperature and their densities, were performed by means of optical emission spectroscopy
and is described in the following. The gas temperature 7, was measured by using the
Ayt — XQH,Y—transition of the free OH-radical. The electron temperature 7T, was esti-
mated by the excitation temperature 7T,,, which was measured by means of a Boltzmann
plot from two atomic oxygen lines, as explained in section 4.2.2. All the measurements of
the two temperatures are averaged over the line of sight. Thus the temperatures in the
centre of the plasma should be about 100 K..200 K higher. The neutral particle density
n, was determined using Dalton’s law while the electron density n. was estimated under
the assumption, that the plasma is in partial local thermodynamic equilibrium and by
using Saha’s equation, as also described in section 4.2.2.

Since the photos in Fig. 4.8 show that the most extended plasma can be observed for
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microwave power: 1 kW microwave power: 2 kW microwave power: 3 kKW

w96

10 sl/min 30 sl/min 70 sl/min 10 sl/min 30 sl/min 70 sl/min 30 sI/min 70 sl/min

gas flow g gas flow g gas flow g

Figure 4.8: Photos of the APS plasma for three different microwave powers: 1kW, 2kW, and 3kW and three different air flows:
10sl/min, 30sl/min, and 70sl/min. It can be seen that the length as well as the radius of the plasma increase with an increase of the
supplied microwave power whereas the plasma length and radius decrease with an increasing gas flow.
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a microwave power of 3kW and a gas flow of 30sl/min, the radial and axial profiles of
the gas rotational temperature T, the excitation temperature 7,,, and electron density
n. are discussed in the following for this parameter set.

At first gas rotational temperature T,,; profiles spatially resolved in axial and radial
direction are described.
As already explained in section 4.1.1 the resonator is equipped with a slit at its front so
that the plasma can be observed inside the resonator. The resonator has a height of 48 mm
and is terminated by a water-cooled metal plate which is why, the characterisation of the
plasma in axial direction is only possible for z = 1 mm..48 mm and again from z > 70 mm.
The resonator base is located at z = 0 mm. Since the plasma is confined in a quartz tube
with an inner diameter of d = 26 mm the extent of the plasma in radial direction is limited
to this range and therefore, the radial profiles are shown for » — 15 mm..15mm. Although
the first lens was placed just behind the slit, inside the resonator only the radial region
from r = —5mm to r = 5 mm was accessible in the UV range. Since the Acton spectrom-
eter is equipped with an ICCD camera, each radial profile could be measured in one step.
Selected radial profiles of the gas rotational temperature T, are shown in Fig. 4.9 a).
The profiles at 1 mm, 20 mm, and 45 mm were measured in the resonator while the profiles
at 80 mm, 200 mm, and 330 mm were measured above the resonator. The radial profiles
were fitted with a parabola. The asymmetry, which can be observed in all profiles, can
be explained by the fact that the gas is supplied via the tangential gas lead, which leads
to a slight swirl of the gas (compare Fig. 4.8).
The radial profile at a height of z = 1 mm shows a maximum of T}, of 3290 K around
r = 0. Outwards T, first decreases sharply and then the profile flattens. A similar radial
profile was measured at a height of 2 = 20 mm but with a slightly higher temperature of
Tt = 3350 K. The profile measured at a height of 2 = 45 mm shows a different behaviour:
the maximum in the centre is no longer that distinct.
Above the resonator the whole radial region is accessible. The radial temperature profile
at an axial position of z = 80 mm has its maximum of 7,.,; = 3200 K in the centre, T,.,; de-
creases outwards, and can be measured in axial direction in the range of r = —12..12.5 mm.
A similar profile is observed at z = 200 mm but with a decreased maximum temperature
of T,os = 2840 K in the centre. At an axial position of z = 330 mm the profile has changed.
A temperature can only be measured in the radial region of » = —6..3 mm, which is almost
constant at about T,.,; = 1800 K. A parabola could no longer be fitted here.
The distribution of the gas rotational temperature in axial direction at r = Omm is
shown in Fig. 4.9 b). It can be seen that the temperature first grows inside the resonator
from T, = 3290mm at z = 1mm to 7},,; = 3560K at z = 40mm and than drops to
T,ot = 3140K at z = 45mm. Above the resonator 7,,, = 3530 K can be measured at
z = 7T1lmm. Then T,,; decreases slowly upwards and can be measured until z = 370 mm
where T, reaches 1970 K. Since a higher T,, was measured just above the metal plate
of the resonator than at z = 45 mm, the measurement at 45 mm seems to be affected by
stronger errors more than the other measurements.
Measurements of the gas rotational temperature were not only performed for the profiles
shown in Fig. 4.9 a) and b) but also for radial profiles along the axial direction in intervals
of 10 mm. All these measurements are presented as a contour plot, which shows T,,; of
the plasma flame spatially resolved in axial and radial direction, in Fig. 4.9 ¢).
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Figure 4.9: Profiles of the gas rotational temperature T, spatially resolved in axial and
radial direction for a microwave power of 3kW and an air flow of 30sl/min: a) Radial
profiles of T, at axial positions of: 1mm, 20mm, and 45mm in the resonator, and at
80mm, 200mm, and 330 mm above the resonator. The radial profiles were fitted with a
parabola. b) An axial profile of T}, at a radial position of » = 0mm. ¢) A contour plot of
T,ot spatially resolved in axial and radial direction.
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Besides the gas rotational temperature T,,; the excitation temperature 7., was mea-
sured. Since the necessary atomic oxygen lines are located in the IR range and since the
refractive power of the lens is dependent of the wavelength, the optical setup had to be
adjusted for these measurements. This led to the pleasant circumstance, that the whole
radial region from » = —13 mm..13 mm was accessible. In axial direction again the region
between z = 1..48 mm and z > 70 mm could be measured.

In Fig. 4.10 a) selected radial profiles of the excitation temperature are shown. The pro-
files at z = 1mm, z = 20mm, and at z = 45mm were recorded inside the resonator
while the profiles at z = 71 mm, z = 90mm and z = 110 mm were measured above the
resonator. Like the T, profiles the radial profiles of T, were also fitted with a parabola.
At an axial position of z = 1mm 7,, can only be measured in the radial range of
r = —1mm..lmm. At r = Omm 7,, reaches a maximum of 7., = 3850 K. At z = 20 mm
the radial range where 7., could be measured has increased to r = —12..9 mm. Further-
more, the maximum temperature in the centre has also increased to T, = 5450 K. At
a height of z = 45 mm the maximum temperature of 7,, has dropped to T, = 4820 K,
but the radial range stays nearly the same. Above the resonator, at z = 71 mm, T,
further drops to T, = 4600 K, whereas the radial range again stays the same. At an axial
position of z = 90 mm the radial range where T,, could be measured has decreased to
r = —4mm..4mm and the maximum temperature has also decreased to T, = 4030 K.
At z = 110mm T,, could only be measured around r = 0mm with temperatures of
T, = 1760 K..1930 K.

In Fig. 4.10 b) T., in dependence of the axial position z at a radial position of r = 0 mm
is shown. It can be seen that the excitation temperature 7., inside the resonator first
increases from 7,, = 3850K at z = 1mm to T,, = 5780 K at z = 30 mm. Then the tem-
perature drops to T, = 4820 K at z = 45 mm. Above the resonator T,, further decreases
from 4600 K at z = 71mm to 7T,, = 1760 K at z = 110 mm. Further above the resonator
no excitation temperature 7., could be measured.

Beside the radial and axial profiles shown in Fig. 4.10 a) and b), more radial profiles have
been measured and are presented in the contour plot shown in Fig. 4.10 c).

The measurement of the gas rotational temperature 7,,; and excitation temperature
T.. showed that, for a microwave power of 3kW and a gas flow of 30sl/min, the axial
range where T, could be measured ranges from z = 1 mm to z = 370 mm and is much
larger compared to the range of 2z = 1 mm..110 mm where 7;, could be determined. Fur-
thermore, these measurements revealed that T, is about 2000 K higher than 7)., and
therefore, the plasma is presumably in partial local thermodynamic equilibrium.

The determination of the excitation temperature 7T,, in the air plasma is based on the
evaluation of only two atomic oxygen lines. To verify if the evaluation of these two atomic
lines leads to a correct Boltzmann plot, oxygen plasmas, which exhibit more atomic oxy-
gen lines, were studied. Three Boltzmann plots, which contain all atomic oxygen lines,
that are observed in the oxygen plasmas, are shown in Fig. 4.11. The measurements were
performed for a gas flow of 30 sl/min oxygen and at microwave powers of 1 kW, 2kW, and
3kW at z = 30mm and r = 0mm. The Boltzmann plots show that the two atomic lines
at 777nm and 844 nm are perfectly located on the straight line and therefore these two
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Figure 4.10: Profiles of the excitation temperature T, spatially resolved in axial and radial
direction for a microwave power of 3kW and an air flow of 30sl/min: a) Radial profiles of
T.. at axial positions of: 1 mm, 20 mm, and 45 mm in the resonator, and at 71 mm, 90 mm,
and 110 mm above the resonator. The radial profiles were fitted with a parabola. b) An axial
profile of T, at a radial position of = 0mm. ¢) A contour plot of T, spatially resolved in
axial and radial direction.
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Figure 4.11: Three Boltzmann plots of atomic oxygen lines, which are observed in an
oxygen plasma: These measurements were conducted for an oxygen flow of 30sl/min and
at microwave powers of 1kW, 2kW and 3kW and at an axial position of z = 30 mm and
a radial position of »r = Omm. Since the two atomic lines at 777 nm and at 844 nm are
perfectly located on the straight line these two atomic oxygen lines can be used to determine
the excitation temperature T,.

atomic oxygen lines can be used to determine the excitation temperature 7,.

