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Abstract

Over the past several decades, the microwave plasma torch becomes increasingly
popular as one of the plasma sources, because of their advantages of simple structure,
high flexibility in different working environment and electrodeless working ability. It
has been demonstrated to have great potential in both scientific researches and
industrial applications. However, microwave discharges in the plasma torches involve
microwave propagation, reflection and dissipation in different situations, complex
energy exchange and transfer, dynamic excitation, ionization and recombination
reactions, transport of massive particles and different types of gas flow. There are still
some phenomena and problems in the microwave plasma torches that remain unclear
or unsolved, for example, the mechanism of the discharge maintenance, the changes of
wave propagation characteristics and discharge properties in different operational
conditions. Besides, it is lack of a fast, efficient and accurate mathematical model to

describe the discharges in the microwave plasma torches in different circumstances.

This thesis aims to better understand the discharges in the microwave plasma torches.
More specifically, it is to investigate the microwave propagation characteristics and the
discharge properties in the microwave plasma torches based on rectangular waveguide

under different operational conditions.

To achieve this goal, we have firstly investigated the waveguide structure change of
the cylindrical discharge tube shielded by a metallic enclosure in the microwave plasma
torches, when the discharge occurs. The electromagnetic mode of the microwave in the
discharge tube and their existence conditions have been theoretically studied and
numerically validated by the full-wave analysis, with the assumption of constant plasma

properties.

Secondly, based on our assumption that the microwave plasma torch will become a
waveguide-coaxial mode adapter when the discharge occurs in some situations.
Experiments are carried out to investigate the effects of the glass tube on the efficiency
of power coupling from the input microwave to the discharge in a microwave plasma
torch under different input powers, pressures and gas inflow rates. It aims to explore
the possibility to improve the microwave coupling efficiency by simply choosing a

proper glass tube without using any external tuning measures.



Thirdly, a two-dimensional fluid model is proposed to simulate the argon discharges
in the microwave plasma torch under atmospheric pressure, which makes use of the
ambipolar diffusion approximation and an axisymmetric simplification of the
calculation domain of the discharge tube. With this model, we have numerically
investigated the mechanism of the plasma column length change under different
microwave powers and gas inflow rates, the mechanism of the glass tube overheating

problem, the discharge properties and the microwave propagation characteristics.

Finally, a three-dimensional model based on the previous two-dimensional model is
further proposed to investigate the discharges in the microwave plasma torches. With
this model, we have modelled the argon discharges under atmospheric pressure in two
types of microwave plasma torches with different glass tubes. Besides, we have
compared the results from both the two-dimensional simulation and the three-

dimensional modelling.

In these above works, we have found that the discharge tube with metallic enclosure
in the microwave plasma torches is able to become a two-conductor-like coaxial
waveguide, when the discharge properties meet some requirements. With this
waveguide structure transition, the cylindrical discharge tube allows the input
microwave to enter the discharge tube and propagate along the plasma column towards

both ends of the glass tube without the limitation of cut-off frequency.

Furthermore, it has been proved that the microwave in the discharge tube is able to
propagate in TEM mode. The well-known m = 0 mode is not always a TM mode and
it can be the TEM mode as well. The wall thickness and dielectric property of the glass
tube are able to affect the electromagnetic mode of the microwave in the discharge tube
and the microwave power coupling efficiency of the plasma torch. A power coupling
efficiency around 90% can be achieved by simply choosing a proper glass tube with its

wall thickness in particular range.

Numerical and experimental results in this thesis demonstrated that the argon plasma
column under atmospheric pressure can act as another conductor besides the metallic
enclosure, changing the discharge tube to a two-conductor like coaxial waveguide. The
plasma column length extension with the increase of the microwave power is actually
driven by the travelling microwave in the discharge tube. The length of the plasma

column is determined by the propagation distance. Apart from the particle loss



introduced by the increasingly strong gas flow convection, the shortening of plasma
column length with an increase in the gas inflow rate is reinforced by the consequent
decrease of the surface wave propagation distance. Regarding the glass overheating
problem, it is found that the increasing the gas inflow rate can not solve the glass
overheating problem for the microwave plasma torch operated with only axial gas flow,
because of the shielding capability of the plasma column. In our numerical simulations,
it is found that the two-dimensional axisymmetric simplification of the calculation
domain of the discharge tube is valid, when the microwave in the discharge tube of the

microwave plasma torch propagates in azimuthally symmetric TEM mode.

These conclusions may help to better understand the discharge properties and
microwave propagation characteristics in the microwave plasma torches. It also may
contribute to the optimization of current microwave plasma torches or the design of

new types of microwave plasma torches.

Key words: Microwave plasma torch, gas discharge, argon plasma, numerical

modelling, fluid model, gas flow, discharge maintenance.



R&umeée

Au cours des derniéres déennies, la torche de plasma amicro-ondes devient de plus
en plus populaire comme l'une des sources des plasmas, en raison de leurs avantages
de la structure simple, une grande flexibilitédans un environnement de travail diffé&ent
et la capacitéde travail sans éectrode. Il a @&démontréqu'il avait un grand potentiel
dans les recherches scientifiques et les applications industrielles. Cependant, les
deéeharges de micro-ondes dans les torches de plasma impliquent la propagation, la
réflexion et la dissipation de micro-ondes dans diffé&entes situations, I'é&hange et le
transfert d'éergie complexes, I'excitation dynamique, l'ionisation et les réctions de
recombinaison, le transport des particules et difféents types de flux de gaz. Il y a encore
des phéomenes et des problémes dans les torches aplasma micro-ondes qui restent
flous ou non résolus, par exemple, le mé&anisme de I'entretien des déharges, les
changements des caracté&istiques de propagation des ondes et les propriéé de d&harge
dans diffé&ents conditions opé&ationnelles. En outre, il est I'absence d'un modéde
mathématique rapide, efficace et pré&is pour déerire les déeharges dans les torches de

plasma micro-ondes dans difféentes circonstances.

Cette thése vise amieux comprendre les déeharges dans les torches de plasma a
micro-ondes. Plus pré&isément, il s'agit d'éudier les caracté&istiques de propagation des
micro-ondes et les propriéé& de désharge dans les torches de plasma amicro-ondes

baseées sur le guide rectangulaire des ondes dans diffé&entes conditions op&ationnelles.

Pour atteindre cet objectif, nous avons d'abord éudi€le changement de structure du
guide d'ondes du tube de dé&harge cylindrique protéépar un boTier méallique dans
les torches de plasma a micro-ondes, lorsque la déharge se produit. Le mode
dectromagné&ique du micro-ondes dans le tube de dé&harge et leurs conditions
d'existence ont é&éthériquement éudi& et validé& numé&iquement par I'analyse des

ondes complé&kes, avec I'nypothése de propriéés plasmatiques constantes.

Deuxianement, sur la base de notre hypothése que la torche de plasma amicro-ondes
deviendra un adaptateur de mode lorsque la dé&harge se produit dans certaines
situations. Des expé&iences sont menées pour éudier les effets du tube de quartz sur
I'efficacitédu couplage de puissance du micro-ondes ala deeharge dans une torche de

plasma amicro-ondes sous diffé&ents pouvoirs d'entreée, pressions et taux d'entré de
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gaz. Il vise aexplorer la possibilitéd'am@iorer I'efficacitéde couplage micro-ondes en
choisissant simplement un tube en verre appropri€sans utiliser de mesures de tuning

externe.

Troisiénement, un modée de fluide bidimensionnel est propos€pour simuler les
deésharges d'argon dans la torche amicro-ondes sous pression atmosphé&ique, ce qui
utilise I'approximation de diffusion et une simplification axisymérique du domaine de
calcul du tube de dé&harge. Avec ce modée, nous avons examinénumeé&iquement le
meeanisme du changement de longueur de colonne de plasma sous diffé&ents pouvoirs
de micro-ondes et taux d'entré de gaz, le mé&anisme du probléne de surchauffe de
tube de verre, les proprié&s de decharge et la propagation de micro-ondes

caracté&istiques.

Enfin, un modée tridimensionnel basésur le modée bidimensionnel pré&élent est
&jalement proposépour éudier les déharges dans les torches de plasma amicro-ondes.
Avec ce modée, nous avons moddisé les dé&harges d'argon sous pression
atmosphé&ique dans deux types de torches de plasma amicro-ondes avec difféents
tubes de quartz. En outre, nous avons comparé les ré&ultats de la simulation

bidimensionnelle et de la modé&isation tridimensionnelle.

Dans ces travaux ci-dessus, nous avons constatéque le tube de déharge avec boTier
méallique dans les torches de plasma amicro-ondes est capable de devenir un guide
d'onde coaxial &deux conducteurs, lorsque les propriéés de dé&harge répondent &
certaines exigences. Avec cette transition de structure de guide d'onde, le tube
cylindrique de déharge permet au micro-onde dentré d'entrer dans le tube de
deéeharge et de se propager le long de la colonne de plasma vers les deux extrémités du
tube de quartz sans la limitation de la fré&uence de coupure.

En outre, il a @éprouveéque le micro-ondes dans le tube de désharge est capable de
se propager en mode TEM. Le mode m = 0 bien connu n'est pas toujours un mode TM
et il peut &re le mode TEM ainsi. L'éaisseur du mur et la propriéédidectrique du
tube de verre sont en mesure d'affecter le mode dectromagné&ique du micro-ondes dans
le tube de d&sharge et I'efficacitéde couplage de puissance micro-ondes de la torche de
plasma. Une efficacitéde couplage de puissance autour de 90% peut &re r&lisé en
choisissant simplement un tube en verre appropri€éavec son éaisseur de mur dans la

gamme particuliere.



Les résultats numeiques et exp&imentaux dans cette thése ont démontréque la
colonne de plasma d'argon sous pression atmosphé&ique peut agir comme un autre
conducteur en plus de I'enceinte méallique, changeant le tube de déharge en un guide
d'onde coaxial adeux conducteurs. L'extension de longueur de colonne de plasma avec
l'augmentation de la puissance de micro-ondes est ré&llement entramé par le micro-
ondes de déplacement dans le tube de dé&harge. La longueur de la colonne de plasma
est déerminé par la distance de propagation de micro-ondes. Outre la perte de
particules introduite par la convection de flux de gaz de plus en plus forte, le
raccourcissement de la longueur de la colonne de plasma avec une augmentation du
taux d'entrée de gaz est renforcépar la diminution conseguente de la distance de
propagation de micro-ondes. En ce qui concerne le probléne de surchauffe du verre, il
est constatéque I'augmentation du taux d'entrée de gaz ne peut pas ré&soudre le probléne
de surchauffe du verre pour la torche de plasma a micro-ondes fonctionné avec
seulement le flux de gaz axial, en raison de la capacitéde blindage de micro-ondes de
la colonne de plasma. Dans nos simulations numeéiques, il est constaté que la
simplification axisymmérique bidimensionnelle du domaine de calcul du tube de
de&sharge est valide, lorsque le micro-ondes dans le tube de déharge se propage dans

tem azimuthally symérique mode.

Ces conclusions peuvent aider amieux comprendre les propriéés de désharge et les
caracté&istiques de propagation des micro-ondes dans les torches de plasma amicro-
ondes. Il peut &alement contribuer al'optimisation des torches actuelles de plasma a

micro-ondes ou ala conception de nouveaux types de torches aplasma micro-ondes.

Mots-clé: Torche de plasma amicro-ondes, Déharge de gaz, Plasma d'argon,
Mod@isation numé&ique, Modée fluide, Flux de gaz.



Chapter 1 Introduction and objectives

1.1 Introduction of the microwave plasma torches

Plasma, known as the fourth state of matter, is defined as a quasi-neutral particle
mixture containing many charged and neutral particles (electrons, ions and neutral
atoms or molecules), which exhibits collective behaviours [1]. In fact, most of the
matters (99%) in universe are plasmas [2], for example, the stars, solar corona,
ionosphere of earth, and so on. In addition to these natural plasmas, they can be found
in our daily life directly or indirectly, such as in lighting devices and in semiconductors
manufacturing. Although plasmas can be produced in a variety of ways, electric
discharge is the most common approach in laboratory, which can be generally induced
by direct current, alternating current, laser or electromagnetic waves in radio frequency

and microwave frequency ranges.

Microwave plasma torches (MPTs) are one of the most popular plasma sources [3],
which have simple structures, inexpensive domestic magnetron sources [ 4 ],
electrodeless working ability [5] and high flexibility in different working environments

(different operating pressures [6, 7] and numerous types of working gases [8, 9, 10]).

7
Metal I Glass tube M Plasma

(a) Schematic of the surfaguide plasma torch  (b) Photo of the surfaguide plasma torch

Figure 1.1 Surfaguide microwave plasma torch.
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Figure 1.4 Coaxial microwave plasma torch.

Over the past several decades, numerous kinds of microwave plasma torches have

been developed for different purposes, to name a few typical ones, the classic
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surfaguide plasma source based on rectangular waveguide [11], the Uhm-type plasma
torch [12], the surfatron plasma source [13] and the coaxial plasma torch [14]. The
above figures (Figure 1.1-1.4) show the structures of these typical microwave plasma
torches.

The surfatron and surfaguide microwave plasma torches, shown in Figure 1.1 and
Figure 1.3, were developed by M. Moisan in 1975 and 1984 respectively. For these two
types of microwave plasma torches, the discharges occur within the glass tube and are
sustained by the travelling electromagnetic wave propagating along the plasma column.
The Uhm-type microwave plasma torch was proposed by H. S. Uhm, which is similar
to the surfaguide plasma source but has a much simpler structure. The coaxial
microwave plasma torch was proposed for the spectroscopy research by Q. H. Jin in
about 1991, in which the discharge is exposed in air and has a jet-like plasma shape.
Limited by the power capacity of the coaxial cable that connects the microwave source
to the plasma torch, the surfatron and coaxial plasma torches are generally operated
with an input microwave power lower than 1 kW [15, 16]. However, the rectangular-
waveguide-based plasma torches are able to work with an input microwave power up
to 6 kW [16]. Except the coaxial plasma torch in Figure 1.4, the other microwave
plasma torches are capable to sustain the discharges both in low pressures and
atmospheric pressure. Due to their high flexibility in different pressures and high-power
capacity, the waveguide-based surfaguide and Uhm-type MPTs are much more popular

in industrial applications.

Currently, the MPTs have been demonstrated to have great potential in both scientific
researches and industrial applications. In material processing, the MPTs can be used in
cutting, welding, quartz/ceramic processing [6], diamond synthesis [17], oxide
nanoparticle synthesis [18], nitrogen oxide formation [19] and surface nitriding [20]. In
environmental protection, the MPTs can be applied in decontamination of chemical and
biological warfare agents [21] and abatement of perfluorinated compounds [22] by
decomposing the macromolecules. Regarding the solid waste processing, the MPT can
be applied to gasify the biomass waste transforming it into syngas and generating
energy [23]. Besides, researchers have successfully applied the waveguide-based MPTs
to carbon dioxide elimination and producing valuable syngas at the same time [24, 25,
26, 27]. In energy conversion area, MPT has been proved to be an efficient device in
hydrogen production [9, 28, 29, 30, 31, 32, 33] from methane or alcohol reforming.

9



Another important application of MPT is the lamp for spectroscopy research [14].
Actually, a lot of related publications can be easily found about the optical emission
spectroscopy and the detection of different objects [34, 35]. All these applications
demonstrate that MPT is a plasma source that is efficient, economical, electrodeless,

simple in form and easy to operate [36, 37].

1.2 Problems in the applications of microwave plasma torches

Due to the popularity of MPTs, they have been extensively studied both theoretically
and experimentally, resulting in numerous publications. However, some problems in

the applications of the MPTs still remain unsolved, which are listed as follows:

(1) Wave propagation and discharge maintenance mechanism in MPTSs are unclear
Before the discharge occurs, it is easy to figure out how the microwave
propagates in the plasma torch either by numerical simulation or theoretical
analysis. However, after the discharge is successfully triggered, the high
densities of charged electrons and ions are able to shield the microwave from
penetrating the plasma, resulting a high power reflection. In this case, how the
discharge is maintained and how the input microwave propagates in the MPT
become considerably complicated and remain unclear in some MPTSs.

(2) Low power coupling efficiency
In industrial applications, a high power coupling efficiency, which indicates the
efficiency of power transferring from the input microwave to the discharge, is a
general requirement for all kinds of MPTs. However, when the gas discharge
occurs, the microwave shielding capability of plasma prevents the input
microwave from being absorbed and causes power reflection, resulted in energy
waste and low power coupling efficiency. Actually, from the birth of MPTs,
maximizing the power coupling efficiency is always one of the main tasks in

their development history.

(3) Unstable discharge under high gas inflow rates
Large-scale industrial applications of MPTs generally require a high gas

disposal rate. However, it was observed in experiments that the discharge in a
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rectangular-waveguide-based MPT became unstable with an increase in the gas
inflow rate, and even became extinct when the gas inflow rate was sufficiently
high [23]. The instability of the discharges in the MPT under high gas inflow
rates greatly limits its industrial applications.

(4) Glass tube overheating problem under high input microwave powers

Unlike the surfatron and the coaxial MPTs whose power capacities are limited
by the small power capacity of the coaxial cable, the power capacity limitations
of the waveguide-based MPTs are mainly due to the glass overheating problem
under high input microwave powers. For example, the temperature of the argon
plasma column under atmospheric pressure can be higher than 4000 K under an
input microwave power of 1 KW [7]. However, the melting point of the quartz
glass tube is generally around 2000 K. Therefore, the glass tube cooling is one
of the main concerns for the MPTs with glass tube to confine the discharges [15,
37].

