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1

General Introduction

Hear first the four roots (states of matter) of all
things: bright Zeus (plasma), life-giving Hera (gas),
and Aidoneus (solid), and Nestis (fluid) who moistens
the springs of men with her tears.

Empedocles, Translation of the Fragments: Book I,
490-430 BC

Abstract. Microwave plasmas are often used in technological applications. In this work
we are especially interested in plasmas that are used in one stage of the manufacturing
process of optical glass fibres. This process is called the Plasma Chemical Vapour
Deposition (PCVD) process. SiCl4 and O2 gases (and possible trace gases) are excited,
dissociated and ionised in a substrate tube by electromagnetic waves. By choosing the
geometry carefully and guiding the waves with slit and chokes, power can be coupled
very efficiently. A reactive plasma is formed that deposits (doped) glass (SiO2) on the
inside of this tube. To better understand this process and to be able to optimise it
eventually, computer simulations are made for several plasmas and plasma conditions.



Chapter 1.

1.1 Introduction

Throughout history, man has tried to understand the nature of substances. In ancient
Greece, Empedocles [1] posed that all substances were built up of four elements, namely
earth, water, air and fire. He was wrong, but there is an interesting analogy between his
four elements and the four aggregation states of matter. Under normal conditions earth is
a solid, water a fluid, air a gas and fire a plasma.
This thesis is mainly devoted to the plasma state, often denoted as the fourth state of
matter. Due to its complexity there are many definitions, but in our case the following is
most relevant:
A plasma is a (hot) gas that contains so many free electrons and ions that its behaviour is
dominated by these particles.

It is often said, that plasmas are everywhere. Indeed, over 99% of the visible material
in our universe is in the plasma state. There is a large diversity in cosmic plasmas ranging
from dense stars with huge interior temperatures to low density relatively cool interstellar
nebulae. The plasmas that are used in technological applications also show a large variety,
for instance in size, pressure, energy density and energy-coupling mode. Moreover, these
plasmas are often much richer in chemical composition than what we can find in the cosmos.
For example, there are plasma-lamps burning on a filling of (almost) pure Hg or Xe while
the fluorescent (energy-saving) lamps are based on mixtures of a noble gas and Hg. In
process technology we encounter complex mixtures of oxygen, carbon, chlorine and/or
fluorine compounds.

When plasmas are created in a controlled environment, they can be applied in many
useful production processes. Some examples are sputtering, deposition (solar cells, optical
fibres), surface treatment, etching (microchips), gas cleaning, generation of light for display
purposes (plasma television) or illumination and lithography.

A well-known aspect of plasmas is that they generate heat and radiate light. This
implies that a plasma needs a supply of energy. There are several ways to couple power
to plasmas. For example, by exothermal chemical processes as in the fire of a candle, by
nuclear fusion as in the case of the sun or by radiation pumping, a mechanism that drives
laser ablation and generates interstellar and intergalactic nebulae.

In technology the nature of the driving energy is mostly electromagnetic (EM). The
basic principle is that the EM field accelerates the electrons and that by elastic and inelastic
collisions the electron energy is transferred to the other plasma constituents, the heavy
particles. This results in the heating of the plasma and the creation of radicals and charged
particles.

Using the driving frequency of the EM energy coupling as a classification-guide we
get the following sequence for increasing frequency: (quasi) direct current (DC) driven,
capacitively coupled (CCP), inductively (ICP) coupled, microwave induced (MIP) and
laser produced plasmas (LPP). The corresponding wavelength ordering reveals that the
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General Introduction

MIP subclass occupies a special position: The wavelength range of microwave1 energy is
in the same order as the dimensions of typical technological applications.

This implies that the wave-created plasma can be shaped and sized by manipulating
the wave structure so that the plasma can be operated electrode-less at positions far away
from the wave launcher2.

A second related advantage is that there are almost no limitations in selecting the
chemical composition of the plasma gas. This is because electrode-less MIPs do not suffer
from corrosive plasma-electrode interactions [2] and there is no deposition on electrodes. As
a result MIPs can be operated for a wide range of conditions. Power levels can range from
a few Watts up to several hundreds of kilowatts, the pressure can have a value between
10−3Pa and several bars, whereas many different discharge gases might be used; both
noble and (strongly reactive) molecular gases. A result of this broad range of operational
conditions is that many different types of MIPs can be created.

There are three main types of microwave induced plasmas; those created by microwave
torches, microwave launchers (surface-wave plasmas) [2] and microwave resonators. The
industrial set-up at the company Draka which is described in Chapter 4, the main subject
in this thesis, uses a travelling microwave resonator, while the set-up at FORC in Chapter 3
is based on a surfatron.

It is the aim of this thesis to construct models that are capable to simulate different MIPs.
The ultimate goal is to gain the capability to predict the behaviour and the production
features of the MIP that is used for Plasma Chemical Vapour Deposition (PCVD) at the
company Draka. This PCVD is the first step in the production of high–tech optical fibre.
This simulation of industrial MIPs is a difficult task for which a step-by-step approach is
used. For this purpose, several different types of plasma models and modules were con-
structed in the frame-work of the STW project ETF 6265 and the results of these models
were compared to those obtained by experiments.