The gas and electron temperature T, ~ T, and T, ~ T, could directly be determined
from the measured spectra. By means of equation 4.19 the neutral particle density can
now be calculated. The measurements presented in Fig. 4.9 showed that the gas rotational
temperature T, ranges between T, = 1880 K and T,,; = 3560 K which leads to neutral
particle densities of n, = 3.9 -10**m~3 to n, = 2 - 10** m~3, respectively.

The electron density n. can be estimated by Saha’s equation as presented in section
4.2.2. For the calculation of the electron density the composition of the air in the plasma
was assumed to be & 80 % nitrogen and ~ 20 % oxygen with ionisation energies of 15.58 eV
and 12.10eV, respectively. Furthermore, NO was incorporated since the analyses of the
clean gas, which were performed to study the decompostion of waste gases and are pre-
sented in section 4.3, revealed that NO is produced in relatively high concentrations of
1300 ppm to 2300 ppm and has a relatively low ionisation energy of 9.26 eV compared to
the ionisation energies of nitrogen and oxygen. Therefore, NO was incorporated for the
calculation of the electron density with a mid-concentration of &~ 0.18%. NO, and N,O
were neglected since they appear in distinctly lower concentrations and their ionisation
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Figure 4.12: Profiles of the electron density n. spatially resolved in axial and radial direc-
tion for a microwave power of 3kW and an air flow of 30sl/min: a) Radial profiles of n. at
an axial positions of: 1mm, 20 mm, and 45 mm in the resonator and at 71 mm, 90 mm, and
110 mm above the resonator. b) An axial profile of n. at a radial position of r = 0mm. c)
A contour plot of n. spatially resolved in axial and radial direction.
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energies are higher than the one of NO.

Since the electron density is calculated from the gas rotational and excitation tempera-
ture profiles, which are presented in Fig. 4.9 and Fig. 4.10, n. could only be calculated in
regions, where T, as well as T,, could be measured. Selected radial profiles are shown
in Fig. 4.12 a). At an axial position of z = 1 mm n, could only be calculated in a radial

range of 7 = —1..1 mm. Here a maximum electron density of n, = 1.9-10¥ m~3 is reached.
At a height of z = 20mm a maximum electron density of n, = 1.7 - 10 m~2 is reached
and n. can be calculated from r = —5mm to r = 5mm. At z = 45mm the maximum n,
decreases to n. = 4.2 - 10 m~3 and can be calculated from r = —4..5mm.

Above the resonator at a height of z = 71 mm the electron density can be calculated
between r = —9mm and r = 12mm while the maximum n, around r = 0 mm stays at

nearly the same value. At an axial position of z = 90mm the radial profile becomes
distinctly sharper and the maximum n,. decreases to n, = 2.2-10¥m=3. At z = 110mm
the electron density has dropped further to n, = 0.07 - 10"2m=3..1.1 - 10> m~3 and can
only be measured around r = 0 mm.

Fig. 4.12 b) shows the electron density at a radial position of 7 = 0 mm in dependence of
the axial position z. It can be seen that n, increases from 1.9 - 10*¥* m~2 at 2 = 1 mm to
Ne = 3.2-10°m™3 at 2 = 30mm. Then n, decreases to n, = 4.2-10"” m~—3 at z = 45 mm.
n. further decreases above the resonator to n, = 1.1-10?m™ at z = 110 mm.

n. was also calculated for all measured T,,; and T, profiles and is presented as a contour
plot in Fig. 4.12 ¢).

The optical emission spectroscopic studies revealed that for an air flow of 30sl/min
and a microwave power of 3kW a maximum gas rotational temperature of T,,;, = 3560 K
and a maximum excitation temperature of T,, = 5780 K are measured. From these tem-
peratures the neutral particle and electron density can be calculated and the resulting
neutral particle density is located in the range of n, ~ 10** m~3 while the electron den-
sity is in the range of n. ~ 10?°m™ and therefore is higher than the cutoff density of
ne = 7.4-10"m~>. Furthermore, the degree of ionisation x = 2= can be calculated and
reaches a maximum value of about y ~ 1074

At the beginning of this section 4.2.3 a first impression of how the plasma behaves in
dependence of the microwave power and gas flow is presented in Fig. 4.8. For an air flow
of 30sl/min and a microwave power of 3kW a detailed characterisation of the gas and
electron temperatures and their densities in the plasma is already presented above. For
the same parameter sets as for the plasmas shown in Fig. 4.8, measurements of the gas
rotational and excitation temperature and calculations of the electron densities spatially
resolved in axial and radial direction were performed which are presented below.

Fig. 4.13 shows contour plots of T,,; for microwave powers of 1kW, 2kW  and 3kW
and gas flows of 10sl/min, 30sl/min , and 70 sl/min spatially resolved in axial and radial
direction. The rotational temperature 7,,; can already be measured at an axial position
of z = 1mm for all analysed microwave powers and gas flows. However, the axial extent
above the resonator as well as the radial region where T, can be measured differs in
dependence of the microwave power and gas flow. A reasonable statement about the
radial extent where T, can be measured in dependence of the microwave power and gas
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flow can only be made above the resonator since the radial region where T,,; is accessible
inside the resonator is limited by the observation slit. Therefore, the radial extent in
dependence of the gas flow and microwave power is regarded above the resonator at an
axial position of z = 71 mm. Furthermore, the radial region where T,,; can be determined
has still the largest extent just above the resonator for all studied microwave powers and
gas flows.

At a low microwave power of 1 kW and a low gas flow of 10sl/min, the axial region where
To: can be measured ranges up to z = 210 mm. The radial region at z = 71 mm occupies
an extent of R = 10.5mm. When the gas flow is increased to 70sl/min for a microwave
power of 1kW the axial region where T,,; can be determined decreases to z = 150 mm
and the radial region decreases to R = 7.6 mm. Thus the axial and radial extent decrease
when the gas flow is increased.

On the other hand the axial and radial region increases when the microwave power is
increased. This can be seen when the microwave power is increased from 1kW to 3 kW
at a gas flow of 30sl/min. The axial region where T,, can be measured increases from
z = 180mm to z = 370mm. The radial extent also increases from R = 8.6 mm to
R = 11.6 mm. Thus the axial and radial extent increase when the microwave power is
increased and decrease when the gas flow is increased. The same behaviour of the plasma
in dependence of the supplied microwave power and gas flow could already be observed
in the photos, which are shown in Fig. 4.8.

Since the axial and radial extent increase with an increase of the microwave power and
decrease when the gas flow is increased, the volume of the plasma also increases with an
increase of the microwave power and decreases with a decrease of the gas flow. Thus the
minimal plasma volume is observed for a microwave power of 1kW and an air flow of
70 sl/min while the largest plasma volume is reached for a microwave power of 3kW and
a gas flow of 30sl/min.

Furthermore, maximum values of the gas rotational temperature 7,,; are located around
a radial position of » = 0mm and range from 7, = 3000 to T;.,, = 3500 K. Later on,
the dependence of T,,; on the gas flow and microwave power is discussed and compared
to the excitation temperature T,, in detail.

The contour plots of the excitation temperature T,, spatially resolved in axial and
radial direction for microwave powers of 1 kW and 2kW, and 3kW and for air flows of
10sl/min, 30sl/min, and 70sl/min are shown in Fig. 4.14. Here the region where T,
can be measured is much smaller compared to the region where 7)., can be measured.
In radial direction T,, cannot be measured from an axial position of z = Omm for all
analysed microwave powers and gas flows. For a low microwave power of 1kW 7., can
only be measured above z = 10mm up to z = 71l mm for gas flows of 30sl/min and
10sl/min and up to z = 75mm for a gas flow of 70sl/min. The radial extent is again
regarded at an axial position of z = 71 mm. At a low gas flow of 10sl/min the radial region
where T,, could be measured is limited to R = 3mm. When the gas flow is increased
to 70sl/min, the radial extent decreases to R = 2.4mm. Thus the radial region where
T.. can be measured decreases with an increase of the gas flow but the axial extent stays
almost the same and therefore, is independent of the gas flow.

For a microwave power of 2kW, T,, could be determined in axial direction from z = 3 mm
for gas flows of 10sl/min and 30sl/min and from z = 10 mm for a gas flow of 70sl/min.
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T.. can be measured above the resonator up to z = 90 mm for a gas flow of 10sl/min and
up to z = 95 mm for gas flows of 30sl/min and 70sl/min. Thus an increase of the power
leads to an increase of the axial extent in both axial directions. The radial extent at an
axial position of z = 71 mm decreases form R = 10.4mm at a gas flow of 10sl/min to
R = 5.5mm at a gas flow of 70sl/min. This shows that the radial extent also decreases
when the gas flow is increased for a microwave power of 2kW.

When the microwave power is increased further to 3kW, T,, can be determined from
z = 1mm up to z = 110 mm. The axial extent has again increased in both axial directions.
The radial extent at z = 71l mm again decreases from R = 10.4mm at a gas flow of
30sl/min to R = 8.8 mm at a gas flow of 70sl/min.