(5) Difficulties in multi-dimensional numerical modelling of MPTs
Microwave plasma involves numerous reactions, motions of massive particles
and strongly nonlinear interactions between microwave and plasma, resulting
in great difficulty in the numerical modelling of MPTs especially in multiple
dimensions. To be specific, the mathematical model describing the discharges
in MPTs involves a large and strongly nonlinear equation system to model
microwave propagation, transport of different species, energy and momentum
conservations. The high nonlinearity of the equation system will limit the
iteration steps in solving the equations. Moreover, because of the large gradients
of the particle number densities in plasma, modeling the MPT in two or three
dimensions requires a dense mesh structure with a considerably large number
of mesh cells, resulted in a huge matrix. Therefore, multi-dimensional
modelling of the MPT is extremely time-consuming and demands a large
amount of calculation resources. In fact, limited numerical studies have been

conducted to investigate the MPT in two or three dimensions up to now.
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1.3 Objectives of this dissertation

The problems above require further studies on the MPTs both theoretically and
experimentally. Therefore, the aim of this dissertation is to better understand the
microwave plasmas in the MPTs under different conditions. Specifically, the objectives

of this dissertation are to:

A. Investigate electromagnetic modes of the travelling wave that propagates along
the plasma column in waveguide-based MPTs with a cylindrical metal wall that
encloses the glass tube and discharge.

B. Figure out the effects of the glass tube on the power coupling efficiency of a
waveguide-based MPT. Explore the possibility of improving the power coupling
efficiency without using external tuning measures like the movable short-circuited

ending plunger or the three-stub tuner.

C. Propose a two-dimensional and a three-dimensional multi-physics model to

characterize the discharges in MPTs under atmospheric pressure.

D. Investigate the discharge properties and the wave propagation in MPTs under
different microwave powers, gas inflow rates, and energy-input ways with our

proposed mathematical models.

1.4 Organization of this dissertation

This dissertation is organized as follows:

Chapter 1: Briefly introduce the background of MPTs including their typical types,
applications and unsolved problems. Present the objectives and organization of this

dissertation.

Chapter 2: Theoretically deduce the analytic expression of the skin depth of a
collisional plasma under microwave radiations. Investigate the electromagnetic

modes of the travelling wave in the discharge tube and their existence conditions.

Chapter 3: Experimentally investigate the effects of the glass tube on the power
coupling efficiency of a waveguide-based MPT under different pressures, input
powers and gas inflow rates. Explore the possibility of improving the power

coupling efficiency by simply choosing a proper glass tube.
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Chapter 4: Propose a two-dimensional plasma fluid model to simulate the

atmospheric discharges in waveguide-based MPTs with a metallic shielding wall.

Chapter 5: Investigate wave propagation and discharge charaterisitcs in MPTs with
the proposed model in two dimensions under different microwave powers and gas

inflow rates.

Chapter 6: Propose a three-dimensional fluid model to characterize the discharges
in MPTs based on the two-dimensional model in Chapter 4. Investigate the influence
of energy-input ways on the microwave propagation and discharge properties with
the proposed three-dimensional model. Compare the results from two-dimensional

and three-dimensional models.

Chapter 7: Conclude this dissertation and list the main contributions and prospective

works.
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Chapter 2 Electromagnetic modes of the
travelling wave in the waveguide-based

MPTs with metallic enclosure

2.1 Introduction of the travelling wave in the MPT

The fact that electromagnetic wave can propagate along a cylindrical plasma column
or a beam excited by other means was recognized in a very early time [38, 39]. After
several decades, researchers started to realize that the travelling electromagnetic wave
can be used for the generation of plasma as well. The first travelling-wave-sustained
discharge was identified by Tuma in 1970. In the following decade, a large number of
publications emerged which are related to the design of the travelling-wave plasma
setups. Among them, the surfaguide, the surfatron and the one-port MPTs are the most
popular and typical ones [11, 13, 24]. In these MPTs, the discharges occur in a glass
tube and are sustained by the travelling electromagnetic wave that propagates along the
plasma column. Therefore, the wave propagation characteristics of the travelling wave
(attenuation, dispersion, wave number, electromagnetic modes and so on) become of

great importance to the discharge maintenance and stability.

For the electromagnetic modes of the travelling wave particularly, Moisan and his
cooperators [40, 41, 37], Benova and Zhelyazkov [42,43,44,45], Sola [46], Ferreira
[47], Kortshagen [48] and Li [49], to name just a few, contributed a lot in setting up a
systematic theory to describe them. According to the theory, the electromagnetic mode
of the travelling wave is characterized by the azimuthal wavenumber m, which comes
from the azimuthal electric field term e/™% (¢ is the azimuthal angle when using the
cylindrical coordinate). For example, the m = 0 mode indicates a mode whose electric
field is azimuthally symmetric. It is clearly pointed out that the m = 0 mode is a pure
transverse magnetic (TM) wave [41, 37, 46, 50] and it is the lowest mode of the
travelling wave [41]. The field components of each mode are obtained by solving
Maxwell’s equations, under an assumption of the existence of either E, or H, (z-axis is

chosen as the wave propagation direction). Detailed derivations can be found in
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references [40, 37, 42-49]. On the experimental research aspect, Moisan’s research
group [50] experimentally investigated the conditions of the m = 0 and m = 1 modes

of the travelling wave, with respect to different discharge tube diameters.

In a certain number of published works, the plasma column bounded by the glass
tube is enclosed with a cylindrical metallic wall with an initial purpose of preventing
the electromagnetic wave from radiating to the free space. However, the metallic
enclosure plays a much more important role in the propagation of the travelling wave
and the discharge properties, besides the well-known electromagnetic shielding
function. For example, it helps to enhance the plasma column length, which has been
already observed in experiments [37]. In the above mentioned researches, most of them
were carried out without presence of the metallic enclosure [40, 45, 47, 49, 50] or
without consideration of the metallic enclosure’s influence [42, 44, 46]. Benova and
Zhelyazkov noticed the influence of the metallic enclosure on the wave propagation
characteristics and the plasma column [44, 42]. In their studies, the Maxwell’s
equations were solved and the electromagnetic field of the azimuthally symmetric mode
(m = 0 mode) was obtained with an assumption that the electric field of the travelling
wave has a component E, in its wave propagation direction. The same theoretical
derivation method can be found in other studies [48] in the same case with the presence
of the metallic enclosure.

In our work [51], it is found that the argon plasma column under atmospheric pressure
is able to shield the input microwave from penetrating itself and behaves like a metal
conductor. Combined with another conductor the metallic enclosure, the discharge tube
turned to be a two-conductor-like coaxial waveguide. For a two-conductor waveguide,
its first-order mode is the TEM mode, which has neither the electric component nor the
magnetic component in the wave propagation direction (E, = 0 and H, = 0). It is
reasonable to infer that the travelling wave is able to propagate in TEM mode, when
the discharge tube with metallic enclosure becomes a two-conductor-like coaxial
waveguide. If so, the field components of the travelling wave in this case can not be
obtained by solving Maxwell’s equations with E, or H, as the researches above,
because E, = 0 and H, = 0 for TEM mode. Furthermore, it will indicate the m = 0

mode is not always a TM mode in any cases and it can be the TEM mode as well.
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Except the commonly used azimuthally symmetric mode (m = 0 mode), different
applications require other higher-order modes, such as the m = 1 mode sustained
plasma [50, 52, 37] and the electron density determination [53]. For the higher-order
propagating modes, previous studies have revealed that the glass tube has a great
influence on the propagating modes of the travelling wave and the discharge
maintenance [45, 50]. However, these researches were done for the case that the
discharge tube was exposed to air. Therefore, it is significant to investigate the
conditions for the excitation of higher-order propagating modes considering the effects

of the glass tube particularly for the case with presence of the metallic enclosure.

In this chapter, two waveguide-based MPTs, with metallic enclosure bounding the
glass tube and discharge, are taken as examples to investigate the electromagnetic
modes of the travelling wave, propagating along the plasma column and sustaining the

discharge.

(b) Two-port MPT

Figure 2.1 The waveguide-based one-port and two-port MPTs with metallic enclosure to bound the
glass tube and discharge.

Figure 2.1 shows the schematics of the two MPTs, which are similar to the surfaguide
and the Uhm-type MPTs. Compared the Uhm-type MPT, the two MPTs in Figure 2.1
have a cylindrical metal wall bonding the glass tube and the discharge. Besides, it is

worth noting that there is no air gap between the metal wall and the outer wall of the
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glass tube, which is different from the surfaguide MPT. These two MPTs are based on
the standard rectangular waveguide WR430 and work at the microwave frequency of
2.45 GHz. The metal cylindrical enclosures in both MPTs in Figure 2.1 have an inner
diameter of 30 mm.

This chapter begins with the electromagnetic properties of the collisional plasma and
its microwave penetration depth. Secondly, it discusses the waveguide structure change
of the discharge tube. A much stricter criterion is proposed to determine the formation
of the two-conductor-like waveguide structure of the discharge tube. Thirdly, existence
conditions of the TEM propagating mode and other higher-order propagating modes
are investigated, when the discharge tube becomes a two-conductor-like coaxial
waveguide. Fourthly, effects of the energy-input ways are theoretically analysed.
Finally, relevant full-wave numerical calculations are carried out to validate the

theoretical analysis above.

2.2 Waveguide structure change of the metal-enclosed discharge

tube with plasma column

2.2.1 Electromagnetic properties of a plasma

A collisional plasma can be regarded as either a conductor with the electric

conductivity o, given in equation (2.1), or equivalently, a dielectric with the relative

permittivity of &,,, given in equation (2.2) [54].

goa)§ a goa)ﬁvm . goa)ﬁa)
O-p = . - 2 2 J 2 2 (21)
Vo,tJo V., +w vV, tw
2 2
. O () . .V
Ep=1-j—=1-—F——j S (2.2)
we, W +V, a)(a) +V, )

With:
v,, the electron elastic collision frequency with the neutral particles
go = 8.854 x 10712 farad - m~! the permittivity of free space
w the angular frequency of the input microwave
w,, the plasma frequency
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o = | 2.3)
m.&,

where ne is the electron number density. me and q are respectively the elementary mass

weight and electric charge of the electron.

2.2.2 Microwave penetration depth (skin depth) of a plasma

In electromagnetic theory, the microwave shielding capability of a plasma can be
characterized by its skin depth. It is defined as the distance from its surface through
which the amplitude of the electromagnetic wave is reduced by a factor of 1/e (about
37%). Below gives the derivation of the plasma skin depth equation. Assuming an
electromagnetic wave with an arbitrary frequency propagates inside a plasma medium,

its wave fields can be characterized by the Maxwell’s equations as follows:
VxH=J+ joD (2.4)
VxE=- jou,H (2.5)

where E and H are electric and magnetic fields respectively. ] is the electric current
density corresponding to the conductive current in conductor. D is the electric flux
density indicating the displacement current. uy = 47 x 1077 H-m™1 is the magnetic

permeability of free space. If the plasma is regarded as a conductor, equation (2.4) can

be reduced to:

VxH=0c_ E (2.6)

p

Taking the rotation of equation (2.5), the following equation can be obtained.
VxVxE=V(V~E)—V2ﬁ= — jou,VxH 2.7)

Substituting equation (2.6) into equation (2.7), the Helmholtz equation in the plasma

medium can be given as follows:
V?E=jou,o, E (2.8)

Assuming y? = (a + jB)* = jwu,eoy, v is the wave propagation constant (or wave
number) of the electromagnetic wave in a plasma, « is the attenuation constant and
is the phase constant. The plasma skin depth &, can be obtained with the following

equation [55]:
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I S (2.9)
o

P Re,/jou,o,
Re indicates the real part of a complex number. The formula (2.9) can be rewritten

as follows by substituting relevant parameters into it [56, 57].

1
2\s
5;4[“ VLZJ (2.10)

" w,c05(0)" @
where 6 = 0.5arctan(v,,/w). If the plasma is treated equivalently as a dielectric with
the relative permittivity as shown in equation (2.2), the same results of &, can be

obtained in a similar way [58]. It is worth noting that the plasma skin depth is only

determined by its electromagnetic property and the frequency of electromagnetic wave.

2.2.3 Formation of a two-conductor-like coaxial waveguide structure of the

discharge tube

TEM mode can only exist in a waveguide structure with two or more conductors.
Structures with only one conductor, such as the circular waveguide and rectangular
waveguide, are not able to support propagating TEM mode [55]. Therefore, it is of
significance to discuss the conditions in which the discharge tube with metallic
enclosure forms a two-conductor-like waveguide structure. Equivalently, it is to discuss
when the plasma column can be regarded as a conductor with similar behavior of metal
conductor under microwave radiation. It is the precondition to further discuss whether

the travelling wave can propagate in TEM mode.

. Copper . Glass tube . Plasma

Figure 2.2 Cross section of the cylindrical discharge tube in the regions out of the rectangular
waveguide.
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Figure. 2.2 shows the cross section of the cylindrical discharge tube in the regions
out of the rectangular waveguide. Ry, is the outer radius of the glass tube, which is fixed
at 15 mm in our laboratory. Ry is the radius of the plasma column as well as the inner
radius of the glass tube. D is the thickness of the glass tube wall. The glass tube has a
relative permittivity ;, which is generally in the range of 3.5 to 10 depending on its

chemical composition.

Traditionally, plasma under microwave radiation is regarded to begin to behave like
a metal conductor and shield the microwave from penetrating itself, once the real part
of the plasma relative permittivity becomes negative with the increase of v, and n,.
The transition occurs when w; = w? + v4,. With this transition relation, a critical
electron number density n. can be obtained as follows.

2 2
Mg (@ +V5)
c 2

q

n (2.11)

Whenn, > n. but §, > 2R, it indicates the microwave is still able to penetrate the
plasma column in its radial direction. The plasma column does not have the similar
function of shielding the microwave from penetrating itself as the metal conductor.
From the perspective of wave propagation, the plasma column can not be approximated
as a conductor, since it is not able to behave similarly as the metal conductor in guiding

the microwave propagation without the wave-shielding capability.

It only acts as a lossy medium and the discharge tube remains to be a one-conductor
circular waveguide filled with a multiple-layer medium. Therefore, in present case, the
above condition (n, > n.) is not enough to determine the transition of the discharge
tube from a one-conductor circular waveguide to a two-conductor-like coaxial

waveguide.

However, when &, <R, is fulfilled, the high-frequency wave at the angular
frequency of w is not able to penetrate the plasma column and it will dissipate in the
plasma within the skin depth &,,. A “hollow” will appear in the center of the plasma

column, where the high-frequency wave can not reach. As a result, the plasma column
will behave like a metal conductor being able to shield the microwave from penetrating

it. In this case, the plasma column, together with the metallic enclosure, becomes a two-
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conductor-like coaxial waveguide structure. The glass tube turns to be the dielectric of

this coaxial waveguide.

Substituting relevant parameters to the relation §, < R,,, it can be rewritten as

follows:

c’m.¢g VIGH
n>———29% 1 1+-2 2.12
°" R.’g°cos’ (9)( o’ j (2.12)
If the glass tube is chosen, for example D, = 12 mm and R, = 3 mm, a map can be
drawn to show the formation of the two-conductor-like coaxial waveguide structure of

the discharge tube under different kinds of conditions (different ne and v,,,).
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Figure 2.3 Electromagnetic waveguide structure of the discharge tube under different ne and v,,, (R, =
3mmand w = 2w X 2.45 x 10° rad/s).

Since the microwave angular frequency w and the plasma column radius R, are
generally constant in most cases, equation (2.12) indicates that the formation of the
two-conductor-like waveguide structure finally depends on the plasma parameters ne

and v,,.

Compared with the conventional metal coaxial waveguide, the two-conductor-like
discharge tube has a plasma column as its inner conductor with a plasma skin depth.
The smaller the skin depth is, the similar the discharge tube and the conventional metal

coaxial waveguide are.
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In this paper, we only discuss the simplest case (6, < R,), in which a two-conductor-

like coaxial waveguide structure can be ensured for the discharge tube.

2.3 Electromagnetic propagating modes of the plasma travelling

wave

2.3.1 Conditions for the existence of the TEM propagating mode and other

higher-order propagating modes

For a two-conductor coaxial waveguide, its first-order electromagnetic mode is the
TEM mode. Once the discharge tube becomes a two-conductor-like coaxial waveguide,
it allows the input microwave to propagate in TEM mode between the plasma column

and the outer metallic enclosure without the limitation of cut-off frequency [55].

Besides, just like other waveguide structures, the coaxial waveguide also allows other
higher-order modes to propagate and carry energy, providing that the wavelength of
working frequency is smaller than the cut-off wavelengths of the higher-order modes.

The following Figure. 2.4 shows the field distribution characteristics of the TEM
mode and the first higher-order TE;; mode at the cross section of a coaxial waveguide,
which helps us to identify the travelling wave propagating modes in the following

section 2.4.

TEM mode TE,; mode

Figure 2.4 Electric field distribution characteristics of TEM and TE;; modes with normalized electric
field intensity.
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Below is the approximate cutoff wavelength A, of the first higher-order mode TE;;

(Transverse electric mode) of the coaxial waveguide [59].

A =7(Ry+R, )z, (2.13)

When 4 > 4., only the TEM mode can propagate in the coaxial waveguide. When
A < 4., the higher-order TE;; mode is able to propagate and carry the microwave
energy. Expression (2.14) gives the condition for the existence of a pure TEM mode in

the cylindrical discharge tube.

C
ﬂf\/g

f is the frequency of the input microwave. Taking the size and the working frequency

D, > 2R, - (2.14)

of the plasma source in our laboratory as an example (R, = 15mm and f =
2.45 GHz), a propagating mode distribution map of the travelling wave can be drawn
with respect to the thickness and permittivity of the glass tube wall, which is shown in

Figure 2.5.
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Figure 2.5 Mode distribution map of the travelling wave in the two-conductor-like discharge tube
in our study.

It provides us an indication to select the propagating modes of the travelling wave by

using a proper glass tube with particular wall thickness and permittivity.
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If the TEM mode (m = 0, azimuthally symmetric mode) of the travelling wave is
preferable in the waveguide-based plasma source [60, 61], it is better to choose a glass

tube with a large wall thickness and a low permittivity.