The MIP used at Draka is created by a travelling microwave resonator; the power in
range of several kW, at a frequency of 2.45GHz, is coupled to a mixture of oxygen and
silicon tetrachloride. The radius of the plasma is on the order of 7 mm [3] the pressure is
about 10 mbar. Due to the pressure and small sizes, transport processes will be important
and large departures from equilibrium can be expected. This implies that the distribution
laws, that are well-known in the field of equilibrium statistical mechanics, can not be
employed and that many different plasma aspects have to be modelled.

1The term microwave can be misleading because the wavelength is not in the order of µm as the name
suggests, but in the order of a cm to a meter.

2This remote energy coupling has an analogy in a microwave oven, where the water molecules in food
or drinks are heated by directed electromagnetic waves, so without any contact to a plate or flame.

3



Chapter 1.

1.2 Plasma Characterisation

The number of independent parameters that is needed to describe a plasma, depends on
the degree of departure from equilibrium. The lower this degree, the smaller the required
number will be.

If all elementary processes are in equilibrium, there is thermodynamic equilibrium (TE).
The state of matter can be described by the temperature and the chemical composition;
the distribution of the species over the excited states and ion stages obeys the laws of
Boltzmann and Saha; the velocity distribution follows Maxwell’s law and the photon energy
distribution is given by the Planck formula [4]. Thus the presence of TE implies that no
radiation may escape from the plasma. However industrial plasmas are usually so small
that self-absorption of radiation cannot be realized meaning that TE conditions cannot be
realized on the laboratory scale.

The first stage in the departure from equilibrium is that of local thermodynamic equi-
librium (LTE), in which all material reactions are in equilibrium in a way that depends on
the location.

1.2.1 Thermal Equilibrium

When the distribution of the kinetic energy of all material particles species is given by
Maxwell distribution functions with the same temperature, there is thermal equilibrium.
Thus the electron temperature Te is equal to the temperature of the heavy particles Th.
However, this temperature equality is easily disturbed because the electrons {e} are heated
by the EM field while the heavy particles {h} are cooled by means of wall collisions. These
opposite external effects may easily lead to a temperature inequality since the electrons
and heavy particles are kinetically only weakly coupled. The reason is that the energy
transfer between {e} and {h} is not very efficient due the large mass difference me/M ≪ 1
between the heavy particles (M) and electrons (me).

The energy flow schematically given as

EM → {e} → {h} → wall

results in Te > Th and at least two temperatures are needed to describe such a plasma.
If on the other hand the energy exchange between the electrons mutually and between
the heavy particle is effective enough, we do not need more than two temperatures to
describe the kinetic energy distribution over the material particles. We will assume that
two temperatures are sufficient to describe the plasmas under study. These are the so-called
two-temperature plasmas.

1.2.2 Chemical (non-) Equilibrium; the Saha-Boltzmann Relations

In this study we will use the concept of chemistry in a generalized way; namely the con-
version of a species into another particle type. So excitation and ionisation processes are
regarded as chemical processes.

4



General Introduction

The first step in the classification of chemical processes is the ordering in forward and cor-
responding backward processes. Here ”corresponding” means that the processes act along
the same channel but in the opposite direction. In this way reactions are classified by
balances that can be in or out of equilibrium.
The first balance we deal with is the Boltzmann balance of excitation and de-excitation.
If this is induced by electrons we have

AZ+(p) + e + (∆Eexc) ↔ AZ+(q) + e (1.1)

where AZ+(p) is the p’th excited state of the atom, molecule or ion AZ+. If the Boltzmann
balances equilibrate we get the following relation between the densities of the lower p and
upper level q.

n(q)

n(p)
=

gq

gp

exp

(

−∆Eexc

kT

)

(1.2)

where gp is the degeneracy of the excited level p and ∆Eexc is the energy difference between
the two excited levels.

The Saha balance describes the balance between electron ionisation and two-electron
recombination

A(Z−1)+ + e + (∆Ei) ↔ AZ+ + e + e (1.3)

It thus describes the relation between two subsequent ionisation stages.
If the Saha balance is in equilibrium we get the following relation between the population

density of two subsequent ionisation stages

nZ+ne

nZ
=

2Q(T )Z+

Q(T )Z

(

2πmekT

h2

)3/2

exp

(

−∆Ei

kT

)

(1.4)

where Q(T )Z+ and Q(T )Z are the partition functions of the subsequent ionisation stages.
k is the Boltzmann constant and h is the Planck constant. If this equation is valid we get
among other things an easy prescription of the ionisation degree of the plasma.