Thus the contour plots show that the axial and radial extent where T,, can be measured
increase in when the microwave power is increased. On the other hand the radial extent
decreases when the gas flow is increased but the axial extent stays nearly the same.
Furthermore, the maximum values of T, were again measured around a radial position of
r = 0mm and at an axial position of z = 30 mm. These values range from 7., = 5200 K
to T,, = 5780 K and are about 2000 K higher than the maximum values of T.,;. A detailed
discussion of the excitation temperature T,, in dependence of the microwave power and
gas flow is presented later on.

The measurements of the gas rotational and excitation temperature spatially resolved
in axial and radial direction for different microwave powers and gas flows showed that T,
can be determined in a distinctly larger axial and radial region than T.,. Furthermore,
these measurements showed, that the axial and radial region where T,,; can be determined
increases when the microwave power is increased and decreases with an increase of the gas
flow. The axial region where T,, can be measured also increases with an increase of the
microwave power and decreases when the gas flow is increased. The radial extent where
T,, can be determined also increases when the microwave power is increased but stays
nearly the same when the gas flow is increased.

The electron density n. is calculated by means of the Saha equation from the gas
rotational temperature and excitation temperature as explained above. Fig. 4.15 shows
contour plots of calculated electron densities for microwave powers of 1kW, 2kW, and
3kW and for gas flows of 10sl/min, 30sl/min, and 70sl/min air. Since the electron
density is calculated from the measured T,.; and T, profiles, n. can only be calculated
where both temperatures can be measured. Thus the region where n, can be calculated
depends on the microwave power and gas flow. Inside the resonator, the axial extent of
the region where n, can be calculated is limited by the region where 7., can be measured
and in radial direction it is restricted to the region where T,,; can be determined. Above
the resonator, the region where 7, can be measured limits the region in radial as well as
in axial direction where n. can be calculated since T., can be determined in a distinctly
smaller region than 7,,. Thus the axial and radial extent where n. can be calculated
behaves the same way in dependence of the microwave power and gas flow as the axial
and radial extent where T, was determined.

Since the electron density is calculated by means of the Saha equation it is not surprising
that the maximum values of n. are again reached at an axial position of z = 30mm
and around a radial position of r = Omm. The maximum values of n. range from
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ne =1-10m3 to n, = 3-10** m~3. The highest electron densities are reached at a gas
flow of 30sl/min and a microwave power of 3 kW.

The measurements of the excitation and gas rotational temperature spatially resolved
in axial and radial direction and for three different microwave powers and gas flows showed
that maximum gas rotational temperatures of 7,,, = 3000 K..3500 K and about 2000 K
higher maximal excitations temperatures of 7., = 5200 K..5780K are observed. The gas
rotational temperature gives an estimation of the gas temperature 7}, and the excitation
temperature an lower estimation of the electron temperature 7,. Thus, according to equa-
tion 4.19, a neutral particle density of about n, = 2-10**m=3..4-10** m~3 can be calculated
from T,,. The electron density which can be calculated from the gas and electron tem-
perature by means of the Saha equation 1.1 reaches maximum values of n, ~ 3-10?°m™3.
These measurements also show that the region where T,,; can be measured is much larger
than that where T, can be determined. Furthermore the axial and radial extent of the
region where T,.,; can be determined increases when the microwave power is increased and
decreases with an increase of the gas flow. Thus the plasma volume increases with an
increase of the microwave power and a decrease of the gas flow. This behaviour of the
plasma dependence of the microwave power and gas flow could already be observed in the
photos in Fig. 4.8 without any spectroscopic methods.

The axial region where 7., can be measured also increases when the microwave power is
increased. However, when the gas flow is increased the radial extent where T, can be
measured decreases while the axial extent stays the same.

Since the behaviour of the excitation and gas rotational temperatures in dependence of
the microwave power and of the gas flow cannot easily be seen from the contour plots, the
dependence of T,, and T,..; on the microwave power and gas flow inside the resonator and
above the resonator are discussed separately in detail in the following. Two characteristic
positions were chosen. The first position was selected inside the resonator and the other
just above the resonator. Inside the resonator an axial position of z = 30 mm was chosen
since T, had its maximal values at this position for all analysed microwave powers and
gas flows. Since the excitation temperature can only be measured just above the resonator
for some parameter sets, an axial position of z = 71 mm was chosen as second position.
Since the highest temperatures were measured in the centre, a radial position of 7 = 0 mm
was selected for both positions.

Fig. 4.16 shows the dependence of the gas rotational temperature 7T,,; and of the ex-
citation temperature 7., on the microwave power and gas flow inside the resonator at
an axial position of z = 30mm. The dependency on the microwave power and on the
gas flow is exemplarily shown for gas flows of 30sl/min and 70sl/min and for microwave
powers of 1kW and 2kW since for these parameter sets measurements of all microwave
powers and gas flows could be conducted. The diagrams in Fig. 4.16 a) and b) show the
dependence of T,,; and T, on the supplied microwave power for a gas flow of 30sl/min
and 70sl/min, respectively. Both diagrams show that, the excitation temperature 7T,
increases very slightly from 7T,, = 5390 K to 7., = 5780 K for a gas flow of 30sl/min and
from T, = 5400K to T,, = 5730 K for a gas flow of 70sl/min when the microwave power
is increased. For a gas flow of 30 sl/min the gas rotational temperature T, also increases
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Figure 4.16: Dependence of the gas rotational temperature T,,; and of the excitation
temperature T, on the microwave power and on gas flow inside the resonator at an axial
position of z = 30mm and a radial position of about » = O0mm. Dependence of T, and
Trot on the microwave power at a gas flow a) of 30sl/min and b) of 70sl/min and c) and
d) the dependence of the gas flow on T¢, and T}, at a microwave power of 1kW and 2kW,
respectively.

very slightly in dependence of the microwave power from T,,; = 3110K to T;,; = 3410 K
while at a gas flow of 70sl/min 7, is nearly independent of the microwave power and
has a value of T,,; = 3020 K.

The dependence of T, and T, on the gas flow is shown in Fig. 4.16 ¢) and d). These
diagrams show that T, increases very slightly from T,, = 5190K to T,, = 5400K at a
microwave power of 1kW and from 7,, = 5240 K to 7T,, = 5450 K at a microwave power
of 2kW when the gas flow is increased. The gas rotational temperature 7}, in contrast,
decreases very slightly from 7,.,, = 3320 K to T,,; = 3020 K at a microwave power of 1 kW
and from T}, = 3490 K to T, = 2960 K at a microwave power of 2kW when the gas flow
is increased.

Thus, according to the diagrams in Fig. 4.16, the excitation temperature 7., increases
very slightly with an increase of the microwave power and with an increase of the gas
flow. The gas rotational temperature T, also increases very slightly or stays at the same
value when the microwave power is increased and decreases very slightly when the gas
flow is increased.
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Nevertheless, the dependence of T,, and T,, on the microwave power as well as on the
gas flow is very weak. The contour plots of T}.,; and T, in Fig. 4.13 and Fig. 4.14, respec-
tively, showed that the axial and radial extent where these temperatures can be measured
increases when the microwave power is increased and therefore, the volume of the plasma
increases. Furthermore, qualitative measurements of how much microwave power is radi-
ated by the plasma revealed that the radiated microwave power also increases when the
supplied microwave power is increased. These facts show that an increase of the supplied
microwave power leads to no significant increase of the maximum temperature values but
to an increased plasma volume and to an increase of the microwave power which is radi-
ated by the plasma.

The contour plots of T}, also showed that the axial and radial extent decreases when the
gas flow is increased and therefore, the plasma volume decreases. Thus an increase of the
gas flow leads to no significant decrease of the maximal temperatures but to a reduction
of the plasma volume.

The diagrams in Fig. 4.16 also showed that the excitation temperature 7,, is about
2000 K higher than the gas rotational temperature 7T,,;. This shows that the microwave
heats the electrons. This is obvious since only the light electrons are able to follow the
quickly oscillating electric field of the microwave. The neutral particles are too heavy to
follow the quickly oscillating electric field and therefore are only heated through collisions
with the faster electrons.

Information about the energy transfer from the electrons to the heavy particles is provided
by the collision frequency. The electron neutral particle collision frequency v, can be
calculated by the following equation [46]:

Ven, = NgU < Oeq >, (4.24)

with n, being the neutral particle density, v the difference velocity of the electrons and
the heavy particles, and < o., > the collisional cross section. The neutral particle density

was calculated above and ranges from n, = 2 - 10*m=3 to n, = 4 - 10**m=3. Using the
2k, T
m ?
the electrons and vy, ~ 103 % for the heavy particles. Thus vy, is negligible and the
difference velocity is assumed to be vye.
Since air consists of ~ 80 % nitrogen, the electron neutral particle frequency can be esti-
mated when the Ramsauer cross section of nitrogen of < o.n, >=6- 10720 m—3 is assumed
for < o., > [46]. Then v,, becomes v, ~ 5 - 101°s71. However since per collision only a
fraction of % ~ 8- 107° of the enrgy is transfered due to the mass difference, the
time for the energy transfer from the electrons to the heavy particles is in the range of
[14S.
The electron electron and neutral particle neutral particle frequencies can also be cal-
culated by equation 4.24 when the electron density, vy, and < g.. > and the neutral
particle density, vi,, and < on,n, >, respectively, are used. With the measured temper-
atures and calculated densities v, is about v, ~ 7-10°s™! and vy,n, &~ 1-109s71.
Since v, and vy,n, are in the range of ~ 109s71..101%s7!, the energy transfer between
the electrons and between the neutral particles is guaranteed and therefore they obey a
Maxwellian velocity distribution. The energy transfer from the electrons to the heavy
particles is, in contrast, in the range of us, and therefore the temperature of the electrons

thermal velocity vy, = with the measured temperatures one gets vy ~ 10° = for
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should be higher than the temperature of the gas particles which is confirmed by the
observations.