If the TE;; mode (m = 1, dipolar mode) is preferable [62], it is better to choose a
glass tube with a small wall thickness and a high permittivity. What’s more, when the
permittivity of the glass tube is approximately larger than 6.75, pure TEM mode in the
cylindrical discharge tube can not be maintained and the higher-order TE;; mode will
be able to exist and propagate when the outer radius of the glass tube remains to be 15

mm in our study.

Restricted by the conditions ( f = 2.45GHz R; =15mmande; <10 )

corresponding to the plasma sources in our laboratory as shown in Figure. 2.1, other

higher-order propagating modes can hardly be excited.

2.3.2 Effects of the energy-input ways on the electromagnetic propagating

modes of the travelling wave

The above analysis gives the existence conditions of different electromagnetic
propagating modes of the plasma travelling wave in the MPTs with metal enclosure as
shown in Figure 2.1. However, it just indicates that these modes are allowed to exist. It
does not mean that all these electromagnetic modes will definitely exist in the discharge
tube.

In reality, the electromagnetic modes in waveguides or cavities can be selectively
excited, if the wave excitation is in an appropriate way [55]. This method is commonly
used in the design of mode adapters and resonant cavities for dielectric properties

measurements [63].

For the one-port MPT in Figure 2.1, the microwave electric field is not axisymmetric
around the plasma column in the rectangular waveguide (in cylindrical coordinates).
The intensity of the microwave electric field is much higher on the side near the tapered
waveguide in the microwave incoming direction, compared with that on the other side
close to the short-circuited end. If a quartz glass tube (relative permittivity is generally
3.5-4) is chosen and its wall thickness is small (< 6 mm), the discharge tube with a
diameter of 30 mm allows both TEM and TE;; modes to propagate within it. The non-

axisymmetric wave excitation in the interaction part between the rectangular waveguide
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and the discharge tube will be benefit of excitation of the non-axisymmetric TE;;
mode. As a consequence, the travelling wave in the discharge tube with such a glass
tube in the one-port MPT will have two propagating electromagnetic modes (TEM plus
TE;,). If the one-port MPT only allows pure TEM mode to exist, the size and relative

permittivity of the glass tube must meet the requirements as shown in Figure 2.5.

For the two-port MPT in Figure 2.1, if the microwaves come from both ports and
have the same frequency, phase and power, the microwave electric field will be
approximately axisymmetric around the plasma column in the rectangular waveguide
(in cylindrical coordinates). The axial symmetry of the wave excitation will restrain the
excitation of the non-axisymmetric TE;; mode. In this case, pure axisymmetric TEM
mode is much easier to be maintained in the two-port MPT compared with the one-port
MPT with the same glass tube.

2.4 Full-wave numerical validation

2.4.1 Implementation of the numerical calculation

In order to validate the theoretical analysis above, a set of full-wave numerical
simulations are implemented in HFSS, a commercial electromagnetics suite based on
the finite element method. The calculations are carried out by solving only the
Maxwell’s equations in MPTs as shown in Figure 2.1, without considering the plasma
chemistry and the transport of each species. In order to obtain the electromagnetic
properties of the plasma column for the numerical calculations, ne and v,,, are assumed
to be respectively 1 x 10%2°m~3 and 1 x 10'°Hz corresponding to a plasma skin depth
of 0.6 mm. In this case, the formation of a two-conductor-like waveguide structure of
the discharge tube can be ensured (6, < R,). Other values for n. and vy, are also

allowed providing that §,, < R,,.

The microwave excitations at the ports of the MPTs in Figure 2.1 are defined by the
wave port boundary with a preset total input power of 500W (250W for each port of
the two-port MPT). Other walls of the MPTs are imposed with PEC (perfect conductor)
boundaries. The total number of mesh elements for each calculation is validated by the
adaptive meshing skill in HFSS with the convergence criterion of 0.001 for the
reflection coefficient.
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It should be clarified that our numerical calculations have neglected the following

facts for simplicity.

(1) The plasma parameters n, and v,,, are assumed to be constant. In fact, these two
parameters are inhomogeneous and spatially distributed. They change with the
microwave input power, gas inflow rate, pressure, gas type and so on. Besides
the limited experimental measurements [ 64 ], it requires an extremely
computation-demanding and time-consuming calculation to obtain the
spatially-distributed n, and v,,,, with the popular self-consistent fluid modeling
[51, 65, 66, 67, 68].

(2) The plasma column length is assumed to be a constant length of 0.25 m, which
does not fit the reality. Actually, it increases with the rise of the input microwave

power but decreases with the growth of the gas inflow rate [51, 69].

Despite the limitations above, the numerical calculations in this study are capable to
validate the theoretical analysis above, because it requires not the accurate microwave
field intensity but the field distribution characteristics to identify the electromagnetic

mode of the travelling wave under different conditions.

2.4.2 Propagating TEM mode

According to the expression (2.14) and the mode distribution map Figure 2.5 above,
if a quartz glass tube with £, = 3.5 is employed in the MPTs, pure TEM mode can be
maintained in the cylindrical discharge tube, when D, > 9.18 mm. Figure 2.6 presents
the distribution of the microwave electric field norm in the one-port MPT with a glass
tube whose relative permittivity is 3.5 and wall thickness is 12 mm (¢, = 3.5 and D, =
12 mm). The radial electric field at the cross section of the cylindrical discharge tube
shows a good azimuthal symmetry along the plasma column (in cylindrical

coordinates), which demonstrates that the travelling wave propagates in TEM mode.

Besides the azimuthally symmetric electric field distribution, the TEM mode is
featured by having neither the electric field component nor the magnetic component in
the wave propagation direction (|E,| =~ 0 and |H,| ~ 0 in our case), which differs from
other azimuthally symmetric modes. Figure. 7 presents the intensity of E,, along a line
in the middle of the glass tube wall, which is parallel to the plasma column. The data

are from the same calculation as that in Figure 2.6 (¢, = 3.5 and Dy, = 12 mm).
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Figure 2.6 The distribution of microwave electric field norm under the conditions of ¢, = 3.5 and
Dy =12 mm.
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Figure 2.7 Comparison of the intensities of the microwave electric field with its component in the
travelling wave propagation direction |E,| across a line in the middle of the glass tube wall parallel to
the plasma column.
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Figure 2.7 shows that the intensity of the electric field component in the travelling
wave propagation direction |E,| is negligibly small in the discharge tube part which is
out of the rectangular waveguide and shielded with the metallic enclosure. Compared
with the intensity of the electric field norm |E|, it is approximately equal to zero (|E,| ~
0).

Magnetic field intensity (A/m)

T T T T T v T v
0 50 100 150 200 250
Distance from the bottom of the discharge tube (mm)

Figure 2.8 Comparison of the intensities of the microwave magnetic field with its component in the
travelling wave propagation direction |H,| across the same line as shown in Figure 2.7.

Figure 2.8 shows the corresponding |H,| along the same line as shown in Figure 2.7.
It demonstrates that the intensity of the magnetic field component in the travelling wave
propagation direction is indeed close to zero (|H,| =~ 0), especially compared with the
intensity of the magnetic field norm |H|. The facts that |E,| ~ 0 and |H,| = 0 shown
in Figure 2.7 and Figure 2.8 verify again that the electromagnetic mode of travelling
wave in Figure 2.6 is the TEM mode. Furthermore, it demonstrates that the discharge
tube parts with metallic enclosure have turned to be two-conductor-like coaxial
waveguides, because only the waveguide with two or more conductors can support the
propagating TEM mode.

2.4.3 Hybrid propagating TEM and TE;; modes

The theoretical analysis in section 2.3.1 shows that the high-order TE;; mode is able
to exist and propagate along the plasma column, when the thickness of the glass tube

wall is smaller than 9.18 mm with a constant glass permittivity ¢, = 3.5. In this case,

there will exist two propagating electromagnetic modes in the cylindrical discharge tube
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and both of them will carry the energy from the microwave source. The travelling wave
will propagate no longer in a pure TEM mode but in hybrid TEM and TE;; modes.

Figure 2.9 presents the distribution of the microwave electric field norm in the one-
port MPT with a glass tube having smaller thickness of the glass tube wall (D, =
8 mm) and the same glass dielectric property as the case shown in Figure 2.6 (g, =
3.5). The electric field distributions of the travelling wave at the cross section of the
cylindrical discharge tube demonstrate that the azimuthal symmetry is no longer
fulfilled. Comparing the electric field distribution characteristics in Figure 2.9 and
Figure 2.4, we can conclude that the higher-order TE;; mode is indeed excited and the

travelling wave propagates in hybrid TEM and TE;; modes.
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Figure 2.9 The distribution of microwave electric field norm under the conditions of ¢, = 3.5 and
Dy, = 8 mm.

As shown in the electromagnetic mode distribution map in Figure 2.5, increasing the

permittivity of the glass tube is also able to introduce higher-order propagating modes

in the two-conductor-like “coaxial waveguide”, even if the thickness of glass tube wall

29



remains constant. Figure 2.10 shows the microwave electric field norm distribution in
the microwave plasma torch, when the relative permittivity of the glass tube wall
becomes 6.5 and the thickness of glass tube wall remains the same as the case in Figure

2.6 (D4 = 12 mm). It demonstrates that the travelling wave propagates in hybrid TEM

and TE;; modes.

In conclusion, the numerical results (Figure 2.6-2.10) prove that the glass tube
participates the guidance of the travelling wave as a part of the wave-guiding structure
(dielectric of the coaxial waveguide), besides acting as the discharge confining material.
The travelling wave can be designed to propagate in pure TEM mode or hybrid TEM
and TE;; modes by choosing an appropriate glass tube with particular wall thickness

and dielectric property.
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Figure 2.10 The distribution of microwave electric field norm under the conditions of ¢, = 6.5 and
Dy =12 mm.

2.4.4 Suppression of TE;; mode in the two-port MPT

Figure 2.11 illustrates the microwave electric field distribution in the two-port MPT

with the same glass tube as in figure 2.9 (¢, = 3.5 and D, = 8 mm) for the one-port
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MPT, when the microwaves come from both ports with the same frequency, phase and
power of 250 W. Compared with the field distribution in the one-port MPT with the
same glass tube as shown in Figure 2.9, the microwave electric field in the two-port
MPT shows a good azimuthal symmetry. The non-axisymmetric TE,; has been

successfully restrained, when it is allowed to exist as a propagating mode.
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Figure 2.11 The distribution of microwave electric field norm under the conditions of ¢, = 3.5
and D, = 8 mm in the two-port MPT.

2.4 Conclusions

This chapter has theoretically investigated and numerically validated the
electromagnetic propagating modes of the travelling wave in a cylindrical discharge
tube bounded by a metallic enclosure in the one-port and two-port MPTs operating at
2.45 GHz. A new criterion is proposed to determine the transition of the discharge tube
from a one-conductor circular waveguide to a two-conductor-like waveguide. The main

conclusions can be drawn as follows:

(1) When the plasma skin depth is larger than the diameter of the plasma column
(6, > 2R, ), the discharge tube remains to be a one-conductor circular
waveguide filled with a multiple-layer medium even the electron number

density is larger than the critical number density (n, > n.), in which the TEM
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mode is not possible to exist. While §,, < R,,, the plasma column, the discharge
confining glass tube and together with the metallic shielding enclosure form a
two-conductor-like coaxial waveguide, allowing the travelling wave to
propagate in TEM mode without the limitation of cutoff frequency.

(2) In a travelling-wave plasma torch with metallic enclosure, the m = 0 mode is
not always the TM mode. It can be the TEM mode as well, when the discharge
tube becomes a two-conductor-like coaxial waveguide.

(3) The wall thickness and the dielectric permittivity of the glass tube are able to
determine the microwave propagating modes allowed to exist in the two-
conductor-like discharge tube. For the one-port MPT in this chapter, the glass
tube is even able to determine whether the travelling wave propagates in a pure
TEM mode or in hybrid modes in the discharge tube. It indicates the possibility
to control the propagating modes of the travelling wave for different purposes
by choosing a proper glass tube with particular wall thickness and dielectric
property.

(4) The non-axisymmetric TE;, can be restrained in the two-port MPT, when the

microwaves come from both ports with the same frequency, phase and power.

However, it is worth to note that this chapter only discussed the propagating modes
of the travelling wave in the discharge tube with metallic enclosure in the simplest case
8, < R,. Therefore, further investigations are required to explore other cases. For
example, when the skin depth is large and comparable to the radius of the plasma
column even if &8, < R, is fulfilled, the discharge tube should be treated as a coaxial
waveguide filled with a multiple-layer medium (glass and the skin depth area of the
plasma column). In this case, it is necessary to consider the effects of the large skin
depth in determining the conditions of the electromagnetic propagating modes of the
travelling wave. Besides, an in-depth investigation is required to explore the one-

conductor circular waveguide case when 6, > R,,.
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Chapter 3 Role of the glass tube In
Improving the power coupling efficiency

of a waveguide-based MPT

3.1 Background and hypothesis of the “waveguide-to-coaxial

mode adaptor”

A high power coupling efficiency, which is the efficiency of power transferring from
the input microwave to the discharge, is a general requirement for large-scale industrial
applications of MPTs. However, when the gas discharge occurs, the high density of the
charged species enables the plasma column to shield the incident microwave from
penetrating it, thereby causing the power reflection and energy waste [54]. Actually,
from the birth of MPTs, maximizing the power coupling efficiency is always one of the
main tasks [11, 13, 70]. Researchers developed a lot of skills to decrease the microwave
reflection and to improve the power coupling efficiency of the MPT for different
applications [71, 72, 73, 74]. It is generally achieved by adjusting the movable short-
circuit ending plunger or the three-stub tuner under the monitoring of the microwave
power meters [12, 70, 71, 72, 73, 74]. However, in industrial applications, the MPTs
are often expected to achieve an acceptable microwave power coupling efficiency
naturally without using any external tuning measures (For example, 90% is a generally
acceptable efficiency in microwave energy industrial applications). It helps to simplify
the system and save the cost of the tuning devices, enhancing the advantage of the MPT

in economy.

In previous chapter, it is found that the discharge tube with metallic enclosure can
act as a two-conductor like coaxial waveguide supporting the input microwave to
propagate along the plasma column in coaxial waveguide modes under some
conditions. In this case, the MPT, as shown in Figure 3.1, can be regarded as a
“waveguide-to-coaxial mode adapter” from the perspective of microwave components.
For a waveguide-to-coaxial mode adapter, it is able to improve its conversion efficiency

by optimizing the dielectric thickness of the coaxial waveguide according to the
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transmission line theory. Besides, previous publications have reported that the thickness
and dielectric properties of the glass tube wall have a great influence on the propagation
of the plasma-sustaining wave and the discharge properties [50, 45, 43, 46].
Considering the fact that the plasma-sustaining travelling wave in the discharge tube is
from the input microwave in the rectangular waveguide in our case, it is reasonable to
infer that changing the wall thickness or the material of the glass tube will affect the

power coupling efficiency of the plasma torch.

(lass tube

————— e LT

Figure 3.1 Schematic diagram of one type of MPTs in our laboratory.

This chapter aims to experimentally investigate the effects of the glass tube on the
power coupling efficiency of a MPT with metallic enclosure. It explores the possibility
of improving the power coupling efficiency by simply choosing a proper glass tube
without using any external tuning devices like the movable short-circuit ending plunger
or the three-stub tuner. Besides, validity of this efficiency-improving method in

different operation conditions of the MPT will be investigated as well.

3.2 Experiment design

3.2.1 Experiment system

In order to achieve these goals mentioned above, an experimental system was set up
in our laboratory to measure the power coupling efficiencies of the MPT under different
conditions. Figure 3.2 is a photo of the experimental system for low pressures and
Figure 3.3 shows the corresponding schematic diagram. This system consists of a
magnetron (Panasonic 2M244-M11) microwave source powered by a high-voltage
electric supply, a circulator, two directional couplers connected to two microwave

power meters (AV2433) respectively, a MPT and a movable short-circuited ending
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plunger. The MPT has been shown in Figure 3.1 above, which is similar to the classic
surfaguide plasma source. The minor difference is that there is no air gap between the
glass tube outer walls and the metallic shielding walls for our MPT. The discharge
occurs in the glass tube and it is sustained by the travelling wave propagating along the
plasma column. Detailed description regarding this plasma torch can refer to reference
[37].

The system works at the microwave frequency of 2.45 GHz and under low pressures
(100-2666 Pa). The output power of the magnetron source, as well as the input
microwave power of the plasma torch, can change from 100 W up to 1000 W by
adjusting the high-voltage electric supply, which was measured by the power meter 1
as shown in Figure 3.2 and 3.3. The reflected microwave power from the plasma torch
was separated by the circulator, measured by the power meter 2 and finally absorbed
by the impedance-matched load with water cooling. It is worth noting that the
waveguide-based MPT in present study has a metallic enclosure that bounds the glass
tube and the discharge preventing the plasma-sustaining microwave from radiating to
the space. Therefore, the input microwave only can be either reflected or absorbed by
the plasma column. In this case, the power coupling efficiency n equalsto 1 — B../P;,

where B, is the reflected microwave power and P;, is the input microwave power.

. Directional coupler
_Circulator_ s e

==

High-voltage electric supply

Microwave plasma torch
with metallic enclosure
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|
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|
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ending
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Figure 3.2 Photo of the experimental system at low pressures.
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Figure 3.3 Schematic diagram of the experimental system at low pressures.

3.2.2 Experiment procedure

Pure argon (purity > 99.99%) was chosen to be the working gas of the discharges in
all the experiments of this chapter because of its low ionization requirement,
inexpensive price and availability. The working gas was supplied from a high-pressure
tank and the low-pressure environment was created by a vacuum pump (FUJIWARA
2PCV-2MSV). The actual pressure in experiments was measured by a vacuum gauge
(TESTO 552) whose measurement range is 0-2666 Pa.