Furthermore, the ratio of the electron neutral particle frequency v., to the microwave
frequency w should be around 1 for a good energy transfer, as explained in chapter 1
section 1.2. With v, ~ 5-10°s™! and w = 27 -2.45- 109571, “ea js about &~ 3. This
means that the plasma is heated by the microwave quite well and therefore the electron
temperature is only about 2000 K higher than the gas temperature.

The collisions also enable the microwave to penetrate into the plasma even though max-
imum electron densities of n, = 3 - 102 m~3 occur which are distinctly higher than the
critical density (cutoff density) n. of n. = 7.4-101 m=3. The skin depth ¢ of the microwave
without any collisions is only § = 1.4 mm, according to equation 1.33, which would result
in an inefficient heating of the plasma.

The diagrams in Fig. 4.16 showed that the gas rotational as well as the excitation

temperature are almost independent of the supplied microwave power and gas flow. This
phenomenon can possibly be explained by the heating mechanism of the microwave. The
microwave only heats the light electrons and the heavy particles are heated by collisions
with the faster electrons. However, an optimal heating of the electrons by the microwave
is only obtained when the electron heavy particle collision frequency v,, is in the range
of the microwave frequency w: *= ~ 1.
Assuming that e is &~ 1, if then the electron temperature increases, the thermal velocity
of the electrons vy, would increase, too, which according to equation 4.24 would result in
an increased electron heavy particle collision frequency v,,. As a result, the heating of the
heavy particles would increase and the heavy particles would reach a higher temperature.
A higher temperature of the heavy particles would mean, according to equation 4.19, that
the neutral particle density n, would decrease. However, a decrease of n, would lead to
a decrease of v, and to a decrease of “ < 1 and therefore the heating of the electrons
through the microwave would become worse and the electron temperature would decrease
to the previous temperature. A decrease of the electron temperature would lead to a
decrease of v, and therefore to a decrease of the gas temperature. If the gas temperature
decreases, the neutral particle density n, would increase. An increase of n, would result
in a increase of v, and a increase of “ to ~ 1. This would lead to a better heating of
the electrons and therefore the electron temperature would increase to the previous value.
This shows that the heating efficiency of the electrons through the microwave is very
strongly related to the temperatures. This leads to the fact that the temperatures level
out at an optimal value where “ is around 1 and as a result they are almost independent
of the supplied microwave power and gas flow. Thus the larger amount of energy which is
supplied at a higher microwave power cannot lead to an increase of the temperature and
therefore results in a larger volume of the plasma, as already presented above.

Fig. 4.17 shows the dependence of the gas rotational temperature 7,,; and of the exci-
tation temperature 7., on the microwave power and on the gas flow above the resonator
at an axial position of z = 71 mm and a radial position of about » = Omm. The di-
agrams in Fig. 4.17 a) and b) show the dependence of T, and T,, on the microwave
power for gas flows of 30sl/min and 70sl/min, respectively. It can be seen that T, as
well as T,.,; increase with an increase of the microwave power at that point. T,, increases
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from T,, = 3140K to T., = 4560 K at a gas flow of 30sl/min and from 7., = 3550 K to
T.. = 4530K at a gas flow of 70sl/min. The gas rotational temperature increases from
Trot = 2810K to T, = 3070K at a gas flow of 30sl/min and from T,, = 2620K to
Trot = 2950 K at a gas flow of 70sl/min.

The dependence of T,, and T, on the gas flow for a microwave power of 1 kW and 2 kW
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Figure 4.17: Dependence of the gas rotational temperature T.,; and of the excitation
temperature T¢, on the microwave power and on the gas flow above the resonator at an axial
position of z = 71 mm and a radial position of r = Omm. Dependence of T, and T, on
the microwave power at a gas flow of a) 10sl/min and b) 70sl/min. Dependence of T}.,+ and
T, on the gas flow at a microwave power of ¢) 1 kW and d) 2kW.

are shown in Fig. 4.17 ¢) and d), respectively. For a microwave power of 1kW T, in-
creases from T,, = 3000 K to T, = 3180 K when the gas flow is increased from 10 sl/min
to 70sl/min. T, also increases slightly from T,, = 2560K to T, = 2390K. For a
microwave power of 2kW the same dependence of the two temperature on the gas flow
can be observed. T, increases slightly from 7., = 3670K to T,, = 4240 K and T,,; from
Tror = 277T0K to T, = 2550 K.

Above the resonator at an axial position of z = 71 mm T, as well as T,,; increase slightly
when the microwave power is increased. When the gas flow is increased, T, also increases
slightly but T,, decreases slightly. The increase of T,, and T,, in dependence of the
supplied microwave power just above the resonator can be explained thereby that the
axial extent where the plasma is heated increases when the microwave power is increased.
Thus higher values of T, and T,, can be measured for higher microwave powers at the
same axial position above the resonator. The fact that higher excitation temperatures
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can be measured at z = 71 mm for higher gas flows can be explained thereby that the
electrons have a higher axial outreach at higher gas flows and therefore, higher values of
T,, are observed at the same axial position above the resonator.

Furthermore, these diagrams show that the gas rotational and excitation tempera-
tures almost have the same values at a low microwave power of 1 kW and a low gas flow
of 10sl/min. This means, that here the plasma has already thermalised. For higher gas
flows and higher microwave powers the two temperatures have not yet reached the same
value at that position. The excitation temperature is still higher than the gas rotational
temperature. Thus in the following it will be studied where the two temperatures have
approximately equal values and therefore from which axial position on the plasma has
thermalised.

600047 1 kW 2 kW 3 kW 1 kW: 2 kW:
] 10 sl/min: 10 sl/min:
5000 - "l 2L
. Trot O Trot
4000 - 30-sl/r;11n: 30Dsl/rr';in:
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Figure 4.18: Dependence of the axial position where the plasma is thermalising on the
microwave power and on the gas flow. The digram shows the axial position z where the
excitation temperature T, has dropped to the gas rotational temperature 7). The plasma
has thermalised at that position. It can be seen that this point drifts to higher values of z
when the gas flow or the microwave power is increased.

Fig. 4.18 shows the axial position where the excitation temperature and the gas rota-
tional temperature have approximately the same value. It can be seen that for a microwave
power of 1kW and gas flows of 10sl/min and 30sl/min this point is already reached at
an axial position of z = 71 mm. For a higher gas flow of 70sl/min this point is reached
at z = 75 mm. For a microwave power of 2kW the point where T,, ~ T, is reached at



4.2. CHARACTERISATION OF THE APS PLASMA 101

z = 85 mm for a gas flow of 10sl/min and at z = 90mm and z = 95mm for higher gas
flows of 30sl/min and of 70sl/min, respectively. This shows that the point where both
temperatures have approximately the same value shifts to higher axial positions for higher
microwave powers and for higher gas flows. This also is observed when a microwave power
of 3kW is supplied. Here this point is found at z = 105mm for a gas flow of 30sl/min
and at z = 110 mm for 70sl/min.

The fact that the point where T,, and T, have approximately the same value shifts to
higher axial positions for higher gas flows and higher microwave powers can be explained
on the one hand thereby that the electrons have a higher axial outreach for higher gas
flows and on the other hand that the axial extent where the electrons are heated by the
microwave increases with an increase of the microwave power.

To summarise, the characterisation of an air plasma without any spectroscopic meth-
ods already revealed that the extent of the plasma increases with an increase of the mi-
crowave power and decreases when the gas flow is increased, as the photos of the plasma
in Fig. 4.8 show.

The overview spectra of an air plasma showed that the spectrum is dominated by NO-
bands in the UV. Two oxygen lines at 777 nm and 844 nm were also observed. A hu-
midification of the air flow led to additional OH-bands in the UV range. Thus the gas
temperature 7}, of the plasma was estimated by the gas rotational temperature 7, which
was measured from the A?%+ —XQHV—tranSition of the free OH radical. A lower estimation
of the electron temperature T, was provided by the excitation temperature T, which was
measured by means of a Boltzmann plot from the two oxygen lines. The validity of this
Boltzmann plot of only two lines was verified by a Boltzmann plot of several oxygen lines
which could be observed in an oxygen plasma.

The measurements spatially resolved in axial and radial direction of the gas rotational
temperature for three different microwave powers and gas flows showed that the axial
and radial extent where T,,; can be measured behaves the same way in dependence of
the microwave power and gas flows as already observed on the photos. The excitation
temperature was also measured for the same parameter sets, which revealed that the axial
and radial extent where T,, can be determined increases when the microwave power is
increased. When the gas flow is increased, the radial extent also decreases but the axial
extent stays the same.

Furthermore, these measurements showed that the maximum values of T,,; = 3000K to
3500K and of T,, of T., = 5200 K..5780K are reached inside the resonator. The neutral
particle density could also be calculated and is about n, ~ 10** m=3. The electron density
was estimated by the Saha equation and has maximum values of n, ~ 10*m~3 which
results in a maximum ionisation degree of y &~ 10™* of the plasma.

Furthermore, the measurements of the temperatures in dependence of the supplied mi-
crowave power and the gas flow showed that T., as well as T, are only very slightly
dependent on these parameters. However, the photos and contour plots showed that the
plasma volume increases when the microwave power is increased and decreases with an
increase of the gas flow. Thus an increase of the microwave power does not lead to higher
temperatures but to a larger plasma volume and on the other hand an increase of the
gas flow does not result in a decrease of the temperatures but leads to a reduction of the
plasma volume.
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Since T¢, ~ T, is about 2000 K higher than T, ~ T, the plasma can be assumed to be
in partial local thermodynamic equilibrium. This is obvious since only the light electrons
can follow the quickly oscillating electric field of the microwave and therefore only the
electrons are heated by the microwave. The heavy particles are heated through colli-
sions with the faster electrons. The collision frequencies are located at v, ~ 7 - 10%s7 !,
Unon, & 1-10%s71 and vy, &~ 4-10'°s7L. Since the time for the energy transfer between
the electrons and between the gas particles is in the range of ns according to the collision
frequencies, the electrons as well as the gas particles obey a Maxwellian velocity distribu-
tion. The energy transfer between the electrons and gas particles is reduced by a factor
of about =~ 8 - 107° due to the different masses and thus the time for this energy transfer
is in the range of us.

Due to the collisions the microwave can penetrate into the plasma even though the elec-
tron density reaches values which are distinctly higher than the critical density (cutoff
density) of n, = 7.4 - 101 m=3. Otherwise the skin depth § of the microwave would only
be 6 = 1.4mm. Furthermore, the ratio of the electron neutral particle frequency to the
frequency of the microwave is about * ~ 3 and therefore near to the value of = =1
where the heating of the plasma is optimal.

Since the electron heavy particle frequency v,, is very strongly related to the tempera-
tures, the temperatures level out at an optimal value where *» =~ 1. This explains why
the temperatures are almost independent of the supplied microwave power and gas flow.
Thus a larger amount of supplied energy cannot lead to an increase of the maximum
temperatures and therefore, results in a larger plasma volume.

Furthermore, it was shown that the point where 7., and T,, have approximately the
same value and therefore where the plasma has thermalised, shifts to higher axial posi-
tions when the gas flow or the microwave power is increased.

4.3 Decomposition of Waste Gases

In the previous section the characterisation of the APS plasma by means of optical emis-
sion spectroscopy was presented. The last part of this chapter covers studies of the
suitability of the APS for the decomposition of waste gases, one possible application of
the APS. In the following the decomposition of volatile organic compounds (VOC) in air
flows on the one hand and of perfluorinated compounds (PFC) in nitrogen flows on the
other will be analysed in detail for that purpose.

4.3.1 Abatement of Volatile Organic Compounds

Volatile organic compounds (VOC) emerge during the use and production of, for exam-
ple lacquer, colouring, and glue. Many of these VOC are harmful and contribute to the
world climate change since they are green house gases. Thus the abatement of these gases
is an important and urgent task for many industrial branches. In the present work the
decomposition of two VOC samples, propane and toluene, are analysed. VOC commonly
appear in mixtures with air, which is why the abatement of propane and toluene in air
plasmas was studied.
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To examine fundamental principles of the decomposition of VOC with the APS, model
waste gas mixtures consisting of air and of either propane or toluene were blended. The
raw and clean gases were analysed with a FTIR spectrometer, a FID, and a mass spec-
trometer. These measurements also enabled the calculations of destruction and removal
efficiencies (DRE). Additionally samples for a detailed analysis in a gas-phase chromato-
graph were absorbed on Tenax?. Complementary to the analyses of the raw and clean
gases, the plasma was examined by optical emission spectroscopy that provided informa-
tion about the species, which are present in the plasma. The experimental setup for the
decomposition studies is described in detail in section 4.1.2.

In Fig. 4.19 optical emission overview spectra and FTIR spectra of pure air and of
air plasma containing propane or toluene are shown. The spectra in Fig. 4.19 a), b), and
d) were recorded at an air flow of 12.0sl/min while the spectra in Fig. 4.19 was recorded
at an air flow of 26.0sl/min. The supplied microwave power was 1kW for all measure-
ments. In Fig. 4.19 a) and ¢) propane admixtures of 1.77mg and 5.90 mg propane and
in Fig. 4.19 b) and d) toluene admixtures of 3.70 mg and 12.33 mg were added. These
admixtures correspond to a concentration of 900 ppm, 2800 ppm and 405 ppm, 1400 ppm
for an air flow of 12.0sl/min and 26.0sl/min, respectively.

The optical emission overview spectra were recorded with the Avantes spectrometer at
a radial position of r = 0 mm and an axial position of z ~ 30..40 mm above the resonator
base. The overview spectrum of a pure air plasma is dominated in the UV range by the
NOg- and NO,-bands, which belong to the B?Il — X?II- and A*>" — X?*II-transitions
[58]. When an admixture of 1.77 mg propane or 3.70 mg toluene is added, CN-, NH- and
OH-bands appear in the spectra additionally to these NO-bands. These bands belong to
the B?Y — X?%-, the A%l — X3%~ - and the A?X" — X?II,-transitions, which are also
called the violet-, the 336 nm-, and the 306 nm-system, respectively [58]. The intensity
of the CN-, NH-, and OH-bands grows with increasing concentrations of propane and
toluene, which can be seen in the spectra where the propane and toluene admixture is
increased to 5.90 mg and 13.33 mg, respectively, while the intensity of the NO-bands de-
creases slightly.
The presence of the NO-bands in the spectra of the pure air plasmas shows that NO
radicals are already formed from the air molecules nitrogen and oxygen. The appearance
of the CN- and NH-bands, when propane and toluene is added, shows that propane and
toluene are broken up and CN and NH radicals are generated. Since OH-bands are also
present in the overview spectra, OH radicals are formed, which indicates that propane
and toluene are degraded to HoO and potentially to CO and CO,, although no CO- or
COg-bands are observed.

Further and detailed information about the possible reaction channels are provided
by the raw and clean gas analyses performed with the FTIR spectrometer which will be
discussed in the following.

In Fig. 4.19 ¢) and d) FTIR spectra of the clean gases are shown. The FTIR spectrum
of the clean gas of a pure air plasma already shows intense NO-, NOs-, and N,Oy4-bands.
This evinces that large amounts of nitride oxides are produced, which is already indicated
by the presence of intensive NO-bands in the optical emission spectra. Since the plasma
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Figure 4.19: Optical emission spectra of a pure air plasma and of an air plasma with an
admixture of a) 1.77 mg and 5.90 mg propane and b) 3.70 mg and 12.33 mg toluene for an air
flow of 12.0sl/min and a microwave power of 1kW. The admixture of propane and toluene
corresponds to a concentration of 900 ppm and 2800 ppm. The spectra were recorded with
the Avantes spectrometer which is why between 400 nm and 500 nm in each case two spectra
are shown. The pure air plasma is dominated by NO-bands in the UV range. Additionally,
when propane or toluene is added, CN-, NH-, and OH-bands appear. The NO-bands indicate
that nitride oxides are formed while the OH-bands indicate that propane and toluene is
decomposed to HyO.

The diagrams in ¢) and d) show FTIR spectra of the clean gas of a pure air plasma and
of air plasmas with an admixture of propane and toluene, respectively. The air flow was
26.0sl/min and 12.0sl/min, respectively, while the propane and toluene admixture was again
1.77mg, 5.90 mg and 3.70 mg, 12.33 mg, respectively. The admixture of propane and toluene
corresponds to a concentration of 900 ppm and 2800 ppm and of 405 ppm and 1400 ppm,
respectively. A microwave power of 1kW was supplied. The FTIR spectra of the clean
gas of a pure air plasma show NO- NOs-, and NoOy-bands. An admixture of propane or
toluene leads, additionally to the nitride oxide bands, to CO-, CO2, and HyO-bands but to
no propane- or toluene-bands. This shows that already by a pure air plasma large amounts
of NO, are produced and that propane and toluene is degraded to carbon dioxides and water
vapour.
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is close to local thermodynamic equilibrium, large amounts of nitride oxides are to be
expected.

When propane or toluene is added, CO-, CO,-, and H,O-bands are observed in addition
to the nitride oxide bands in the FTIR spectra of the clean gases. However, propane- or
toluene-bands are not observed.

The intensity of the CO-, CO,-, and HyO-bands increases when the admixture of propane
or toluene is increased. This can be seen from the FTIR-spectra when the admixture of
propane or toluene is increased form 1.77mg to 5.90mg and from 3.70 mg to 12.33 mg,
respectively. Since no propane- or toluene-bands are observed but CO-, CO,-, and HyO-
bands are, propane and toluene are completely degraded to carbon oxides and water
vapour for the regarded air flows of 12.0sl/min and 26.0sl/min and a supplied microwave
power of 1 kW. The decomposition to water vapour is already indicated by the appearance
of the OH-bands in the optical emission spectra.

Although, CN- and NH- bands are also observed in the optical emission spectra, no com-
pounds containing CN or NH were detected in the FTIR spectra. This can be explained
thereby that the CN and NH radicals, which are present in the lower part of the plasma,
are degraded further up in the plasma or that they are not stable and are decompose be-
fore they are measured in the FTIR spectrometer. Furthermore, even very tiny amounts
of CN or NH radicals lead to intense emission bands in optical emission spectra, since
they have a high emissivity, so that the observed CN- and NH-bands can be caused by
marginal amounts.