Figure 3.4 Photo of the glass tubes with different wall thicknesses (1.5, 2.5, 4, 5.5 and 9 mm) applied
in experiments at low pressures.

Figure 3.4 presents the glass tubes applied in the experiments at low pressures, which
have the same outer diameter (30 mm), the same material (quartz) and the same length
(600 mm). The only difference is that the thicknesses of the glass tube walls are 1.5,
2.5, 4, 5.5 and 9 mm respectively. The glass tubes with these wall thicknesses were

36



chosen because of their availability in our laboratory. The gas inlet and outlet of the

glass tubes have a pagoda-like shape for the connection with the gas feeding pipe.

To trigger the discharge successfully, the gas pressure in the glass tube was initially
decreased to the minimum value of the vacuum system (approximately 100 Pa) so that
microwave breakdown could occur in the glass tube at a low input power
(approximately 500 W). After the discharge was triggered successfully, the gas pressure
and the input microwave power can be adjusted according to the experimental
requirements within the ranges that the experimental system allowed (100 W-1000 W,
150 Pa-2000 Pa). When the discharges reached steady state, the input and the reflected
microwave powers of the plasma torch were measured and recorded. In this way, the
power coupling efficiencies of the plasma torch were measured with the glass tubes
above under different operation conditions (different input microwave powers and
pressures). During all the experiments in present study, the short-circuited ending kept

to attach to the end of the MPT without moving.

3.3 Results and analysis

3.3.1 Effects of the glass tube on improving the power coupling efficiency
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Figure 3.5 Power coupling efficiency versus the glass tube wall thickness under the pressure of
1000 Pa and the input microwave power of 500 W

Figure 3.5 gives the power coupling efficiencies of the MPT under the gas pressure

of 1000 Pa and the input power of 500 W for the five glass tubes as shown in Figure
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3.4. It shows that the power coupling efficiency improves with the increase of the glass
tube wall thickness. When the thickness of the glass tube wall is 1.5 mm, the power
coupling efficiency is lower than 70%. Simply changing the glass tube with wall
thicknesses of 5.5 and 9 mm, a power coupling efficiency higher than 87%
(improvement of 17%) is obtained. An acceptable power coupling efficiency of the
plasma torch around 90% can be achieved naturally by choosing a proper glass tube

without using any external tuning measures.

3.3.2 Mechanism of the efficiency-improving method

In order to explain the glass tube effects on the power coupling efficiency of the
plasma torch shown above, we turned to seek help from the transmission line theory.
Figure 3.6 presents the equivalent circuit of the microwave plasma source detailing its

impedance matching problem.

o2 A2 A . MWL a2 A2 |
i S G . LK i
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Figure 3.6 Equivalent circuit of the MPT.

A, is the working wavelength of the microwave at frequency of 2.45 GHz in the
rectangular waveguide WR430. K refers to the impedance transformation ratio of the
tapered rectangular waveguide part. Z; is the impedance of the short-circuited ending,
which equals to zero. Z, and Z; are the characteristic impedances of the standard
rectangular waveguide WR430 and the height-reduced rectangular waveguide
respectively. Zp is the impedance of the discharge tube including the plasma column,
the glass tube and the metallic enclosure. The estimated values of Z,, Z; and K can be

found in reference [71].

From the point view of transmission line theory, the impedance matching will be
achieved and the power refection will be minimized, when Z,, = Z;. For the discharge

tube parts out of the rectangular waveguide, it was found in our previous works [51,
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75] that these parts with metallic enclosure can form a two-conductor like coaxial
waveguide supporting the input microwave to propagate along the plasma column in
coaxial waveguide modes. For a coaxial waveguide, its characteristic impedance can
be optimized by changing the dielectric thickness. Therefore, changing the glass tube
wall thickness enables Z, to be close to Z;. Accordingly, the power coupling efficiency

of the MPT is improved.

3.4 Dependence of the efficiency-improving method on operation

conditions
The above results demonstrate that it is possible to achieve an acceptable power
coupling efficiency of the MPT around 90% once the glass tube is properly chosen. In

order to figure out whether it works in other different operation conditions, experiments

under different input powers and pressures were carried out.

3.4.1 Different input microwave powers
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Figure 3.7 Power coupling efficiency versus the glass tube wall thickness under different powers at the
gas pressure of 1000 Pa.

Figure 3.7 shows the changes of the power coupling efficiencies with the increase of
the glass tube wall thickness for three input microwave powers (200, 400 and 600 W)
at the gas pressure of 1000 Pa. It can be seen that, for all these input powers, the power
coupling efficiency becomes higher when the thickness of the glass tube wall increases.
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When the glass tube wall thickness is 1.5 mm, the power coupling efficiencies are all
around 70% and lower than 75%. However, while the thickness of the glass tube wall
is larger (5.5 and 9 mm), the power coupling efficiencies get significant increases,
which are all higher than 87%. Furthermore, Figure 3.7 also shows similar improving
tendency that the power coupling efficiencies change with the increase of the glass tube
wall thickness for three different input microwave powers. It indicates that increasing
the glass tube wall thickness improves the power coupling efficiency of the MPT and
this effect is relatively independent of the input microwave powers.

Generally, a higher input power means more ionization and more electrons, resulting
in a higher microwave-reflection capability of the plasma. However, in Figure 3.7, it
can be seen that the power coupling efficiencies for the glass tubes with the wall
thicknesses of 4, 5.5 and 9 mm have a little change when the input power is different.
People may confuse about why the power reflection does not go up with the increase

of the input microwave power.

camcera
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Figure 3.8 Discharge photos for different input powers with the 9-mm-wall-thickness glass tube at the
pressure of 1000 Pa.

200 W 300W 400 W 500 W

The photos in Figure 3.8 record the influence of the input microwave power on the
discharge properties and give the whereabouts of the increased input microwave power.
It can be observed that the plasma column extends towards both ends of the glass tube
with the increase of the input microwave power. Actually, when the plasma column is
successfully launched, the discharge tube with metallic enclosure becomes a two-

conductor like coaxial waveguide which is no longer cut-off for the input microwave
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at the frequency of 2.45 GHz. The input microwave enters the metallic enclosure,
propagates along the plasma column and drives the plasma column to become longer
as the power increases [51, 37]. Therefore, the increased input power was not reflected

but mostly absorbed by the plasma column in the metallic enclosure.

3.4.2 Different pressures

Besides the input microwave power, pressure is another important factor which
greatly influences the discharge properties and may consequently disable the
efficiency-improving method. Figure 3.9 shows the changes of the power coupling
efficiencies with the increase of the glass tube wall thickness at the gas pressure of 500
Pa. Compared with the results in Figure 3.7, the power coupling efficiencies do not
improve monotonically with the increase of the glass tube wall thickness. However, the
power coupling efficiency still can be optimized to be higher than 85% and close to
90% at the pressure of 500 Pa when choosing a glass tube with a much thicker wall (5.5
and 9 mm). Besides, the improvement of the power coupling efficiency seems to be

independent of the input microwave powers at the pressure of 500 Pa as well.
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Figure 3.9 Power coupling efficiency versus the glass tube wall thickness under different powers at the
gas pressure of 500 Pa.

Besides the low-pressure cases, the MPTs working under atmospheric pressure are
very attractive and have a lot of applications as well. In order to test whether the power
coupling efficiency of the MPT can be improved under atmospheric pressure by simply

increasing the glass tube wall thickness, similar experiments were carried out with a
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little change to the experimental system shown in Figure 3.2 and Figure 3.3. By adding
a gas flow meter to the gas bottle outlet and removing the vacuum pump and gauge, the
experimental system for low pressures turns to be applicable for the experiments under
atmospheric pressure. Figure 3.10 shows the glass tubes with the wall thicknesses of

2.5, 4 and 9 mm applied in the atmospheric experiments.

Figure 3.10 Photo of the glass tubes with different wall thicknesses (2.5, 4 and 9 mm) for the
atmospheric experiments.

Figure 3.11 shows the power coupling efficiencies for the three glass tubes at the gas
inflow rate of 1 Lemin™ under atmospheric pressure and different microwave input
powers. The power coupling efficiency for the glass tube with a larger wall thickness
is always higher than that for the thinner-wall glass tubes, no matter what the input
power is. Furthermore, the power coupling efficiencies for the glass tubes with the wall
thicknesses of 4 and 9 mm are even higher than 90%, when the input power is 200 W.
It demonstrates that increasing the glass tube wall thickness is able to improve the

power coupling efficiency of the MPT under atmospheric pressures as well.
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Figure 3.11 Power coupling efficiencies for three different glass tube wall thicknesses (2.5, 4 and 9
mm) at the gas inflow rate of 1 Lemin* under atmospheric pressure and different input powers
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Under atmospheric pressure, the gas inflow rate is very influential to the discharge
properties [69, 7]. Therefore, experiments under higher gas inflow rates were also
performed. It is worth noting the steam-like filamentary discharges [76, 77, 78] were
observed in the experiments under the atmospheric pressure. Figure 3.12 gives the
photos of the argon discharge filaments from the top view of the MPT (view from the
gas outlet). When the gas inflow rate was lower than 6 Lemin™, the filamentary
discharges were relatively stable, allowing the measurement of power coupling
efficiency. However, when the gas inflow rate was higher than 6 Lemin? under
atmospheric pressure, the filamentary discharges became very unstable, resulted in a
drastically time-varying power reflection. Consequently, measurements of the power

coupling efficiency in these cases became meaningless.

Figure 3.12 Photos of the argon discharge filaments (top view from the gas outlet) under atmospheric pressure
at the inflow rate of 1 Lemin* for different input powers. (1) less than 200 W (2) 500 W.

3.5 Conclusion

In this chapter, experiments were conducted to investigate the glass tube effects on
the power coupling efficiency of a MPT with metallic enclosure under different
operation conditions. Corresponding theoretical analysis regarding the impedance
matching problem in the MPT was given to explain the reasons why the glass tube is
able to significantly influence the power coupling efficiency. Our main conclusions are

summarized as follows:

(1) Increasing the thickness of the glass tube wall is able to improve the power
coupling efficiency under both low pressures and atmospheric pressure.
Furthermore, when the input microwave power becomes different, this

efficiency-improving method is still valid.
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(2) A power coupling efficiency around 90% can be achieved by simply choosing a
proper glass tube with its wall thickness in particular range rather than using
external tuning devices like the movable short-circuit ending plunger or the three-
stub tuner. For the MPT in present study, the wall thickness should be 5.5-9 mm.

However, the steam-like filamentary discharges were also observed in the
experiments under atmospheric pressure. For high gas inflow rates (>6 Lemin™), the
filamentary argon discharges became very unstable resulted in a time-varying power
reflection. Experiments with different gases or gas mixtures but without the filamentary
discharges are required to further investigate the glass tube effects on the power

coupling efficiency, which will be our future work.
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Chapter 4 Two-dimensional
axisymmetric fluid model of the argon
plasma in MPTs under atmospheric

pressure

4.1 A brief Introduction of the plasma modelling methods

In chapter 2, we theoretically analysed and numerically modelled the microwave
propagation in two waveguide-based MPTs. However, the plasma parameters were
predefined as constants and manually input to the model, thereby, meaning the plasma
was assumed not produced by the microwave. The simulations can be only used to
analyse the field distribution characteristics of the microwave with an assumed plasma
column. In order to figure out exactly how the plasma interacts with microwave in

MPTSs, it is necessary to adding the plasma physics into modelling process.

Generally, there are two main types of plasma modelling methods that are commonly
used: the fluid model and the kinetic model. The fluid model treats plasma as a
continuous fluid and solves a set of equations to obtain corresponding microscopic
plasma parameters such as density, temperature, averaged velocity, pressure and so on.
It needs to assume a velocity distribution function to determine the transport
coefficients for fluid simulations, where the Maxwell-Boltzmann distribution is often

assumed.

The fluid model is usually accurate, when the plasma is high-density and collisional
[79]. Kinetic models of plasma do not need to assume a Maxwell-Boltzmann
distribution for plasma velocity but to determine the particle velocity at each point and
spatial distributions of the charged particles in plasma. It is often used to describe the
collisionless plasmas in extremely low pressures [1]. Sometimes, the fluid modelling is
combined with the kinetic method and became the so-called hybrid method.

In modelling large-size plasmas, fluid model is generally a much better choice than

kinetic method that is more computationally intensive than fluid approach, for example,
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modelling the discharges in the MPTs in present thesis. Furthermore, even with the
fluid method, modelling the MPTs especially in multiple dimensions is also very

computationally demanding [80, 81].

In fact, to the author’s knowledge, only a few numerical plasma simulations have
been conducted to investigate the MPTs especially in two or three dimensions. In 2007,
a two-dimensional model was proposed regarding the discharge properties within a
lathy glass tube in a MPT operating at the microwave frequency of 915 MHz [65]. In
2013, a MPT was modelled with emphasis on the distributions of plasma parameters
under a high gas inflow rate in two dimensions [66]. In 2016, V. Georgieva compared
the classic drift-diffusion approximation and the simplified ambipolar diffusion
approximation in modelling the discharges in a waveguide-based MPT with fluid model
at intermediate pressure [67]. Recently, M. Baeva [82] established a three-dimensional
model based on fluid method to simulate the argon plasmas under atmospheric pressure
in a waveguide-based MPT and compared the results from a two-dimensional

simulations.

In our team, we proposed a two-dimensional axisymmetric fluid mode to numerically
study the surface wave formation and the plasma column sustentation in a MPT
operating at 2.45 GHz [51]. Besides, we improved the two-dimensional mode, having
investigated the gas flow effects on the discharge properties and the travelling wave
propagation in waveguide-based MPT [69].

4.2 Simplification of the calculation domain

4.2.1 Geometrical model and calculation domain

The discharges in the MPTs involves microwave propagation and attenuation,
complex plasma chemistry, transport of different species, energy and momentum
conservations. When describing it with even the much simpler fluid method, the
mathematical model is still a large and strongly nonlinear equation system. It requires
a dense mesh structure and a considerably long time to achieve a solution with a proper
convergence, especially in three dimensions. Therefore, we start from a much simpler
two-dimensional mode, in which only the cylindrical discharge tube is considered in

the calculation.
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Figure 4.1 Axisymmetric simplification of the calculation domain in two dimensions.

In chapter 2, we have given two waveguide-based MPTs, which actually share the
same structure of the discharge tubes (glass tube plus the metallic enclosure). Figure
4.1 shows the schematic structure of the discharge tube and the axisymmetric
simplification applied to the calculation domain. Detailed discussion about the validity
and the limitations of this simplifications is given in the following section.

Table 4.1 gives the geometrical size of the computational domain as an example for

the calculations in next chapter.

Table 4.1 Geometrical size of the computational domain.

Object Length Object Length
AB/LK 12mm AL/BK/CJ/DI 150mm
BC/KL 3mm FG 20mm
CD/FE/GH/NI 2mm CF/DE/GJ/HI 65mm

4.2.2 Validity and limitation of the two-dimensional axisymmetric

simplification

In fact, the axisymmetric simplification of the computational domain is based on the
assumption that the electromagnetic wave electric field in the discharge tube is
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azimuthally symmetric. The same simplification method can be also found in references
[65, 66, 67].

For the MPTs with metallic enclosure in present thesis, the axisymmetric
simplification is only valid when the travelling wave in the discharge tube propagates
in pure TEM mode (azimuthally symmetric mode), according to our analysis in Chapter
2. It means that the plasma column is required to be able to form the two-conductor-
like waveguide with the metallic enclosure. The argon plasma in MPTs under
atmospheric pressures can meet such a requirement, because it generally has an electron
number density larger than 101°m~3 and the collision frequency higher than 101° Hz
[83, 84].

Besides, the axisymmetric simplification is valid in the following two cases:

(1) For the one-port and two-port MPTs in Figure 2.1, the thickness and the relative
permittivity of the glass tube allow only the pure TEM mode to exist, as shown

in Figure 2.5 in Chapter 2.

(2) For the two-port MPT particularly, when the microwaves come from both ports
with the same frequency, phase and power, the travelling wave in the discharge
tube still propagates mainly in TEM mode, although the discharge tube allows

higher-order non-axisymmetric TE;; mode to exist.

Except the above two circumstances, the axisymmetric simplification can not be used
to simplify the calculation domain of the discharge tubes of the MPTs shown in Figure
2.1, because the travelling wave electric field in the discharge tube is not axisymmetric

anymore.

For a two-dimensional model with the axisymmetric simplification in figure 4.1, if
the material of the glass tube is quartz (relative permittivity is generally about 3.5-4),
two-dimensional model can simulate the discharges in both case (1) and case (2), if the

thickness of the glass tube wall is larger than 10 mm.

However, when the thickness of the glass tube wall is smaller than 10 mm, for
example, the size in Table 4.1, higher-order TE, is able to be excited and the two-

dimensional mode can be only used to case (2).
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Besides this validity limitation, the axisymmetric simplification has introduced the
following limitations as well, because it neglected the rectangular waveguide parts in

calculation.

(@) The microwave electric field around the plasma column in the rectangular
waveguide is assumed to be axisymmetric. In fact, it is not perfectly

axisymmetric.

(b) Simplification in two dimensions disables direct evaluation of the important

power coupling efficiency from Si11 parameter.

4.3 Two-fluid model of the microwave argon plasma under

atmospheric pressure with ambipolar diffusion approximation

The discharges in MPTs are weakly ionized gases. Therefore, they are classified as
the non-equilibrium plasmas, in which the electron temperature is much higher than the
temperature of heavy species mixture (ions, excited and neutral atoms). The two-fluid
model is one of the popular fluid methods, where the heavy species and electrons are

described separately.

4.3.1 Chemical reactions of the atmospheric argon plasma

Table 4.2 shows 15 reduced reactions considered in our thesis, which keep the main
feature of argon gas plasma chemistry [85, 86, 87].

Excited neutrals at different energy levels are lumped into two blocks: 4s block and

4p block at energy levels of 11.56eV and 13.17eV respectively.