Furthermore, the destruction and removal efficiencies (DRE) of propane and toluene
in dependence of the air flow and of the supplied microwave power was measured. The
propane and toluene concentration in the raw and clean gases were measured with a
flame ionisation detector (FID). Then the destruction and removal efficiency DRE in %
was calculated by:

Nraw — Nelean
DRE = —%——dean 100, (4.25)
n’f’(l'UJ
where 7,4, and ngeq, are the concentrations of propane and toluene in the raw and clean
gas, respectively.

The destruction and removal efficiency of propane and toluene for different gas flows

and microwave powers is presented in Fig. 4.20. The diagram in Fig. 4.20 a) shows the
DRE of propane for a microwave power of 1kW in dependence of the air flow. It can be
seen that for low gas flows up to 26 sl/min propane is completely degraded. An increase of
the gas flow to 50sl/min and 75sl/min leads to a decrease of the DRE to 88.8 %..90.8 %
and 50.9%..59.9%. The decrease of the DRE in dependence of the gas flow can be
explained by the fact that the length and the diameter of the plasma decreases with in-
creasing gas flows, as explained in section 4.2.3.
Since the length of the plasma decreases with an increasing gas flow, the dwell time of
the propane in the plasma is reduced. Additionally, since the diameter also decreases
in dependence of the gas flow, larger amounts of the air containing propane are able to
stream past the plasma and therefore are not treated at all. Beyond these facts, the dwell
time is intrinsically shortened thereby that the gas flow velocity is increased at higher gas
flows since the cross section of the quartz tube stays the same.
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If the microwave power is increased for a gas flow of 75sl/min, the DRE increases to
89.5%..90.7% at microwave power of 1.5kW and at a microwave power of 2.0kW the
propane is completly degraded. This is shown in the diagram in Fig. 4.20 b). The in-
crease of the DRE in dependence of the microwave power can again be explained by the
extent of the plasma. The plasma length and diameter increase when the microwave
power is increased and therefore the dwell time of the propane in the plasma is increased.
Beyond that, since the diameter increases also, less propane can pass through the quartz
tube without being treated by the plasma.
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Figure 4.20: Destruction and removal efficiencies (DRE) of propane a) for a microwave
power of 1kW and different gas flows and b) for a gas flow of 75sl/min air and different
microwave powers. DRE for toluene c) for a microwave power of 1 kW and different gas flows
and d) for a gas flow of 85sl/min air and different microwave powers. The DRE decreases
with an increase of the gas flow and decreases when the microwave power is increased. The
dependence of the DRE on the gas flow and the supplied microwave power can explained by
the extent of the plasma in dependence of the gas flow and microwave power.

The same analyses of the DRE in dependence of the gas flow and of the supplied
microwave power were performed for air flows containing toluene. The dependence of the
DRE on the gas flow for toluene is shown in the diagram in Fig. 4.20 c¢). It has the same
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dependence like the DRE for propane: the DRE decreases when the gas flow increases.

When the microwave power is increased, the DRE for toluene in an air flow of 85sl/min
increases again and at a microwave power of 2.0 kW the toluene is almost completely de-
graded, as can be seen in the diagram in Fig. 4.20. The dependence of the destruction and
removal efficiency on the gas flow as well as on the microwave power of toluene can again
be explained by the extent of the plasma in dependence of the gas flow and the supplied
microwave power. The DRE decreases with increasing gas flows, since the plasma length
and diameter decreases, which leads to a shorter dwell time and larger amounts stream
past the plasma. Since the length and diameter of the plasma grows with increasing mi-
crowave power the dwell time is longer and the whole gas flow streams through the plasma.

Table 4.4: Concentrations of inorganic and organic by-products in the clean gas with the
degradation of toluene.

measured threshold

concentration TA Luft [68]

[mg/m?| [mg/m?’|

organic compounds

benzene 1.4 3..5
benzaldehyde 40..60 20
benzoic acid 20..60 55
benzoquinones 4..6 20

inorganic compounds

CO 20..300 100

NO 1300..2300

NO; 290..480 100 as NOy
N,O 9..730

For a detailed characterisation of the formed degradation products samples were
absorbed on Tenax® and analysed with a gas-phase chromatograph. These analyses
were kindly performed by the Institut fiir Siedlungswasserbau, Wassergiite- und Abfall-
wirtschaft (ISWA) of the Universitéit Stuttgart (Institute for Sanitary Engineering, Water
Quality and Solid Waste Management of the University of Stuttgart).

Gas chromatic analyses of the by-products of the degradation of propane showed that
no by-products are formed during the decomposition of propane. If the degradation was
not complete, propane was found as the only reaction product. Thus the FTIR and gas
chromatic analyses lead to the conclusion, that propane is degraded only to carbon oxides
and water vapour and no other by-products are formed with the degradation of propane
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by the APS.

The same gas chromatic analyses were also performed with samples of the clean gas
of air flows containing toluene. In these samples many different and critical by-products,
like benze, benzaldehyde, benzoic acid, and benzoquinones, were found, whose concen-
trations range from 1mg..4 mg over 4 mg..6 mg to 40 mg..60 mg and 50 mg..60 mg for ben-
zene, benzoquinones, benzaldehyde, and benzoic acid, respectively. The discovered by-
products and their measured concentrations are summarised in table 4.4. Furthermore,
table 4.4 summarises the measured concentrations of carbon monoxide and nitride oxides,
which range from 20 mg..300 mg for CO and from 1300 mg..2300 mg, 290 mg..480 mg, and
9mg..730mg for NO, NO,, and N5O, respectively. Additionally, the TA Luft values for
all these compounds are given in table 4.4. The TA Luft values are threshold values
for the immission of gases according to the Erste Allgemeine Verwaltungsvorschrift zum
Bundes-Immissionsschutzgesetz, Technische Anleitung zur Reinhaltung der Luft - TA
Luft published by the Bundesministerium fiir Umwelt, Naturschutz und Reaktorsicher-
heit (First General Administrative Regulation Pertaining the Federal Immission Control
Act - Technical Instructions on Air Quality Control - TA Luft published by the Federal
Ministry for the Environment, Nature Conservation and Nuclear Safety) [68].

Like table 4.4 shows, the TA Luft threshold values for VOC are scarcely satisfied for some
sets of parameters, though the threshold values for the immission of nitride oxides are dis-
tinctly exceeded. Hence the abatement of VOC with the APS, especially the abatement
of toluene is questionable although DRE values of over 99 % were reached, since critical

by-products and large amounts of nitride oxides are produced, which exceed the threshold
values of the TA Luft.

To conclude, the studies concerning the abatement of VOC in air, here the decom-
position of propane and toluene, with the APS showed that the destruction and removal
efficiencies of over 99 % for both model VOC are reached. The DRE decreases with an
increase of the gas flow and increases with increasing supplied microwave power. This can
be explained by the extent of the plasma in dependence of the gas flow and the microwave
power. The plasma diameter and length increases with increasing microwave power and
decreases with an increase of the gas flow. Thus for high gas flows and low microwave
powers the dwell time is short due to the small length of the plasma and not all of the
gas flows through the plasma since the plasma diameter is reduced. On the other hand, if
the microwave power is increased the length and diameter of the plasma is enlarged and
the dwell time is increased and all of the gas is treated by the plasma.

FTIR spectroscopic analyses of the clean gas revealed that the VOC are almost completely
converted to CO, CO, and water vapour. Furthermore these measurements showed that
nitride oxides are produced in such large amounts that the TA Luft threshold values are
exceeded by far. The production of nitride oxides was already indicated by the optical
emission spectroscopy, since intense NO-bands in the UV range were observed. Moreover,
detailed analyses of the clean gas with the gas-phase chromatograph revealed that criti-
cal by-products, like benzne, benzaldehyde, benzoic acid, and benzoquinones, are formed
during the decomposition of toluene. The concentrations of these by-products scarcely
satisfy the TA Luft threshold values depending on the experimental parameters. The
detailed analyses of the clean gas with FTIR spectroscopic and gas chromatic studies
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revealed that, even though the high DRE values are reached, the application of the APS
for the abatement of VOC is questionable.

4.3.2 Abatement of Perfluorinated Compounds

In the previous section 4.3.1 the suitability of the APS for the decomposition of volatile
organic compounds VOC was studied. The studies showed, that propane and toluene can
almost be completely degraded by the APS plasma but large amounts of nitride oxides
are produced and critical by-products are formed through the abatement of toluene. Thus
the application of the APS for the abatement of VOC is not that good, although the high
destruction and removal efficiencies were promising. However, perfluorinated compounds
(PFC), like for example CF, or SFg, have a 7400 to 23000 increased green house warming
potential compared to CO, and therefore are much more harmful than VOC. The PFC
are used for etching processes in growing industry sectors, for example in semiconductor
industries. Thus the decomposition of PFC is an even more urgent and important task
than the decomposition of VOC nowadays.