Atomic ions Ar+ (15.76eV) and molecular ions Arx+ (15.01eV) are taken into
consideration. It is worth noting that the molecular ions Ar>+ are necessary in modelling
argon plasmas under atmospheric pressure, because the dissociative recombination

(reaction 11) can be the predominant electron loss process in high pressures [88].

49



Table 4.2 Reactions considered in this model

N _ . Ac(eV
0 Reaction Reaction Rate +(&)
0.74 -11.56
1 e+Ar=>e+Ar(4s 5x107° (T, [eV]) exp| ——— 11.56
-13.17
2 +Ar=>e+Ar(4 1.4x107 T2 eV ]exp| ———= 13.17
e+Ar=>e+Ar(4p) x A []pTe[eV]
3 e+Ar(4s):>e+Ar(4p 8-9X10713Teo_51[ev]exp 11.56-13.17 161
) T.[eV]
4 e+Ar(4s) =>e+Ar 4.3x107°T " [eV] -11.56
5 e+Ar(4p) => e+Ar 3.9x107° T2 [eV] -13.17
e+Ar(4p) 13051
6 CserAr(ds) 3x107°T, > [eV] 1.61
0.68 -15.76
7 +Ar=>2e+Ar* 2.3x107% (T, [eVv ex 15.76
. SRR
~ 0.67 11.56-15.76
8 e+Ar(4s)=>2e+Ar* 6.8x107° (T, [eV]) " exp| ————— 4.2
T.[eV]
0.61 13.17-15.76
9 +Ar(4p)=>2e+Ar* 1.8x10° 3 (T, [eV]) ~ exp| ==——— 2.59
A A (wlev) ‘{ T.[eV] J
10 De+Art =>e+Ar 8.75x10°% (T, [ev]) ™ -15.76
-0.67
T.[K
1.04x107* T[K]
300
11 e+Ar, =>Ar+Ar(4s) -3.45
1-exp(-418/ T[K])
X
1-0.31exp(-418/ T[K])
2.94-3x(T,[eV]-0.026
1.11x107% xexp| — (T (V] )
12 e+Ar =>e+Ar+Art T.[eV] 0.75
-0.4
2Ar+Art=> 3 T[K]
13 Ar+Ar2+ 225X10 (W
14 ArtAr => 5.22x10 P exp| =200 | T-1ev/]
2Ar+Art T[ev]
-20
v, = LZ—3><10’21+2.8X10’”R
(1+1.7x10°T,)
15 e+M=>e+M

(M=Ar, Ar(4s), Ar(4p))

zm

e

~4.1x10°T.2 }+(N, +n, +np)-[ %J
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The reaction rates for processes 10 and 13 have units of mé/s. The other reaction rates have units of m3/s.

4.3.2 Microwave field - Helmholtz equation

In the MPTs, both the microwave in the rectangular waveguide and the travelling
wave in the discharge tube are governed by the Helmholtz equation in frequency

domain as follows:

Vx(,ur’leE)—koz(gr——jEzo (4.1)

where w is the microwave angular frequency, ko is the free-space wavenumber, o is
the conductivity, and ¢, is the relative permittivity. In the rectangular waveguide, o and
&, are respectively 0 and 1, corresponding to the electromagnetic properties of air. For
the glass tube wall, o and ¢, are respectively 0 and 3.5. In plasma, o is g, in equation

(2.1), when &, = 1. Equivalently, &, can be &, in equation (2.2), when ¢ = 0.

With a two-dimensional axisymmetric modelling, the rectangular waveguide parts
are neglected in calculation. Therefore, it can not model the power absorption and
reflection from the incoming microwave in the rectangular waveguide. The total
plasma-absorbed microwave power is a given parameter. The wave excitation in Figure
4.1 is modelled by the antenna boundary (E, = 1 V/m on boundary FG), as described
by M. Moisan [65]. Under this antenna boundary, the microwave power density can be
obtained by:

1 — —%
Qanten = E Re(GP E-E ) (42)

Here, Re denotes the real part of the expression and * denotes the complex conjugate.
If we do an integration t0 Qg ,cer, iN the plasma volume, the plasma-absorbed power
density can be obtained under a given total power P;,;q;-
— I:>total
QEM - Qanten (43)
J.Ij Qantendv
v
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4.3.3 Number densities of different species - Continuity equations based

on the mass conservation law

The transport of each species in the plasma is described by a set of continuity

equations based on mass conservation law.
Ve(-D,Vn,)+(usV)n, =R, (4.4)

where n is the species number density of species k, Dk is the corresponding diffusion
coefficient, and Ry is the species source term dominated by the plasma chemistry. The
index k indicates the atomic ions Ar+ (k=il1), the molecular ions Ar>+ (k=i2), the excited
species Ar(4s) (k=s) and Ar(4p) (k=p). u is the plasma bulk flow velocity, it donates to

the forced species convection and it also contributes to the species loss.

According to the plasma chemistry in Table 4.2, the species source term of each

component in equation (4.4) can be determined by the following equation:

M
R => kynin, (4.5)
N

Here, N and M are the serial number and the total amount of reactions that involve
species k, respectively. ky is the reaction rate of reaction N, n; and n; are the number
densities of the corresponding reactants. It is worth to note that the process 10 and 13
are three-component reactions that contribute to the species source with the form
kionen.n;; and k,3N, N,n;;. N, is the number density of the ground-state argon atom,

which can be estimated from the ideal gas law in equation (4.11).

4.3.4 Temperatures of electrons and heavy species mixture - Heat transfer

equation based on the energy conservation law

All the heavy species, including ions, excited atoms and ground-state neutral atoms,
are assumed to share a common temperature T, which is different from the electron
temperature Te. They are described by two energy balance equations respectively as

follows:

V'(g KBTei _g KBne DeVTe)+ (a.v)(gTeKBnej = QEM _Qel _Qinel (46)

Ve(—K,VT )+ p,C,usVT =Q, +Q (4.7)

inel
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Here, Kg is the Boltzmann constant, T, is the electron temperature in Kelvin, T is the

heavy species mixture temperature in Kelvin as well, n, is the electron number density,

ﬁ: is the electron number density flux, D, is the electron free diffusivity, which can be

obtained from the Einstein relations [51], with the electron elastic collision frequency.

Qg 1s the plasma-absorbed power density from the travelling wave in the discharge
tube, which is the only external energy source for the plasma and can be determined
from equation (4.3). Q,; and Q;,.; are the power density change due to electron elastic
collisions (reaction No.15 in Table 4.2) and inelastic collisions (reactions No.1-12 in

Table 4.2) respectively, as given in equations (4.8) and (4.9) accordingly.

Qel :§neKB 2me Vin (Te _T) (48)
2 Ar
12
Qinel = qsz nenjAgN (49)
N

my, iS the argon atomic mass weight. 12 is total amount of the electron collision
reactions, and A g(eV) is the energy loss per electron in the reaction N. In weakly-
ionized plasmas, electrons initially absorb the energy from the sustaining travelling
wave, and then transfer their energy to the heavy species via electron elastic and
inelastic collisions. Therefore, Q.; and Q;,.; are negative sources for the electron

temperature and positive sources for the heavy species temperature.

kn is the thermal conductivity of the heavy species mixture, which is a temperature-
dependent parameter and approximately equals to 3.5 x 107*T[K]%%8. Because the
argon gas in this study is weakly ionized, the thermal capacity C, of the heavy species
mixture is set to 520 ]/(Kg . K), which is same as that of argon gas under atmospheric
pressure. p;, is the mass density of the heavy species mixture without electrons, which
is the total mass density of ions, excited and ground-state atoms. Due to the huge mass
weight difference between the electron and the argon atom, it is reasonable to assume

that mu, = Muras) = Marap) = Mar+ = 0.5my,, .. Therefore, p, can be obtained

with the following equation:
P =N,my +nmy +n,m, +n,m, +n,2m, +n.m, (4.10)
N,, can be determined by the ideal gas law as follows:

P =N, KgT +nKgT, +nKgT +n KT +n, KT +n, KT (4.11)
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P is the spatially-distributed pressure obtained from the Navier-Stokes equation.

4.3.5 Gas flow - Navier-Stockes equations based on mass and momentum

conservation laws

Based on estimation of the Reynolds number in equation (4.12), it is able to identify
whether the gas flow is a laminar flow or a turbulent flow. For the argon gas flow in
the MPT having a glass tube with the inner diameter of 24 mm (Table 4.1), a laminar
flow can be ensured, when the gas inflow rate is smaller than 20 Lemin™*. (The transition

to a turbulent flow in pipes occurs generally when R, = 2300)

Re= 24 (4.12)

U

A laminar gas flow can be described by the Navier-Stokes equation (4.13) with a

mass conservation constrain (4.14) as follows:
p(a.v)a = -VP+ v-{ u(Vu+(Vu)") —§ y(v-a)i} (4.13)

Ve(pu)=0 (4.14)

where Lis the dynamic viscosity, Iis the unit tensor, P is the pressure and p is the
plasma mass density including electrons. Since the electron mass density is negligibly
small, the mass density of the heavy species mixture p; is approximately equal to

plasma mixture mass density p with electrons.

4.3.6 Ambipolar diffusion approximation based on the electric neutrality.

One may have noticed that there are no equations above to describe the electron
number density ne and the electron number density flux Fé In fact, in this thesis, we did
not follow the classic fluid model with drift-diffusion approximation. Instead, we made
use of the ambipolar diffusion approximation, which is can be deduced from the classic
drift-diffusion flux with two additional assumptions [89]. The first one is the
assumption of electric neutrality of the plasma. With this assumption, the electron

number density can be estimated as follows:

n, =N, +N;, (4.15)
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We do not need to solve another continuity equation to obtained the electron number

density.

Besides, another assumption is that the plasma is highly collisional (ne>10* m)
[89]. In this case, the highly dense charged particles will naturally form a strong space-
charge electric field making the positive charge flux approximately equal to the

negative one. Therefore, we have:

[, =[,+T,,=-D,Vn,-D,Vn, (4.16)

D;; and D;, are the ambipolar diffusion coefficients [89] for the atomic ions and

molecular ions respectively, and are determined by:
T
D, = Dy, (1"'?9} (4.17)

Dy is the free diffusivity of ions. Detailed description about the ambipolar diffusion

approximation can refer to references [67, 89].

Because of the two assumptions made in equations (4.15) and (4.16) above, the fluid

mode with ambipolar diffusion approximation has the following limitations:

a) Due to the electric neutrality assumption in equation (4.15), the non-neutral plasma
sheath is neglected in the calculation. Consequently, the microwave-plasma energy
coupling is incomplete in our model. Specifically, the plasma-absorbed microwave
power is underestimated because the microwave energy deposited in the sheath is
neglected. The power density change due to the space-charge electric field is
ignored. Consequently, electron temperature and density are overestimated, and the
temperature of heavy species mixture is underestimated.

b) Itis not valid at extremely low pressures, because plasmas in these cases generally
have a thick sheath that can not be ignored.

c) To derive the equation of ambipolar diffusion coefficients (4.17), it is assumed that
the number density distributions of ions has similar shapes. It may introduce
difference between the fluid models with the ambipolar diffusion approximation
and the classic drift-diffusion approximation, for the plasmas with multiple kinds
of ions [90].

However, despite the limitations above, the fluid mode with ambipolar diffusion

approximation is still very popular in modelling the discharges both in the waveguide-

55



based MPTs and the coaxial surfatron MPT. Relevant numerical fluid modelling can be
found in references [65, 66, 67, 91]. It is popular because of the following advantages

over the classic drift-diffusion approximation:

(1) The mathematical model has been greatly simplified. Calculation of the static
electric field due to space charge from Poisson equation is reduced. It contributes

greatly to the convergence of the fluid model, when solving it numerically.

(2) The continuity equation to calculate electron number density is reduced, thereby,
contributing to reduce the couplings between each equation.

(3) The continuity equations to describe the transport of each species has been
simplified to the diffusion-convection equation form, which enables to solve the

equation system in stationary state.

Although the ambipolar diffusion approximation has inevitably introduce errors in
modelling the discharges in the MPTs, we believe the errors are acceptable because of

the following reasons:

(@) In the cases similar to ours (atmospheric plasma under the microwave radiation
at the frequency of 2.45 GHz) [7, 83, 84], typical values for the electron number
density and the electron temperature are generally on the order of 10'°-10%* m™

and 1-2 eV, respectively. Hence, the Debye length of the plasma A, =
JeoT./en, is estimated as 7.43x<10° mm to 3.32x10* mm, which is

approximately equal to the thickness of the non-neutral plasma sheath. Compared
with the inner radius of the glass tube (12 mm), it is reasonable to neglect the
extremely thin non-neutral plasma sheath and assume quasi-neutrality in the
discharge tube. Furthermore, under such a high number density of the charged
species (10%°-10%* m™®), a slight difference between the distributions of electrons
and ions will result in a strong space-charge electric field, which in turn forces
the electrically negative electron flux approximately equal to the positive ion flux.
Therefore, it is reasonable to apply the ambipolar diffusion approximation in this

study.

(b) In 2017, a joint research group from Belgium and Netherland [67] compared the
ambipolar diffusion approximation with the classic drift-diffusion approximation
in modelling the surface-wave-sustained plasma in a waveguide-based MPT

(Pressure: 1000 Pa, Power: 50-200 W). Part of the results were even validated by
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experiments. The results from both approximations agree with each other in
general, although there indeed exists some difference. Under atmospheric
pressure and larger microwave deposition powers, the non-neutral plasma sheath
will become much thinner and the ambipolar diffusion approximation will be

naturally more valid.

4.3.7 Transport properties of each species

Seeking the valid transport coefficients for the heavy species under different
conditions is always a problem in the plasma fluid modeling [92]. In present thesis, the
transport coefficients of the heavy species (Ds, D, Dy ) are calculated from a more
general Wilke’s formula are calculated [93] with the binary diffusion theory [94, 95],
which gives the model more flexibility under different conditions compared with the

limited E/N data from experiments.

4.3.8 Boundary conditions

For the microwave field, only the plasma column part and the glass are considered
in the calculation domain. The metallic shielding walls are treated as the perfect electric
conductors (PEC). An antenna excitation boundary is imposed on FG as in equation
(4.18), which simulates the normalized input microwave electric field at the glass tube

walls in the waveguide.
E,=1V/m (4.18)

where E, indicates the z component of the microwave electric field. Because of the
exposure to the air, the inlet and outlet of the discharge tube (AB, BC, LK and KJ) are
modeled by the scattering boundary conditions as follows:

neVE, +ik,E, =0 (4.19)

7 is the outward normal vector of the corresponding boundary. For the plasma species
continuity equations, only the plasma column part is considered in the calculation
domain. When the electrons, ions and excited atoms reach the glass tube wall, these
particles are assumed to be absorbed by the wall [96]. To describe this kind of particle
loss, a set of Neumann boundary conditions are applied on the inner glass tube wall
(BK) as follows:
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8K, T
m,

(4.20)

- 1
n«(—-D,Vn, ) = 7N

Correspondingly, the electron energy conservation equation has the same calculation
domain, and the electron kinetic energy loss due to the electron surface quenching

reactions can be given by:

-5 5 1 [8K,T,
ne(> KT, T, —k,VT,)=>K,T,| =n, |8 4.21
(2 B'e“ e e e) 2 B 9(4 e 7Z'me J ( )

The entire discharge tube, including the plasma column part, the glass and the
metallic shielding conductors, is considered in the calculation domain of the energy
conservation equation for the heavy species. A set of surface-ambient radiation
boundaries [97] are imposed on the outer walls of the metal and the glass tube (BC,
CD, DE, EF, FG, GH, HI, 1J, JK), and are given by:

Ne(—k,VT) = B (T4 ~T,") (4.22)

p is the emissivity of copper or quartz glass depending on the material. In our study,
they are set to 0.5 and 0.9 for the copper and the quartz glass respectively. Ksg is the
Stefan-Boltzmann constant. T, iS the temperature of the surrounding environment,
which is assumed to be 293.15 Kelvin. From physical point of view, the more realistic
boundary should include both the unforced natural air convection cooling and the
thermal radiation. However, for a small-diameter vertical cylinder (discharge tube) in
our case, the contribution of the natural convection cooling is much smaller compared
with the thermal radiation [97, 98]. (The thermal radiation is approximately five times
larger than the air convection cooling when T=1000 °C). Besides, taking account of the
natural convection cooling greatly decreases the calculation convergence. Therefore,
the natural convection air cooling is neglected and only the thermal radiation is

considered in the thermal boundary condition (4.22).

However, this boundary is still a compromise option in our study and its validity is
limited when the temperature on the outer walls of the metal is low (low plasma-
absorbed microwave power) or the radius of the discharge tube is large. Although this
boundary condition is not perfectly realistic, it is much improved compared with the
simpler Dirichlet boundary condition imposing a constant temperature on the inner
glass tube walls in other studies [65, 66, 67, 69].
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For the gas flow equation, the gas inflow velocity at the gas inlet (LK) is given by:

_ 29|, (rY
Uy =—3 {1 (R” (4.23)

where ¢ is the gas inflow rate, R is the inner radius of the glass tube, and r is the

radial coordinate of the gas inlet. The pressure at the gas outlet (AB) is set to an

atmospheric pressure Po, and its boundary condition is described as:

ﬁ{—PT+ y(va+(va)T)—§ y(Voﬂ)T}:—PO (4.24)
4.4 Numerical implementation and calculation procedure

4.4.1 Numerical implementation

The mathematical model can be implemented and solved in a commercial software
package named COMSOL Multiphysics with its user-defined PDE interface. The total
number of the mesh elements is 34732. A frequency-stationary solver is chosen to solve
the equations. The segregated convergence criterion is 0.001 and the relative tolerance
is 0.01. The model is calculated on a computer with an i7-5500U CPU and 16GB of

RAM. It takes approximately 2 hours to complete one calculation of the model.

4.4.2 Calculation procedure

Figure 4.2 shows procedure of the numerical calculation in COMSOL Multiphysics.
The calculations start with assumed initial values for different species continuity
equations along with a given gas inflow rate and a microwave deposited power. Within
a loop, each segregated PDE has its own convergence criterion to control the number
of iteration steps. The iteration will stop and go to the next PDE when it meets the
convergence criterion ((Current results-Results in last iteration)/ Results in last
iteration< Convergence criterion). Out of the loop, there is also a relative tolerance to
control the number of loops. The convergence criterion is similar ((Current results-

Results in last loop)/ Results in last loop< Relative tolerance).
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Figure 4.2 Calculation procedure

4.5 Conclusion

In this chapter, we have proposed a two-dimensional axisymmetric fluid model based
on the ambipolar diffusion approximation to characterize the argon discharges in MPTs
under atmospheric pressure. The major approximations applied in the model are the
axisymmetric simplification to the calculation domain in Figure 4.1 and the ambipolar
diffusion approximation. Their validity and limitations have been discussed in details
and given in section 4.22 and 4.3.6 respectively. The validity and limitations of this
model should be carefully treated, when extending it to other cases. Actually, a fluid

model in three dimensions without these limitations is our final goal.
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Chapter 5 Wave propagation and
discharge maintenance in a MPT under

different operation conditions

5.1 Background

As we previously showed in chapter 1, there are some phenomena and problems in
the applications of MPTs remain unclear or unsolved. In many experiments [11, 99,7]
including ours (Figure 3.8), it was observed that the plasma column length increases
when the microwave input power goes up. A lot of people still tend to believe that the
discharge occurs only in resonant cavity and the plasma column extension is the results
of gas flow or particle density gradient. Regarding this problem, M. Moisan and his co-
operators contributed a lot to explain it [100, 101, 102, 37]. However, as we analysed
in chapter 2, the MPTs with metallic enclosure are a little different with the MPTs
having discharge tubes exposed in air. Therefore, in this chapter, we will try to give
some numerical insights for the wave propagation characteristics and the discharge
maintenance mechanism in the MPT with metallic enclosure, with the two-dimensional

fluid model in chapter 4.

Besides, in most industrial applications, the MPTs are required to have a high
material disposal rate. The easiest way to achieve that is generally increasing the
microwave power and the gas inflow rate. Meanwhile, a high gas flow velocity is
expected to be helpful to cool down the glass tube and to prevent it from being
overheated. However, it is found that the glass tube is melted even at a high enough
axial gas inflow rate when the MPT is operated with an input microwave power at the
level of several hundred watts [11, 103]. This glass overheating problem finally results
in the power limitation of the MPT, and thereby limits its industrial applications. In our
experiments, it was found that the gas flow greatly influences the plasma column in its
length and shape, which has been also reported by other researchers [104, 105, 106,
107]. Moreover, it is observed that the discharge in the MPT becomes unstable with an

increase in the gas inflow rate, and even becomes extinct when the gas inflow rate is
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sufficiently high. Similar discharge instability and extinction have been observed in the
experiments conducted by Sturm et al. [23] as well. All these problems require further

investigations about the mechanism of the gas flow effects on the discharge.

Therefore, in this chapter, we will use the two-dimensional model based on fluid

method in chapter 4 to

(1) Investigate the mechanism of discharge maintenance and plasma column

extension with the increase of microwave power.
(2) Numerically investigate the wave propagation in discharge tube.

(3) Figure out reasons why the plasma column becomes short with the increase of

the gas inflow rate.

(4) Figure out the reasons why it does not work to cool down the glass tube by
increasing the gas inflow rate.

It is worth noting that only the cylindrical discharge tube was considered in the two-
dimensional model in chapter 4and an axisymmetric simplification was applied to
further simplify the calculation domain. The model with the geometrical sizes in Table
4.1 only corresponds to a two-port MPT, where the microwaves come from both ports

with the same frequency, phase and power, as shown in Figure 5.1.

Gas inflow

Figure 5.1 Schematic diagram of the two-port MPT with microwave
5.2 Mechanism of plasma column extension and discharge
maintenance

The results in section 5.2 are obtained with the two-dimensional model under

different microwave powers (200-600 W) and a constant gas inflow rate of 1 Lemin™.
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5.2.1 Numerical modelling of the plasma column extension with the

increase of microwave power

As one of the most noticeable plasma features, the variation of the plasma column
length is often visually observed to record the discharge change in the MPTs. However,
the plasma column we saw in experiments is a complicated plasma mixture. Its length
variation involves complicated plasma collisional reactions and migrations of different

species.

Electron, which has a much smaller mass weight and a higher mobility compared
with ions and excited atoms, is the most active species in the plasma mixture and plays
an important role in the discharge maintenance. Therefore, the change of the electron
number density can provide a significant indication of the plasma column length

variation.

A 7.8E19

7.0E19
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1.0E19

(a) 200 W (b) 400 W (c) 600 W V¥ 4.7E3
Figure 5.2 Electron number density (units:1/m3) for different plasma-absorbed microwave powers

(@ = 1Lemin~1). (a) 200 W, (b) 400 W, (c) 800 W

Figure 5.2 shows the electron number density distributions for different plasma-
absorbed microwave powers (P:otq;). In order to illustrate the results more lively, a
mirror skill is used to present the data on a vertical slice of the cylindrical discharge

tube. This skill is applied in the following figures as well.
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With the increase of the plasma-absorbed microwave power, it can be observed in

Figure 5.2 that the electron number density changes in the following three aspects:

1) The value of electron number density increases significantly.

2) The region with higher electron number density in the plasma column gradually

moves close to the glass tube walls.

3) The region with higher electron density in the plasma column becomes

increasingly longer in the axial direction.

To some extent, the change of the electron number density profile indicates the
variation of the plasma column shape. The electron number density distribution implies
that the plasma column is confined mainly within the interaction area between the
cylindrical glass tube and the rectangular waveguide, when the total plasma-absorbed
microwave power is low (200 W).

However, as the total plasma-absorbed microwave power increases, the plasma
column becomes stretched and extends out from the rectangular waveguide area
towards both ends of the glass tube. This numerical result regarding the plasma column
extension agrees well with the experimental observations from both our works (Figure
3.8) and other studies [11, 99, 7]. Besides, the magnitudes of the electron number
densities are also in the same orders as other numerical calculations with a similar MPT

[66, 67, 82]. It can prove the validity of our numerical calculations.

5.2.2 Formation of the two-conductor-like waveguide structure

It is easy to get that a higher input microwave power brings more energy, resulted
more ionizations and a higher electron number density. However, why the plasma
column has such an electron number density distribution as shown in Figure 5.2 and
why the plasma column extends towards both ends of the glass tube? It is actually
associated with the propagation and attenuation of the travelling wave in the discharge

tube. Detailed explanations will be given in the following paragraphs.

Figure 5.3 shows the distributions of the real part of relative plasma permittivity

under different plasma-absorbed microwave powers.
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Figure 5.3 Real part of the plasma relative permittivity for different plasma-absorbed microwave
powers (@ = 1 Lemin~1).). (a) 200 W, (b) 400 W, (c) 600 W
It can be seen that negative values can be found in the real part of relative plasma
permittivity for the three plasma-absorbed microwave powers. However, there still

exists some differences.

When P;,:o; = 200 W, the negative values focus mainly in the center of the plasma
column and in the rectangular waveguide part. For the discharge tube parts out of the
rectangular waveguide, the plasma still have positive real part of relative plasma
permittivity. It indicates that the two-conductor-like waveguide structure has not be
well formed for a small power of 200 W. It can be inferred that the input microwave is

not able to propagate in the discharge tube for a long distance.

However, when the plasma-absorbed microwave power P;,:,; increases, the
negative-value part of the relative plasma permittivity moves close to the inner glass
tube wall and extends out of the rectangular waveguide as well. In this case, plasma
column together with the outer metallic enclosure turns to be a two-conductor-like
waveguide eliminating the cut-off limitation and allowing the input microwave to

propagate in it.

Figure 5.4 shows correspondingly the real part of the plasma conductivity for

different plasma-absorbed microwave powers.
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Figure 5.4 Real part of the plasma conductivity (Units: S/m) for different plasma-absorbed microwave
powers (@ = 1 L e min~1). (a) 200 W, (b) 400 W, (c) 600 W

Figure 5.3 and 5.4 demonstrate that the plasma column gets an increasing electrical

conductivity, as the microwave power deposited into the plasma column continues to

increase. Thus, when the plasma-absorbed microwave power increases, the plasma

column obtains an increasing capability of shielding the microwave from penetrating

into it. For a plasma-absorbed microwave power (P;,:q; > 200 W), the two-conductor-

like waveguide structure has formed for the discharge tube.
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Figure 5.5 Intensity of the microwave electric field r component (abs(E)) for different plasma-

absorbed microwave powers (@ = 1 L e min~1)
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Figure. 5.4 presents the radial distribution of the microwave electric field intensity,
which can illustrate the dependence of the microwave shielding ability of the plasma

column on the plasma-absorbed microwave power.

It shows that the intensity of the electric field reaches a considerably high value at
the interaction boundary of the plasma column (conductor) and the glass. Subsequently,
it attenuates quickly within a small depth in the plasma column. The larger microwave
power the plasma absorbs, the more conductive the plasma column is, the more
difficultly the microwave can penetrate into the plasma column, the stronger capacity

the plasma column obtains to shield the microwave.

Due to the microwave shielding, the electrons in the skin depth area obtained much
more microwave energy compared with the electrons in the other regions of the plasma
column, which resulted in a larger ionization rate and a higher electron number density
in the skin depth area. Thus, a decrease in the microwave penetration depth will lead
the higher electron density region in the plasma column to move gradually close to the

inner glass tube wall, as shown in Figure 5.2.

All the analysis above demonstrate that the plasma column becomes increasingly
conductive or reflective with the increase of the plasma-absorbed microwave power.
However, being more conductive doesn’t absolutely imply a greater reflection of the

input microwave power.

Either before the discharge or when the plasma-absorbed microwave power is low
enough, the electron number density can be lower than the critical electron number
density. Thereby, the plasma column is not sufficiently conductive to be considered as
a conductor, and the relative permittivity of the material in the discharge glass tube can
be in the range between 0 and 1. In this case, the cylindrical discharge tube is a cut-off
circular waveguide for the input microwave at the frequency of 2.45 GHz. Below is the
calculation expression of the cut-off frequency for the lowest electromagnetic mode
TE,, of a circular waveguide.

1.8412¢c
circular — W

f (5.1)

R is the inner radius of the discharge tube, and c is the speed of light in vacuum. The
cut-off frequency of the cylindrical discharge tube under the current size is estimated

as 5.8607 GHz without considering the influence the glass. 2.45 GHz, as the working
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frequency of the MPT, is lower than this cut-off frequency. Thus, the discharge tube is
cut-off for the input microwave and no propagating electromagnetic mode exists in it.
However, when the plasma-absorbed microwave power is sufficiently high, the plasma
column can be treated as a good conductor and the discharge tube becomes a two-
conductor-like coaxial waveguide, allowing the input microwave to propagate in the

discharge tube and sustain the discharge.

5.2.3 Wave dissipation and discharge maintenance

In the MPT, the input microwave is the only external source to sustain the discharge.
Thus, propagation and dissipation of the travelling wave in the discharge tube become

extremely vital for the discharge maintenance.

Although we have strongly emphasized the microwave shielding ability of the
plasma column in the travelling wave formation section above, a part of the travelling
wave still can enter the plasma column and be absorbed by the plasma column. Differed
from the real good metal conductors such as copper (electric conductivity on the order
of 107 S/m typically), the plasma column has a relatively lower electric conductivity as
shown in Figure 5.4. Thus, the microwave penetration depth into the plasma column is
much larger than that into copper.
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Figure 5.6 Distributions of the plasma-absorbed microwave power density (Units: W/m®) (@ = 1 L e
min~1). (a) 200 W, (b) 400 W, (c) 600 W
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Figure 5.6 presents the distributions of the plasma-absorbed microwave power
density in the plasma column. It demonstrates that the travelling wave indeed has
penetrated into the plasma column and deposited in it. Although the skin depths are
limited, they are not as small as the skin depth of the good metal conductors such as
copper. Typically, copper has a microwave skin depth on the order of 1 pm. It indicates
that the plasma column has a much stronger potential to absorb the microwave,

compared to the good metal conductors.

Figure 5.7 presents the imaginary part of the relative permittivity of the plasma
column for different plasma-absorbed microwave powers. The highlight is the large
absolute value of the imaginary part of the relative permittivity. It indicates that the
plasma column has a strong capability to absorb the microwave power especially in the
skin depth area. Once the input microwave penetrates into the plasma column, it will
be absorbed by the plasma column quickly. Thus, the “coaxial waveguide” is a highly
lossy waveguide for the travelling wave. As the travelling wave propagates along the

plasma column, it dissipates within the microwave penetration depth as well.
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Figure 5.7 Imaginary part of the plasma relative permittivity for different plasma-absorbed microwave
powers (@ = 1 L e min~1). (a) 200 W, (b) 400 W, (c) 600 W

For the propagation of the travelling wave, smaller skin depth of the plasma column
helps the travelling wave propagate in longer distance towards both the gas inlet and
the outlet. More specifically, the larger microwave power that the plasma column has
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absorbed, the higher electron number density it has, the smaller skin depth that the

plasma column gets, and the longer distance that the travelling wave can propagate in.
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Figure 5.8 Intensity of the microwave electric field in the discharge tube (Units: V/m) for different
plasma-absorbed microwave powers (@ = 1 L e min~1). (a) 200 W, (b) 400 W, (c) 600 W

Figure 5.8 shows the microwave electric field intensity distributions in the discharge
tube for three different plasma-absorbed microwave powers. When the total plasma-
absorbed microwave power is low, the electromagnetic wave is restricted to exist
primarily within the rectangular waveguide. The plasma column is not a good enough
conductor to sustain the extension of the travelling wave out from the rectangular
waveguide. As the plasma-absorbed microwave power grows, the electromagnetic
wave starts to extend out from the rectangular waveguide and propagates along the
plasma column towards both the gas inlet and the outlet, as shown in Figure 5.7 (b) and
(c). Furthermore, it is notable that there is a high consistency between the microwave
propagation distance in Figure 5.8 and the axial extension length of the plasma column
in Figure 5.2. This consistency implies that the plasma column length is actually
determined by the propagation distance of the travelling wave, because travelling wave

is the only external source to sustain the plasma column.

In conclusion, the plasma column extension is actually driven by the travelling wave.
The propagation of the travelling wave towards both the gas inlet and the gas outlet
enables the plasma column to be extended in both directions. As the travelling wave

propagates along the plasma column, the microwave power is deposited into the plasma
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column to sustain the discharge within the microwave penetration depth. Besides, the
propagation distance of the travelling wave actually determines the plasma column

length under a low gas inflow rate.

5.3 Mechanism of plasma column shortening and glass
overheating
The following results in section 5.3 are obtained with the two-dimensional model in

chapter 4 under different gas inflow rates (1-20 L« min~*) and a constant plasma-

absorbed microwave power (P;y:q; = 500 W).

5.3.1 Numerical modelling of the plasma column shortening with the

increase of gas inflow rate
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Figure 5.9 Contour plot with 500 levels of the electron number density (units: 1/m?) for different gas
inflow rates (P,,¢q; = 500W). (@) 1 Lemin?, (b) 4 Lemin, (c) 10 Lemin, (d) 16 Lemin™.
Figure 5.9 shows the electron number density distributions for four gas inflow rates.
Due to the high electron number density gradients, 500 contour levels are chosen to
illustrate the distributions of the electron number density. The blank parts only indicate
the electron number density in these areas are lower than 5.9 x 101¢ (m~3), and do not
mean that they are empty. In addition, Figure 5.9 presents the changes of the electron
number density profile, which indicate the variation of the plasma column length.
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It can be seen that the upstream plasma column length initially experiences a slight
increase around the gas inflow rate of 4 Lemin™. Subsequently, the upstream plasma
column length decreases slightly with the increase of the gas inflow rate. In contrast,
the downstream plasma column is shortened significantly throughout the increase of
the gas inflow rate. These changes agree well with the phenomena observed in other
experimental researches [104-107]. Furthermore, when the gas inflow rate increases,
more electrons are carried out of the discharge tube by the increasingly strong
convection. Consequently, the electron loss to the glass (surface reaction in the
boundary condition section) becomes less important. As a result, the electron number
density inside the plasma column falls down, and a “hollow hole” seems to occur in the
center of the plasma column, when the gas inflow rate is higher (>10 Lemin™). It
indicates that the discharge does not entirely fill the radial cross-section of the glass
tube, and this radial contraction [108] becomes increasingly strong as the gas inflow

increases.

5.3.2 Wave propagation with the increase of gas inflow rate
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Figure 5.10 Volume-averaged electron density change as a function of the gas inflow rate (P;ytq1 =
500W)

Figure 5.10 shows the decrease of the volume-averaged electron number density with
the increase of the gas inflow rate. The volume average calculation in Figure 5.10

follows the expression 7, = [[[ n,dv/V , in which V indicates the volume of
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cylindrical plasma domain. It can be observed in Figure 5.10 that the electron number
density decreases significantly with the increase of the gas inflow rate. The reason is
simple. When the gas inflow rate increases, the corresponding forced convection leads
more plasma species out of the discharge tube resulting in a larger electron loss.

Despite the simple particle loss introduced by the increasingly strong convection due
to the increase of the gas inflow rate, it is found that the change of the travelling wave
propagation in the discharge tube also contributes a lot to the plasma column
shortening.
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Figure 5.11 Distributions of the microwave electric field intensity (units: VV/m) for different gas inflow
rates (Pyoeqr = 500W). (a) 1 Lemin, (b) 4 Lemin?, (c) 10 Lemin?, (d) 16 Lemin’. The white curve
indicates an electron number density contour at the level of 7.6 x 10° (1/m?).