To examine the suitability of the APS for the decomposition of PFC, the degradation
of CF, and SFg in nitrogen plasmas was studied. For these abatement studies nitrogen
gas flows containing CF4 and SFg were utilised, since commonly these etch gases only
appear in nitrogen atmospheres. As with the studies concerning the decomposition of
VOC, the fundamental principles of the decomposition of VOC through the APS were
examined and therefore model waste gas mixtures consisting of nitrogen and either CF4 or
SF¢ were blended. The clean gas was analysed with a quadrupole mass spectrometer and
with a FTIR spectrometer. The experimental setup is the same as for the decomposition
studies of the VOC, as presented in section 4.1.2. However, during these experiments the
exhaust gas system was extended by a wet vent washer. Measurements of the clean gas
before the wet vent washer were performed with the quadrupole mass spectrometer and
measurements behind the wet vent washer were conducted with the FTIR spectrometer.
All the PFC decomposition studies were performed at the Fraunhofer Institut fiir chemis-
che Technologie (ICT) (Fraunhofer Institute for Chemical Technology) in Pfinztal, since
a wet vent washer was only available at the ICT. Furthermore, the plasma was again
explored by optical emission spectroscopy to obtain information about the species in the
plasma.

Optical emission overview spectra of a pure nitrogen plasma, of nitrogen plasmas con-
taining CF, or SFg and of moistened nitrogen plasmas containing PFC are shown in
Fig. 4.21. The spectra were recorded with the Avantes spectrometer at a radial position
of r = Omm and at an axial position of about z &~ 30..40 mm above the resonator base.
In the spectrum of a pure nitrogen plasma, No-bands in the UV range belonging to the
C®11, — B?Il,-transition, which is also called the second positive system, Ny-bands in
the visible range, which belong to the B*II, — A3 -transition, the first positive system,
and NJ -bands, belonging to the C*¥F — X 22;—transition, which is also called the second
negative system, are observed [58|.

When 16.7mg CF, are added to the nitrogen gas flow, additionally to the Ny- and N3 -
bands, CN-bands, the violet system, which belongs to the B?Y — X2 transition, are



110 CHAPTER 4.

CHARACTERISATION OF THE SELF IGNITING APS

a CN
) — pure Ny-plasma
admixture of
= .Nz+ ---16.7mg CFy4
S N," - - - 16.7mg CFy,
% N, 4" 100 % humidity
z I
q NH NI
ot I
g o .
|
N2+& | N2 . N2
N, N,
AN o i)
2 ot ,'f" J‘ /ii I_'q Lot = e T Wl
T T T . : § | i : I I
200 300 400 500 600 700
b) wavelength [nm]
— pure Ny-plasma
NH _
) admixture of
|| | o
= | 138.2 mg SFq
L : Nt 138.2 mg SFg,
- 2
* 100 % humidi
é‘ iNo o humidity
& !
5 {
= a
g I}z o Ny
N 2 A
No N 2y fs
Aoty W

Figure 4.21: Optical emission overview spectra of nitrogen plasmas containing: a) CFy4 or
b) SF¢. The spectra were recorded with the Avantes spectrometer. Three overview spectra
are shown in both diagrams: a pure nitrogen plasma, a nitrogen plasma with an admixture
of CF4 or SFg, and a humid nitrogen plasma containing CF4 or SFg. The nitrogen flow was
30.4 sl/min, a microwave power of 2.5kW was supplied, and an amount of a) 16.7 mg CF4
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and b) 138.2mg SFg was added.
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observed in the spectrum, as can be seen in Fig. 4.21a) [58]. When the nitrogen flow
containing CF,4 is moistened to offer reaction partners to the CF, molecules, as will be
explained later on, NH- (336 nm-system, A®Tl — X3%~-transition) and NO- (NOg- and
NO,-system, B*IT — X*II- and A*Y " — X?II-transitions) bands additionally appear in the
spectrum [58]. The NO-bands indicate, that nitride oxides are produced.

When 138.2mg SFg is added to the nitrogen flow no additional bands appear in the
spectrum, as the spectrum in Fig. 4.21 b) shows. However, if the gas flow is moistened,
NO-bands are observed again, which indicates that nitride oxides are formed in the plasma.

As with the studies of the decomposition of VOC, destruction and removal efficien-
cies (DRE) were determined for the degradation of CF, and SFg in dependence of the
microwave power and of the gas flow. The DRE was, according to equation 4.25, calcu-
lated from the concentration in the raw gas n,.., and from the concentration in the clean
gas Nejean, Which was determined from quadrupole mass spectroscopic analyses. The
quadrupole mass spectrometer measurements were kindly performed by the Fraunhofer
Institut fiir chemische Technologie (ICT).

In Fig. 4.22 a) the DRE for different CF, admixture in a nitrogen flow of 30.4 sl/min

in dependence of the microwave power are shown. At a microwave power of 1.5kW, the
DRE is only about 58.17 %..72.88 %, but if the microwave power is increased to 3.0 kW,
the DRE increases, too, to 98.54 %..100 %, which corresponds to a complete degradation
of CF4. The increase of the DRE in dependence of the microwave power can again be
explained by the fact that the plasma length and diameter increases when the microwave
power is increased. Thus the dwell time is prolonged due to the enlargement of the plasma
length. Additionally, because of the increased diameter of the plasma, all waste gas is
forced to flow through the plasma and therefore all the waste gas is treated by the plasma.
Fig. 4.22 b) shows the dependence of the DRE on the gas flow for the degradation of CF,
and a supplied microwave power of 3.0kW. At low gas flows of 25sl/min to 35sl/min it
can be seen that the DRE of the CF, reaches values of 99.97 % and 99.79 %, respectively.
When the nitrogen flow is increased further to 40sl/min or 50sl/min the DRE decreases
to 96.91 % and 86.97 %, since again the plasma extent is reduced with an increase of the
gas flow.
The degradation of SFg was also studied. The destruction and removal efficiencies (DRE)
of different SFg admixtures in dependence of the microwave power and of the nitrogen
flow are shown in Fig 4.22 ¢) and d). The two diagrams show, that the DRE is indepen-
dent of the supplied microwave power and gas flow in the regarded range of 1.5kW to
3.0kW and 25sl/min to 50sl/min and reaches 98.7% to 99.97 %, which corresponds to
an almost complete decomposition of SFg. The fact that the degradation of SFg¢ is almost
complete can be explained thereby that the bonds within the SFg molecules are easier to
crack compared to the bonds within the CF4 molecules and the high temperature around
the plasma is already sufficient to decompose the SFg through thermal degradation.

The analyses of the clean gas before the wet vent washer with the quadrupole mass
spectrometer, in addition to the concentration of CF, and SFg in the clean gas, which
were used to calculate the DRE, provided information about the reaction products. These
analyses showed that the CF, molecules are converted to SiF3, where the silicon is orig-
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Figure 4.22: Destruction and removal efficiencies (DRE) for the degradation of CF4 and
SF¢ in dependence of the supplied microwave power and of the gas flow: a) and c) the
DRE in dependence of the microwave power for a nitrogen flow of 30.4 sl/min and different
admixture of CF, and SFg, respectively. b) and d) DRE in dependence of the gas flow for
microwave powers of 2.5kW and 3.0 kW.

inated from the surrounding quartz tube. Thus to offer the C and F atoms reaction
partners, the nitrogen gas flow was moistened. The measurements with the quadrupole
mass spectrometer of the clean gas of humid nitrogen flows containing CF4 showed that
then the CF, molecules are decomposed to HF and CO,. The wet vent washer behind
the APS converted the HF molecules to calcium fluoride. Thus the FTIR spectroscopic
analyses of the clean gas behind the wet vent washer, which were kindly performed by the
Institut fir Siedlungswasserbau, Wassergiite- und Abfallwirtschaft (ISWA) of the Uni-
versitdt Stuttgart (Institute for Sanitary Engineering, Water Quality and Solid Waste
Management of the University of Stuttgart), showed that only CO, COs, H,O, and small
amounts of NO, could be measured. The nitride oxides are produced from the nitrogen
gas flow and the humidity, which offers reaction partners to the C and F atoms.

The production of the nitride oxides was also indicated in the optical emission spectra
shown in Fig. 4.21, since NO-bands in the UV range are observed when the nitrogen flow
containing CFy or SFg was moistened.



4.3. DECOMPOSITION OF WASTE GASES 113

To summarise, the studies concerning the degradation of PFC, here CF, and SFg, in
nitrogen gas flows show that destruction and removal efficiencies (DRE) of over 99 % are
reached. For the decomposition of CF, the same dependence of the microwave power
and gas flow on the DER as for the degradation of VOC was measured and can be
explained by the same facts. However, the studies concerning the abatement of SFg
showed that the DRE was independent of the analysed gas flow and microwave range of
25sl/min..50s]/min and 1.5kW..3.0kW, respectively.

Analyses of the clean gas before the wet vent washer revealed that CF, is converted to
SiF3 when dry nitrogen is used and to HF and COs when the gas flow is moistened. The
FTIR analyses behind the wet vent washer showed that only CO, COs, H,O, and small
amounts of nitride oxides are produced. The HF is converted to calcium fluorine in the
wet vent washer. The nitride oxides are formed from the nitrogen gas flow and from the
added humidity, which offers the C and F atoms reaction partners.

The PCF abatement studies showed, that high DRE are reached and that no or only little
amounts of critical products, like nitride oxides, are formed during the decomposition of
CF, and SFg. Thus the degradation of PFC seems to be a promising application of the
atmospheric pressure microwave plasma source.