Figure 5.11 shows the microwave electric field intensity for different gas inflow
rates. A contour of the electron number density at the level of 7.6 x 101 (m=3) is
applied to highlight the change of plasma column length. 7.6 x 101® (m=3) is an
approximated critical electron number density [2] for the plasma under the microwave
radiation at the frequency of 2.45 GHz. When the electron number density is high
enough to exceed this critical value, the real part of the plasma permittivity becomes

negative, and the plasma starts to behave like a conductor.

In the regions where n, > 7.6 X 10'® (m~3) , the two-conductor-like “coaxial
waveguide” forms, which allows the travelling wave to propagate in these regions. In

the regions where n, < 7.6 x 101¢ (m=3) , these plasma column parts are not
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conductive enough to be treated as conductors. Without the inner conductors, the
“coaxial waveguide” in these regions turns back to be cylindrical waveguides that are
cutoff for the microwave at frequency of 2.45 GHz. The travelling wave in these regions
stops propagating and soon evanesces in a short distance, as can be seen in the regions

near the gas inlet and outlet in Figure 5.11.

When the electron number density drops off with the increase of the gas inflow rate,
the electric conductivity and the length of the inner conductor (plasma column)
decrease as well, resulting in the change of the travelling wave propagation distance.
Because the travelling wave is the only external energy source to sustain the discharge
in the glass tube, the change of the travelling wave propagation distance introduced by

the gas flow will in turn influence the plasma column length.
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Figure 5.12 Distributions of the plasma-absorbed microwave power density (units: W/m?) for
different gas inflow rates (P,y¢q; = 500W). (@) 1 Lemin%, (b) 4 Lemin?, (c) 10 Lemin?, (d) 16 Lemin™.
The white curve indicates an electron number density contour at the level of 7.6 x 1016 (1/m2).

Once the propagation distance of the travelling wave changes, the distribution of the
microwave power density deposited into the plasma column varies accordingly. Figure
5.12 illustrates the changes of plasma-absorbed microwave power density for different
gas inflow rates. It shows that the plasma has absorbed a negligibly small amount of
microwave power density in the regions where n, < 7.6 x 101¢ (m=3) . Without the
only external microwave energy supply, the discharges in these regions will soon fade

out and become extinct, resulting in the decrease of the plasma column length.
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Furthermore, based on Figure 5.10 and 5.11, we can reasonably infer that the
propagation distance of the travelling wave will continue to decrease, when the gas
inflow rate becomes increasingly large (> 20 Lemin™). Finally, the travelling wave will
disappear in the cylindrical discharge tube and microwave will only exist in the
rectangular waveguide. Consequently, the discharge in the discharge tube of the MPT
will become unstable and even extinct without the only external energy source (the

travelling wave in the discharge tube).

In conclusion, the gas flow is able to influence the travelling wave propagation in the
surface-wave-sustained plasma torch. The plasma column length contraction is not only
because of the particle loss introduced by the increasingly strong gas flow convection
but also because of the consequent reduction of the travelling wave propagation
distance. Moreover, the absence of the travelling wave at a high gas inflow rate

contributes greatly to the plasma column extinction and the discharge instability.

5.3.3 Glass overheating problem

Generally, industrial applications expect the MPTs to work under a high microwave
power for a long enough time. However, as we illustrated in section 5.1, the glass tube
is often overheated even at a low microwave power (<500 W) and a high gas inflow
rate (>16 Lemin*), which seriously limits the power capacity of the MPTs and slows
their large-scale industrial applications. Therefore, it is significant to figure out how the
gas flow influences the heavy species temperature and why the glass tube is overheated
even at a high gas inflow rate.

Figure 5.13 shows the velocity distributions of the argon gas under four different gas
inflow rates. When the gas inflow rate increases, the velocity field increases
accordingly. However, it can be observed in Figure 5.13 that the velocity near the gas
outlet (upstream part of the discharge tube) and glass inner wall has much higher values.
This non-uniformity of gas flow velocity is because the gas flow even can get a response

from the temperature change of the heavy species mixture.

Figure 5.14 presents the heavy species temperature distributions for four gas inflow
rates. According to the ideal gas law, the mass density of the plasma mixture decreases,

as the heavy species temperature goes up. In order to satisfy the mass conservation law,
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the velocity in the higher-temperature areas will rise accordingly, which can be

validated by comparing Figure 5.13 and Figure 5.14.
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Figure 5.13 Distributions of the gas flow velocity magnitude (units: mes™) for different gas inflow
rates. (a) 1 Lemin?, (b) 4 Lemin™, (c) 10 Lemin™, (d) 16 Lemin™.
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Figure 5.14 Temperature distributions of the heavy species mixture (units: Kelvin) for different gas
inflow rates. (a) 1 Lemin?, (b) 4 Lemin?, (c) 10 Lemin, (d) 16 Lemin™.
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Figure 5.14 shows a similar profile variation trend as the electron number density
with the increase of the gas inflow rate in Figure 5.9. When the gas inflow rate is low,
conduction is the predominant heat transfer mechanism, and the temperature of the
heavy species is stabilized mostly by the energy loss to the glass. As the gas inflow
increases, more energy is carried out of the discharge tube by the gas flow, and the
convection impact becomes stronger than conduction impact in determining the heavy
species temperature distribution. Furthermore, although the heavy species temperature
indeed drops with an increase in the gas inflow rate, the temperature in the regions close

to the glass tube walls remains considerably high.

N
1

12104

1200 4 \

—— — —

2.
£
/‘,:2 1190 4 \ 2 Microwave T
© 7 = A VYAY
5 1180 2 |
E i < \ Coordinate:
ﬂé_ 1170 4 | \\ (r;z)=(13.5mm; 75mm)| |
i r | i
1160 . or |
] ~ |
1150 ¥ _
- H"‘.q..._h_
-
1140 TE—p

o 2 4 6 8 10 12 14 16
Gas inflow rate (L/min)
Figure 5.15 Temperature of the glass on the temperature-maximum point (units: Kelvin) versus gas
inflow rate (Pyrq; = 500W).

Figure 5.15 shows only about 64 °C temperature drop occurs on the maximum-
temperature point of the glass when the gas inflow rate increases from 1 Lemin™ to 16
Lemin. It demonstrates that increasing the gas inflow rate can not solve the glass
overheating problem for the MPT operated with only axial gas flow. It requires to seek
other measures to prevent the glass from being overheated, such as injecting swirl gas
flow [8, 28, 29, 12] or utilizing the forced liquid cooling on the outer glass tube walls.

Combined the results in Figure 5.12, we can carefully draw the conclusion that the
glass overheating problem is mainly because of the microwave shielding capability of
plasma. Such a capability leads to the microwave heating mainly within the skin depth
of the plasma column and close to the inner glass tube wall, as shown in Figure 5.12.

Therefore, increasing the gas inflow rate contributes considerably small to the cooling

77



of the glass tube wall and does not help to solve the glass overheating problem, because

the heat source still remains close to the glass.

5.4 Conclusion

In this chapter, we have numerically investigated the wave propagation and
discharge properties in the discharge tube under different plasma-absorbed powers and

gas inflow rates.

The results regarding the plasma column length changes either with the increase of
the microwave power or the gas inflow rate have demonstrated good consistency with
experimental observations [11, 7, 99, 100, 101, 102, 37]. Besides, the magnitudes and
the variation trends of the computed parameters also agree well with other numerical

calculations [66, 67, 82] with similar MPTs and under different operation conditions.

Regarding the plasma column extension and the discharge maintenance, we have the

following conclusions:

a) When the plasma-absorbed microwave power is low (< 200 W), the plasma is
mainly confined in the rectangular waveguide and the input microwave is not able
to enter the cylindrical discharge tube.

b) When the plasma-absorbed microwave power continues to increase, the argon
plasma column extends out of the rectangular waveguide part, changing the
cylindrical discharge tube to a two-conductor-like coaxial waveguide. It removes
the limitation of cutoff frequency and allows the input microwave to propagate in
the discharge tube towards both gas inlet and outlet. In this way, the input
microwave supplies energy to the discharge, being able to sustain a long plasma
column,

c) The extension of the plasma column under a low gas inflow rate is found to be
motivated by the travelling surface wave. The length of the plasma column is
determined by the propagation distance of the surface wave under a low gas inflow

rate.

According the results about the gas flow effects on the discharge properties and wave
propagation in the discharge tube, we can conclude that:
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1) Increasing the gas inflow rate is able to decrease the propagation distance of the

travelling wave in the discharge tube, especially in the gas inlet direction.

2) Apart from the particle loss introduced by the increasingly strong gas flow
convection, the shortening of plasma column length with an increase in the gas inflow
rate is reinforced by the consequent decrease of the surface wave propagation distance.
At a high enough gas inflow rate, the discharge instability and extinction are caused by

the disappearance of the travelling wave in the cylindrical discharge tube.

3) For a MPT operated with only axial gas flow, increasing the gas inflow rate can
not solve the glass overheating problem. It is mainly due to the microwave shielding
capability of the plasma column, which restricts the heat source within a small depth of

the plasma column from surface and close to the inner glass tube wall.

The conclusions above are valid even when the gas is not the atomic argon gas and
turns to be air, helium, neon, carbon dioxide and so on. The calculations in this chapter
can provide some numerical insights to better understand the interactions between
microwave, discharge and gas flow in the MPT. Besides, the conclusions can be helpful
to optimize or better control the MPTs.
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Chapter 6 Three-dimensional fluid
modelling based on plane-symmetric

simplification

6.1 Mathematical model

Although the two-dimensional model in chapter 4 can provide some information
about the discharge properties and the wave propagation in the MPTs. However, it can
only be used to investigate the MPTs with particular geometrical size, whose discharges
are sustained by the travelling wave propagating in azimuthally symmetric TEM mode.
Besides, it does not allow to calculate the power coupling efficiency directly, because
the plasma-absorbed microwave power is assumed and predefined. In this chapter, we
propose a three-dimensional model based on the two-fluid mathematical model in

chapter 4, by making use of a plane-symmetric simplification to the calculation domain.

6.1.1 Geometrical model and computation domain

(b) Two-port MPT

Figure 6.1 Schematic structures of two types of MPTs and their calculation domains in the modelling.
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Figure 6.1 shows the schematic structures of two types of MPTs that will be modelled
in three dimensions in this chapter. Besides, it presents the calculation domains for these
two types of MPTs with the plane-symmetric simplification. With this simplification,
only a half of the MPT structure is taken into calculation.

This simplification is based on the plane-symmetry of microwave field, plasma fluid
field and gas flow field in the MPTs show in Figure 6.1. According to our analysis in
chapter 2, the microwave in the MPTs propagates in TE;, mode in the rectangular
waveguide parts and propagates in TEM or in hybrid TE;; and TEM modes in the
cylindrical discharge tube. In the plane across tube length and in the middle of the long
side of rectangular waveguide (the plane with blue colour as shown in the calculation
domain in Figure 6.1), the tangential components of magnetic field and the normal
components of electric field are zero. It means that electric fields are parallel to the

plane while magnetic fluxes are normal to plane [109].

In this case, a perfect magnetic condition (PMC) can be imposed on the plane,
although this boundary does not actually exist in the MPT device. It can be used to
simplify the calculation domain and reduce calculation demanding. Actually, imposing
a PMC boundary inside a microwave component is a common skill in microwave
engineering when doing the numerical calculations. It can be easily found in a lot of
publications [110]. The distributions of the plasma properties and gas flow field are
strongly dependent on the microwave field distribution. If the microwave field is plane-

symmetric, these fields will be accordingly plane-symmetric too.

In conclusion, the plane-symmetric simplification is valid on the condition that the
microwave in the MPT propagates in in plane-symmetric electromagnetic modes.

6.1.2 Governing equations and boundary conditions

The three-dimensional model shares the same governing equations, the same plasma
chemical reactions and most common boundary conditions as the two-dimensional
model in chapter 4. For both types of MPTs, the wave excitations on the input ports are
characterized by the wave port boundary condition in COMSOL with consideration of
the PMC boundary. For the Helmholtz equation, the plane-symmetry is achieved by the
PMC boundary, as follows:

nxH =0 (6.1)
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For the Navier-Stokes equations, the plane-symmetry is characterized as follows:

usn=0
K, —(K,en)n=0 (6.2)
K, = u(Vu+(Vu)')n

For the energy conservation equations for heavy species and electron temperatures,
the plane-symmetric boundaries are given as follows:
ne(—k,VT)=0
. 5 . (6.3)
n-(E KgT. I, -k VT,)=0
For mass conservation equations (density continuity equations for each species), the

plane-symmetric boundaries are as follows:
ne(-D,Vn,)=0 (6.4)

In order to simplify the model and get a better convergence performance, The
transport coefficients of the ions and the excited atoms in the pure argon plasma are
neither from the classic f(E/N) relation based on experiments [111] as in our first
paper [51] nor from the more general but complicated Binary gas mixture theory as in
our second paper [69] and chapter 5. In this chapter, we followed reference [67] to
calculate the free mobility of ions and the diffusivity of excited atoms in a much simpler

way as follows:

g, = 201007 1 510 [m2ev tes ]
273.16p
Hip =121, (6.5)
20 05
D,=D, = 1'16|\T10 (3?)0) [mes™]

U1 and u;, are the free mobility of atomic argon ion (Ar+) and molecular argon ion
(Ara+) respectively. The corresponding diffusivity of ions (Dy ;; and Dy ;) are obtained
via the well-known Einstein relation with the mobility in equation (6.5). P is the gas
pressure obtained from the Navier-Stokes equations. This much simpler way to obtain
the transport coefficients greatly improves the convergence performance of the three-
dimensional model, making it possible to model MPTs in three dimensions with our

current calculation capability.
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6.1.3 Implementation of the numerical calculations
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Figure 6.2 Mesh structures of the two types of MPTs.

The numerical calculations are implemented in COMSOL Multiphysics as well. The
calculation procedure and convergence criterion keep the same as for the two-
dimensional model in chapter 4. The mesh structures for the two types of MPTs are

shown in Figure 6.2.

The total number of mesh cells for the one-port MPT is 580867, while the number
for the two-port MPT is 603337. The three-dimensional calculations are implemented
on a computer which has 2 CPUs with 32 cores (Intel Xeon CPU E5-2630V3) and 72
GB of RAM memories. It takes approximately 10 days to complete a calculation of the
one-port MPT and approximately 14 days to complete a calculation of the two-port
MPT.

6.2 Results and discussion

6.2.1 Non-axisymmetric discharge properties and wave propagation in the

one-port MPT

The results in section 6.2.1 are obtained under a total input microwave power of 300

W and a gas inflow rate of 1 Lemin™.
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Figure 6.3 Electron number density distribution in the one-port MPT with a 3-mm-wall-thickness glass
tube (unit: 1/m?).
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Figure 6.4 Electron temperature distribution in the one-port MPT with a 3-mm-wall-thickness glass

tube (unit: Kelvin)

84



Figure 6.3 shows the distribution of electron number density on the plane-symmetric
surface of the plasma column in the one-port type MPT. It can be seen that the electron
number density distribution is not axisymmetric any more. The distribution has a
higher-value part that is close to the tapered rectangular waveguide and a lower-value
part near the short-circuited end. The white curve is a contour corresponding to the
critical electron number density of 7.6 x 10 m~3, which indicates the profile of the

plasma column.

Accordingly, Figure 6.4 gives the electron temperature distribution of the plasma
column on the symmetric plane in the one-port MPT. Its distribution profile matches
that of electron number density distribution in Figure 6.3. The electron temperature
value is lower than 2 eV (1eV=11602 Kelvin). The values of both electron number
density and temperature are in the same orders as those in other numerical studies [66,
67, 82].

It is worth noting that the glass tube in the cylindrical metallic enclosure has a wall
thickness of 3 mm and an inner radius of 12 mm. Besides, the relative permittivity of
the glass tube material is set to be 3.5, which corresponds to quartz glass. According to
our previous analysis in chapter 2 (Figure 2.5), the travelling wave in the cylindrical
discharge tube is not able to propagate in pure azimuthally symmetric (in cylindrical
coordinate) TEM mode with such a glass tube. Instead, the travelling microwave in the
discharge tube will propagate in hybrid TE,; and TEM modes. Because of the non-
axisymmetric TE;; mode, the discharge properties of plasma column (electron number
density, electron temperature and heavy species temperature) will become non-

axisymmetric any more.

With a mirror presentation skill, the obtained results can be shown in a complete
MPT as shown in Figure 6.5. It presents the distributions of the microwave electric field
intensity in the one-port MPT. It demonstrates that the input microwave indeed entered
and propagated in the cylindrical discharge tube. Combined with the plasma column
profile in Figure 6.3, it can be observed that the travelling microwave propagated along
the plasma column towards both ends of the glass tube. However, when the plasma
column has an electron number density that lower than the critical density 7.6 x

10 m=3, the microwave stopped propagating.
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Figure 6.5 Distributions of the microwave electric field intensity in the one-port MPT with a 3-mm-
wall-thickness glass tube (unit: V/m)
Furthermore, Figure 6.5 proves that the microwave in the discharge tube propagate
in hybrid TEM and TE;; modes, because of the azimuthal non-symmetric (in
cylindrical coordinate) distribution of the microwave electric field at a cross section of

the discharge tube.

6.2.2 Axisymmetric discharge properties and wave propagation in the one-
port MPT

According to our analysis in chapter 2, when the wall thickness of a quartz glass tube
(Relative permittivity is 3.5) is larger than 10 mm, the input microwave is able to
propagate in azimuthally symmetric TEM mode in the discharge tube, even for the one-
port MPT. Therefore, in this section, a three-dimensional modelling of the one-port
MPT with a 12-mm-wall-thickness glass tube is implemented to investigate the
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discharge properties and wave propagation characteristics. The results are obtained

under a total input microwave power of 100 W and a gas inflow rate of 0.1 Lemin™.
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Figure 6.6 Electron number density distribution in the one-port MPT with a 12-mm-wall-thickness

glass tube (unit: 1/m?®)
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Figure 6.7 Electron temperature distribution in the one-port MPT with a 12-mm-wall-thickness glass

tube (unit: Kelvin)

87



Figure 6.6 presents the electron number density distribution of the plasma column on
the symmetric plane in the one-port MPT with a 12-mm-wall-thickness glass tube.
Unlike the discharges in the MPT with the glass tube having a much smaller wall
thickness (Figure 6.3), the plasma column in Figure 6.6 has an approximately
axisymmetric electron number density distribution. Higher-value parts of the electron
number density distribution occur in the centre of the plasma column. Besides, the
electron number density is even much higher than that in Figure 6.3 with a much lower
input microwave power (300 W). Figure 6.7 shows the corresponding electron
temperature distribution, which demonstrated a much better axially symmetry than the

electron number density distribution in Figure 6.6.

Figure 6.8 Distribution of the microwave electric field intensity in the one-port MPT with a 12-mm-

wall-thickness glass tube (unit: \V/m).
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Figure 6.8 gives the distribution of the microwave electric field intensity in the one-
port MPT with a 12-mm-wall-thickness glass tube. It can be seen that the input
microwave entered and propagated in the cylindrical discharge tube as well. However,
the microwave field distribution characteristics have demonstrated great difference than
that in Figure 6.5, which has a more axisymmetric distribution. Its microwave field
distribution characteristics on the cross section of the discharge tube in the metallic
enclosure can prove that the microwave propagates in TEM mode. In this case, it is
reasonable to simplify the discharge tube of the one-port MPT in two dimensions with

the axisymmetric approximation, as we analysed in chapter 4 and done in chapter 5.

6.2.3 Discharge properties and wave propagation in the two-port MPT with

microwave excitations from both ports

In chapter 2, we have analysed the effects of the energy-input ways on the
electromagnetic mode of the microwave in the discharge tube. It was concluded that
the microwave can propagate in TEM mode in the discharge tube of the two-port MPT,
providing that the microwave energy comes from both ports with the same power, phase
and frequency. In chapter 4 and 5, we have established a two-dimensional model to
numerically investigate discharge properties and wave propagation characteristics in
the two-port MPT.

However, the conclusion was made in chapter 2 without consideration of the dynamic
discharge having assumed a constant electron number density and collision frequency.
The numerical investigations in chapter 5 were done in two dimensions with the
axisymmetric simplification. These previous works can not strongly prove that the
microwave will definitely propagate in TEM mode in the two-port MPT, even the

microwave energy comes from both ends.

Therefore, a three-dimensional modelling of the two-port MPT is conducted in this
section to diagnose the effects of the energy-input ways and validate the analysis in our
previous works. The glass tube has a wall thickness of 3 mm (relative permittivity is
set to be 3.5), allowing the existence of the non-axisymmetric higher-order TE;; mode

in this case.

The following results in this section (Figure 6.9-6.11) are obtained under a total input
microwave power of 300 W (150 W for each port) and a gas inflow rate of 1 Lemin™.
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Figure 6.9 Electron number density distribution in the two-port MPT (unit: 1/md).

Figure 6.9 shows the electron number density distribution of the plasma column on
the symmetric plane in the two-port MPT. It can be observed that the distribution is

relatively axisymmetric to the axis in the centre of the plasma column.
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Figure 6.10 Electron temperature distribution in the two-port MPT (unit: Kelvin).

Figure 6.10 presents the electron temperature distribution of the plasma column on
the same surface as in Figure 6.9. The distribution characteristics also have
demonstrated a good symmetry to the axis in the centre of the plasma column.
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Figure 6.11 Distribution of the microwave electric field intensity in the two-port MPT (unit: \V/m).
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Figure 6.11 shows the distribution of the microwave electric field intensity in the
two-port MPT. The microwave electric field distribution in the discharge tube, that is
axisymmetric to the axis in the center of the plasma column, demonstrates that the
microwave indeed propagates in TEM mode. The non-axisymmetric higher-order mode
TE;; was successfully suppressed. It is valid to simplify the discharge tube in two

dimensions for the two-port MPT even with a glass tube having a small wall thickness.

6.2.4 Comparison of the results from two-dimensional axisymmetric

modelling and three-dimensional plane-symmetric calculation

Although the two-dimensional simulations in chapter 5 provided important and
meaningful numerical insights about the discharge and wave propagation
characteristics in MPTs, they have been conducted with the simplification of

calculation domain and the assumption that microwave in the discharge tube and around
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the glass tube in the rectangular waveguide part are axially symmetric. People may
wonder how much difference is there between the results from three-dimensional

calculation and simplified two-dimensional modelling.

Figure 6.12-6.15 present the comparison of results from two-dimensional
axisymmetric modelling and three-dimensional plane-symmetric calculation. The two-
dimensional results are obtained under a total plasma-absorbed microwave power of
300 W and a gas inflow rate of 1 Lemin™. The three-dimensional results are obtained
under a total input microwave power of 300 W (150 W for each port) and a gas inflow

rate of 1 Lemin* as well. The glass tubes in both models have the same wall thickness

of 3 mm.
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Figure 6.12 Electron number density distributions of the plasma column in the two-port MPT with a 3-
mm-wall-thickness glass tube (unit: 1/m?). (a) Result from the two-dimensional simulation (b) Result
from the three-dimensional simulation.

Figure 6.12 shows the electron number density distributions of the plasma column
from both the two-dimensional simulation and the three-dimensional modelling. The
two-dimensional result is shown with a mirror presentation skill (Figure 6.12 (a)). The
black line in the centre of the plasma column in Figure 6.12 (a) is symmetric axis. The
three-dimensional result (Figure 6.12 (B)) is the electron number density distribution

on the plane-symmetric surface of the plasma column, which is the same as in Figure
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6.9. The following Figures 6.13-6.15 present the obtained results in the same way as in
Figure 6.12.

It can be seen that the electron number density distributions are considerably similar
in general. They have similar profile, distribution characteristics and magnitudes of
value. In conclusion, Figure 6.12 shows a negligible difference between the results from

two-dimensional and three-dimensional calculations.
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Figure 6.13 Electron temperature distributions of the plasma column in the two-port MPT with a 3-
mm-wall-thickness glass tube (unit: Kelvin). (a) Result from the two-dimensional simulation (b) Result
from the three-dimensional simulation.

Figure 6.13 gives the electron temperature distributions of the plasma column in the
two-port MPT from both the two-dimensional simulation and the three-dimensional
modelling. The two obtained electron temperatures have the same minimum value (669

Kelvin), highly similar distributions and considerably close maximum value.

Figure 6.14 shows the temperature distributions of the plasma column and Figure
6.15 presents the distributions of the microwave electric field intensity from both the
two-dimensional simulation and the three-dimensional modelling. In general, Figure
6.14 and 6.15 have shown a very small difference between the distributions of the

computed parameter from two-dimensional and three-dimensional calculations.

93



A 3.43E3 A 3.34E3

3.00E3
3.00E3

2.50E3
2.50E3
. GBS 2.00E3
i SEBES 1.50E3
1.00E3 1.00E3

v 661 6.62E2

(a) (b)

Figure 6.14 Heavy species temperature distributions of the plasma column in the two-port MPT with a
3-mm-wall-thickness glass tube (unit: Kelvin). (a) Result from the two-dimensional simulation (b)

Result from the three-dimensional simulation.
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Figure 6.15 Distributions of the microwave electric field intensity of the plasma column in the two-
port MPT with a 3-mm-wall-thickness glass tube (unit: V/m). (a) Result from the two-dimensional

simulation (b) Result from the three-dimensional simulation.
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It is found that the maximum values from the two-dimensional simulation are higher
than those from three-dimensional modelling in Figure 6.12-6.14. However, the
microwave electric field intensity from the three-dimensional modelling is a little
higher than that from two-dimensional simulation, as shown in Figure 6.15. Besides,
the highest values from three-dimensional modelling occur on the edges of the

interaction part between the rectangular waveguide and the glass tube.

Compared with the two mathematical models, these minor difference may be
introduced by the following impacts:

(1) Different transport properties applied in the three-dimensional modelling for

better convergence performance.

(2) The microwave power of 300 W in the two-dimensional modelling is assumed
to be totally absorbed by the plasma without considering the power reflection.
However, 300 W are the input microwave power in the three-dimensional
calculation and part of the input microwave power is reflected. Actually, the
microwave power coupling efficiency is approximately 82% ((123.5 W X 2) +
(150 W x 2)). It can explain why the values from two-dimensional simulation

are higher than those from three-dimensional modelling in Figure 6.12-6.14.

(3) Sharp corners can lead to singularities in solving Helmholtz equation using finite
element method, resulted in overestimation of the microwave electric field
intensity. In the two-dimensional modelling, the transition edges of the
rectangular waveguide to the cylindrical discharge tube (sharp corners) were
neglected. Therefore, the microwave electric field intensity from the three-
dimensional modelling is higher than that from two-dimensional simulation in
Figure 6.15.

However, despite these negligible differences, the numerical results from both two-
dimensional simulation agree well with the results from three-dimensional modelling.
The consistency proves that it is valid to simplify the calculation domain of the two-
port MPT with microwave excitations from both ports in two dimensions and it will not

introduce too much errors.
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6.3 Conclusions

In this chapter, we have proposed a three-dimensional model to investigate the
discharge properties and wave propagation characteristics in the MPTSs, based on the

plane-symmetric simplification of the calculation domain.

With this model, we have numerically modelled the steady-state argon discharges
under atmospheric pressure in both the one-port MPT and the two-port MPT with two
different glass tubes. Besides, we have compared the results about the two-port MPT
from the two-dimensional simulation with the axisymmetric simplification and the
three-dimensional modelling with the plane-symmetric simplification. The main

conclusions can be summarized as follows:

(1) When the wall thickness of the glass tube in the one-port MPT is small, the plasma
column will have higher values of electron number density and temperature near
the tapered waveguide facing the energy-input port. The plasma properties are not
axisymmetric and the microwave propagates in hybrid electromagnetic modes in

the discharge tube.

(2) It is numerically proved that input microwave can propagate in the azimuthally

symmetric (in cylindrical coordinate) TEM mode even in the one-port MPT.

(3) When the microwaves come from both ports with the same power, phase and
frequency, the two-port MPT will have axisymmetric distributions of plasma
properties and wave propagation characteristics in the discharge tube. In this
energy-input way, non-axisymmetric higher-order electromagnetic modes can be

restrained.

(4) Even the discharge tube of the two-port MPT allows higher-order electromagnetic
modes to exist, the two-dimensional axisymmetric simplification is valid, when the
microwaves energy is input from both ports with the same power, phase and

frequency.

Besides the limitations introduced by the ambipolar diffusion approximation detailed
in chapter 4, the three-dimensional steady-state model in this chapter can not be used

to simulate the instant the ignition process and model the filamentary discharge.
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Chapter 7 Conclusions and future

works

7.1 Conclusions

The objective of this dissertation is to better understand the discharges and the
microwave propagation in MPTs. To achieve this goal, the following works have been
conducted:

(1) The waveguide structure change of the discharge tube with metallic enclosure in
the MPTs has been discussed and a new criterion is proposed to determine this
waveguide structure transition. The propagating electromagnetic modes of the
travelling microwave in the discharge tube with metallic enclosure in MPTs and
the existence conditions of these modes have been theoretically investigated and

numerically validated.

(2) Experiments have been conducted to explore the glass tube effects on the power
coupling efficiency of a waveguide-based MPT under different operational

conditions (different pressures, microwave input powers and gas inflow rates).

(3) A two-dimensional fluid model based on ambipolar diffusion approximation and
axisymmetric simplification of the calculation domain is proposed to numerically

model the argon discharges in the MPTs under atmospheric pressure.

(4) Numerical simulations based on the proposed two-dimensional model are
conducted to investigate the mechanism of plasma column length variation, glass
overheating problem, changes of discharge properties and wave propagation

characteristics under different microwave powers and gas inflow rates.

(5) A three-dimensional model based on our previous two-dimensional model is
proposed based on a plane-symmetric simplification of the calculation domain of
the MPTs. With this three-dimensional model, we have numerically modelled the
discharges sustained by pure azimuthally symmetric TEM mode and by hybrid
non-axisymmetric modes in MPTSs. Besides, regarding modelling the two-port
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MPT, the two-dimensional simulation results have been compared with the

results obtained from the three-dimensional modelling.

After these works, we have made some conclusions, which can be summarized as

follows:

1. The waveguide structure of the discharge tube with metallic enclosure in the
MPTs can change with variation of the plasma column properties. When the
plasma skin depth is larger than the diameter of the plasma column, the
discharge tube remains to be a one-conductor circular waveguide filled with a
multiple-layer medium. While the plasma skin depth is smaller than the radius
of the plasma column, the plasma column, the glass tube and the metallic
enclosure will form a two-conductor-like coaxial waveguide, allowing the input
microwave to enter the discharge tube and propagate along the plasma column.
The cylindrical discharge tube is no longer cut-off for the input microwave any

more.

2. Ina MPT with a metallic enclosure that bounds the glass tube, the m=0 mode
of the travelling microwave in the discharge tube can be TEM mode as well,

when the discharge tube becomes a two-conductor-like coaxial waveguide.

3. The wall thickness and the dielectric permittivity of the glass tube are able to
determine the microwave propagating modes allowed to exist in the two-
conductor-like discharge tube. For the one-port MPT in this chapter, the glass
tube is even able to determine whether the travelling wave propagates in a pure
TEM mode or in hybrid modes in the discharge tube. It indicates that it is
possible to control the propagating electromagnetic modes of the travelling
microwave in the discharge tube of MPTs for different purposes by choosing a

proper glass tube with particular wall thickness and dielectric property.

4. The non-axisymmetric TE;; can be restrained in the two-port MPT, when the
microwave energy is supplied from both ports with the same frequency, phase
and power. In this case, the two-port MPT will have axisymmetric distributions
of plasma properties and wave propagation characteristics in the discharge tube,
even the discharge tube of the two-port MPT allows non-axisymmetric higher-

order electromagnetic modes to exist.
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10.

11.

Increasing the thickness of the glass tube wall is able to improve the power
coupling efficiency under both low pressures and atmospheric pressure.
Furthermore, when the input microwave power becomes different, this

efficiency-improving method is still valid.

A power coupling efficiency around 90% can be achieved by simply choosing
a proper glass tube with its wall thickness in particular range rather than using
external tuning measures like the movable short-circuit ending plunger or the
three-stub tuner. For the MPTs having a metallic enclosure with the inner

diameter of 30 mm), the wall thickness should be 5.5-9 mm.

Besides the cylindrical metallic enclosure that bounds the glass tube, the argon
plasma column under atmospheric pressure is able to act as another conductor,
changing the discharge tube to a two-conductor-like coaxial waveguide. It
removes the limitation of cut-off frequency and allows the input microwave to
propagate in the discharge tube towards both the gas inlet and outlet. In this
way, the input microwave supplies energy to the discharge, being able to sustain

a long plasma column.

The plasma column length extension in the discharge tube with the increase of
microwave power is actually driven by the travelling microwave in the
discharge tube. The length of the plasma column is determined by the
propagation distance of the microwave in the discharge tube under a low gas

inflow rate.

Increasing the gas inflow rate will decrease the propagation distance of the

travelling wave in the discharge tube, especially in the gas inlet direction.

Apart from the particle loss introduced by the increasingly strong gas flow
convection, the shortening of plasma column length with an increase in the gas
inflow rate is reinforced by the consequent decrease of the surface wave
propagation distance. At a high enough gas inflow rate, the discharge instability
and extinction are caused by the disappearance of the travelling wave in the

cylindrical discharge tube.

For a MPT operated with only axial gas flow, increasing the gas inflow rate can
not solve the glass overheating problem. It is mainly due to the microwave

shielding capability of the plasma column, which restricts the microwave
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heating within a small depth of the plasma column from surface and close to the

inner glass tube wall.

12. When the wall thickness of the glass tube in the one-port MPT is small, the
plasma column will have higher values of electron number density and
temperature near the tapered waveguide facing energy-input port. The plasma
properties are not axisymmetric and the microwave propagates in hybrid

electromagnetic modes in the discharge tube.

13. 1t is valid to simplify the calculation domain of the discharge tube in two-
dimensions with the axisymmetric simplification, when the microwave in the
discharge tube propagates in azimuthally symmetric modes (TEM mode for
example). For the two-port MPT with microwave excitations on both ports with
the same power, phase and frequency, negligible difference has been found in

the results from two-dimensional simulation and three-dimensional modelling.

7.2 Future works

This thesis has investigated the gas discharge phenomena and the wave propagation
characters in MPTs by theoretical analysis, experimental exploration and numerical
simulation. Although we have obtained some results and conclusions in this thesis,
some problems still remain unsolved due to the limited time and they will be our future

works.

A. Development of new models to simulate the discharges in MPTs under low

pressures.

The plasma fluid modelling in this thesis only involved the argon discharges under
atmospheric pressure. When the gas pressure is low, the discharges are very different
from the discharges under atmospheric pressure. Therefore, it is necessary to develop a
new model to investigate the discharges in the MPTs under low pressures.

B. Development of three-dimensional models for the MPT operating with other
kinds of gases, such as helium, nitrogen, oxygen, hydrogen, carbon dioxide and

their mixtures.
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For the popular applications of MPTs such as the hydrogen production and the carbon
dioxide elimination, it requires a fast, efficient and accurate model that can be used to

simulate the discharges with other types of gases especially the gas mixtures.
C. Direct comparison of the computed parameters with experimental results.

Due to the lack of plasma diagnostic measures, we have only compared the value
orders and the variation trends of the computed parameters in this thesis with those from
other numerical studies and experimental observations. Therefore, a direct comparison

of the computed parameters with experimental data is required in the future.

D. Investigation of other kinds of MPTs and development of new MPTSs.
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