In conclusion, the studies, which were performed to examine if the APS is suitable for
the abatement of VOC and PFC, showed that high destruction and removal efficiencies
(DRE) of over 99 % are possible. However, the DRE for propane, toluene, and CFy is
dependent on the gas flow and the microwave power while the DRE for SFg is independent
of the the gas flow and microwave within the examined range. The dependency of the
DRE on gas flow and the microwave power the for propane, toluene, and CF, can be
explained by the extent of the plasma, which is also influnenced by these parameters.
However, since on the other hand the characterisation of the plasma revealed that the
tempeartures as well as the densities are almost independent of the microwave power and
gas flow but the plasma volume increases with an increase of the microwave power and
a decrease of the gas flow, the required plasma volume for each gas flow can be adjusted
by the supplied microwave power while the same well suited conditions for a complete
decompostion of the waste gases are provided.

The DRE for SF¢ is possibly independent of the gas flow and of the microwave power in
the regarded range since the bonds within the SFg molecule are easier to crack compared
to the bonds within the CF, molecules.

The analyses of the clean gas showed that the PFC are completely and the VOC are
almost completely converted into CO, CO,, and water vapour, and into calcium fluorine
when the CF, is regarded. However, during the decomposition of toluene, critical by-
products are formed. Additionally, large amounts of nitride oxides are produced through
the degradation of VOC in air plasmas. Thus the decomposition of VOC with the APS is
questionable, but the abatement of PFC seems to be a promising application of the APS.



Chapter 5

Summary and Conclusions

In the present work the development of an atmospheric pressure microwave plasma source
(APS) for the abatement of waste gases as well as spectroscopic studies of the plasma and
analyses concerning the decomposition of waste gases were presented.

The presented plasma torch is based on a cylindric Egjp-mode resonator (Eg1o-APS).
The power is supplied by a 2.45 GHz microwave generator (magnetron) via a rectangular
waveguide. The plasma is confined in a quartz tube with an inner diameter of 26 mm. A
metallic nozzle constitutes the gas inlet.

For a successful use in industrial application a straight forward handling of the plasma
torch is indispensable and therefore easy ignition of the plasma as well as stable and ef-
ficient operation for different gas flows are required. To guarantee that the plasma can
be ignited without any additional igniters, high electric fields must be reached in the res-
onator and therefore detailed information about the electric field distribution is necessary.
The finite element simulations of the electric field, which were performed for this purpose,
revealed that the nozzle which is used for the gas inlet and forms a coaxial structure
below the cylindric resonator also acts as a resonator. Thus the plasma torch is actually
based on two resonators, a cylindrical and a coaxial one, and because of that the resonant
frequency of the cavity is dependent on the shape and the position of the metallic nozzle.
Moreover, the simulations showed, that a further enhancement of the electric field in the
cavity can be obtained when higher mode resonators, for example Egyo- or Egsg-mode
resonators, or special coupling elements like a slit, a A/4-part, or a taper are used. There-
fore, an Egzo-mode based APS (Eg30-APS) and the coupling elements were designed and
manufactured.

To verify the simulation results measurements of the microwave properties of the simu-
lated configurations were performed with a network analyser. These measurements are in
excellent agreement with the simulations.

The simulations revealed and the measurements verified that, a tuning element which
allows to adjust the resonant frequency of the cavity to the fixed magnetron frequency is
provided by the metallic nozzle. The resonant frequency of the Eg1o-APS can be measured
with a network analyser and adapted to the magnetron frequency which is also known by
measurement. Then the forward powers are maximised with a three stub tuner, which is
used to match the impedances and additionally provides an excellent coupling element.
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In this configuration a sufficiently high electric field for the ignition of a plasma in air at
atmospheric pressure is already reached in the cavity when a microwave power of a few
hundred watts is supplied. This plasma fills the whole quartz tube without destroying it,
burns stable and the supplied microwave power is completely absorbed by the plasma.
An even better result should be achieved by an Eg3o-APS configuration since the simula-
tions showed that these configurations provide a higher electric field. However, it turned
out that due to its high quality the resonant frequency must be adjusted more precisely,
which is impractical for a straight forward use of the plasma source. Furthermore, when
the plasma is burning a large amount of the supplied microwave power is reflected and
not absorbed by the plasma due to the sharp resonance curve.

Thus the Eg;0-APS is the optimal configuration since it provides a sufficiently high electric
field for the ignition of the plasma without any additional igniters and a stable operation
of the plasma which completely absorbs the supplied microwave power. Therefore, the
Eo10-APS was used for the further analyses.

The characterisation of the air plasma was performed by means of optical emission
spectroscopy. The overview spectra of an air plasma are dominated by NO-bands in the
UV range. Furthermore, two oxygen lines in the visible and IR range can be observed.
A humidification of the plasma leads to additional OH-bands in the UV range. This
AZST — XQHW—transition of the free OH radical was used to determine the gas rotational
temperature 7,, which provides a good estimation of the gas temperature T of the
plasma. The two atomic oxygen lines were used to obtain the excitation temperature T,
by means of a Boltzmann plot. The excitation temperature T,, gives a lower estimation
of the electron density T.. The validity of the Boltzmann plot of only tow lines was ver-
ified by Boltzmann plots of more atomic oxygen lines which were observed in an oxygen
plasma.

These measurements of the two temperatures spatially resolved in axial and radial direc-
tion, which were performed for three different microwave powers and air flows, revealed
that the maximum gas rotational temperatures are located in the range of 7,,, = 3000 K
to T,ot = 3500 K and that the maximum excitation temperatures are about 2000 K higher
than the gas rotational temperatures and range from 7., = 5200K to T,, = 5800 K.
These measurements also showed that T,,; as well as T,, are almost independent of the
supplied microwave power and gas flow. However, the volume of the plasma decreases
with an increase of the gas flow and increases when the microwave power is increased.
The neutral particle density and electron density, n, and n., could not be directly de-
termined from the measured optical emission spectra. Therefore, n, was estimated by
the ideal gas law and n. by the Saha equation. The neutral particle density n, is
in the range of 2 - 10*m=3..4 - 10**m3 and the electron density reaches a maximum
value of n, = 3-10?m™3 which is higher than the critical density (cutoff density) of
ne = 7.4-10%m=3, Thus a maximum degree of ionisation of y ~ 10~ is reached.

The collision frequencies which provide information about the energy transfer times, were
calculated from the temperatures and densities. The collision frequencies are in the range
of v =~ 10%s7! to v ~ 10%s7! and therefore the energy transfer times for the electrons
and heavy particles are in the nano second range. Thus the electrons as well as the heavy
particles obey a Maxwellian velocity distribution. Due to the mass difference the energy
transfer time between the electrons and the heavy particles is only in the micro second
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range.
Since only the light electrons are able to follow the quickly oscillating electric field of the
microwave only they are directly heated by the microwave. This results in about 2000 K
higher measured temperature of the electrons. On the other hand an optimal heating of
the electrons is only possible when the ratio of the electron neutral particle frequency v,
and the frequency of the microwave w is * =1 which is almost reached with “ ~ 3 for
the plasma of the APS.

Since the temperatures are strongly related to “, the temperatures level out around an
optimal value of “» = 1. Thus a variation of the microwave power or of the gas flow can-
not lead to a change of the maximum temperatures and therefore resulted in a variation
of the plasma volume, as is observed.

The studies concerning the decomposition of waste gases showed that volatile organic
compounds (VOC) in air plasmas as well as perfluorinated compounds (PFC) in nitrogen
plasmas can be decomposed almost completely to carbon oxides, water vapour, and cal-
cium fluorine, for CFy, and that the destruction and removal efficiency (DRE) increases
when the microwave power is increased and decreases when the gas flow is increased. This
can be explained thereby that the volume of the plasma increases with an increase of the
microwave power and a decrease of the gas flow which leads to longer dwell times of the
waste gases in the plasma.

However, these measurements also revealed that even though DRE of over 99% for
propane and toluene were reached, the suitability of the APS for the decomposition of
VOC is questionable since critical by-products and large amounts of nitride oxides are
produced.

The decomposition of PFC, which have a 7400..23000 times higher green house potential
compared to C'Oy and are very difficult to decompose in conventional gas or oil combus-
tions, is a promising application of the APS since DRE of over 99 % for CF, and SFy are
reached and no critical by-products and no or only very small amounts of nitride oxides
are formed.

To conclude, the development of an atmospheric pressure microwave plasma source
for the abatement of waste gases which provides ignition without any additional igniters
as well as stable plasma operation was successful. Since DRE of over 99 % are reached for
the decompostion of PFC in nitrogen plasmas and no critical by-products are formed the
APS is well suited for this application. Furthermore, since the intrinsic plasma properties,
like the temperatures and densities, are almost independent of the supplied microwave
power and gas flow but the plasma volume is adapted, the optimal plasma volume for
each required gas flow can be adjusted by the supplied microwave power while the same
good conditions for a complete decomposition of the waste gases are provided.

In this work an air plasma was characterised in detail in dependence of the supplied
microwave power and gas flow. However, since the APS is well suited for the abatement of
PFC which commonly appear in mixtures with nitrogen, the characterisation of nitrogen
plasmas would be interesting and could be part of further work. The first characterisa-
tions of nitrogen plasmas containing PFC with optical emission spectroscopy was already
performed and showed that molecular as well as ion molecular bands can be observed
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and therefore a comprehensive characterisation of nitrogen plasmas would also provide
the possibility of an independent determination of the electron density.

Furthermore, in the present work fundamental understanding of the reaction channels
involved in the decomposition of waste gases was obtained and therefore for a straight
forward approach only mixtures of one single harmful gas in air or nitrogen flows were
studied. However, before an application in industrial processes is adopted, commonly
appearing mixtures of different waste gases should be analysed.
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