Another balance that is of special importance in molecular plasmas is that between
dissociation and association

AB + (DAB) ↔ A + B (1.5)

If the number of forward processes is the same as the number of backwards processes, the
dissociation degree can be described by the Guldberg-Waage relation

nAnB

nAB

=
Q(T )AQ(T )B

Q(T )AB

(

2πµABkT

h2

)3/2

exp

(

−DAB

kT

)

(1.6)

Where DAB is the dissociation energy of AB, and µAB is the reduced mass of the system
(A,B)

µAB =
mAmB

mA + mB

(1.7)

The balances of the Boltzmann, Saha and Guldberg-Waage types can be brought out
of equilibrium if the frequencies of the equilibrium disturbing processes are larger than
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those of the equilibrium restoring ones. A systematic treatment of the various causes of
equilibrium departures and their effect on the distribution functions is given by the method
of Disturbed Bilateral Relations (DBR) [5] [6]. In Chapter 8 for example, we can see that
in some cases volume ionisation occurs, but volume recombination is slower than diffusion
to the wall.

In this thesis we deal with non-LTE plasmas for which most of the Guldberg-Waage,
Boltzmann and Saha balances are out of equilibrium. Thus, equation 1.2, 1.4 and 1.6 can
not be used. To calculate the atomic state distribution function (ASDF), the ionisation
degree and the dissociation degree, so-called collisional radiative models (CRM) [7] have
to be employed. A CRM takes into account various transitions between (excited) species
as induced by electron impact and (effective) radiative decay. This requires a lot of input
data (collision cross-sections) which is often hard to acquire. With plasimo both LTE
and non-LTE plasmas can be simulated. A steady-state CRM, one of the built-in tools,
can be applied to atomic plasmas. It has the possibility to calculate the rate coefficients
from the cross sections. In Chapter 8 of this thesis we will introduce the PyRate module,
a CRM that is used to give insight in the dominant species and the main reaction channels
in molecular plasmas. These insights can be used in grand models in which chemistry is
solved in conjunction with transport and energy coupling.

1.3 Plasma Chemical Vapour Deposition

As stated before it is the main goal of this study to construct a grand model that is capable
to describe the MIP that is used for Plasma Chemical Vapour Deposition (PCVD) process
by the company Draka. This MIP is used in one of the process-steps for the creation of
optical glass fibres. This process uses a microwave resonator to deposit layers of glass with
pre-determined refractive index on the inside of a quartz substrate tube. Subsequently, this
hollow tube is collapsed into a massive preform by heating it. Next this collapsed preform
is heated up to the melting point so that from this quasi-liquid a fibre can be drawn. The
different stages in the fibre fabrication process are depicted in Figure 1.1. In this report,
only the PCVD process is under investigation. For a more in-depth review of the other
processes, see [8].

The radial profile of the refractive index of the fibre is a direct result of the profile of
the preform. Thus by controlling the plasma-deposition process, certain properties of the
fibre can be controlled.

The resonator that feeds electromagnetic energy to maintain the plasma, moves slowly
back and forth along the tube, see Figure 1.2. Consequently, the plasma also moves back
and forth, depositing a thin layer of material on each pass and smoothing the axial de-
position profile. By changing the gas flow of certain dope elements (e.g. Ge, F) on each
pass, every layer has its own refractive index. Various layers are deposited, each with its
own refractive index. This allows the creation of a predetermined radial profile for the
refractive index of the tube.
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plasma

wall

inlet outlet

fibre

DrawingCollapsingPCVD

Substrate tube

Figure 1.1: Schematic representation of the three steps of the production process used for the
creation of optical fibres. On the left-hand-side, the PCVD deposition is shown, in the middle
the collapsing of the preform and on the right-hand-side the drawing of the fibre.

Figure 1.2: Representation of the setup used at Draka, taken from [9]. A resonator, fed by
a magnetron via waveguides, moves along the tube. The plasma inside the resonator deposits
glass on the inside of the quartz substrate tube.
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1.4 Characterisation of the PCVD Plasma

Internal plasma parameters such as the electron temperature and density can not be
changed directly. They depend in a complex way on the control parameters such as the
pressure, size, the chemical composition of the feed gases and the power density. Global
models [10] [11] can, under certain conditions, give a quasi-analytical relation between the
control parameters and the plasma properties such as the electron temperature and density.
However, to get a more precise insight in the structure of the energy coupling, the spatial
distribution of the various chemical species and their function in the deposition mechanism,
we need to construct a grand model.

Since the pressure in the plasma at Draka is 103Pa, it is expected that the equality
Te = Th does not hold. Therefore a two-temperature model has to be used.

Moreover, due to the relatively low pressure it is expected that the diffusive fluxes are
large. These strong effluxes will, amongst others, disturb the Saha balance so that a CRM
is needed to describe the atomic state distribution function (ASDF) and the degree of ion-
ization. Of course this means that a lot of data on elementary processes, such as collision
cross sections, is required.

The most important overall reaction in the plasma is

SiCl4 + O2 → SiO2 + 2Cl2 (1.8)

but this most likely occurs through many intermediate steps, for which we need to know
the cross-sections.

As the departure from equilibrium is determined by transport processes, we need to
model the flow properties of the plasma as well. Thus the simulation of the chemistry
needs to be done in multiple dimensions and in conjunction with the transport and energy
coupling mechanisms.

1.5 Global versus Grand Modelling

Plasmas are usually so complex, that numerical models are needed to get a better un-
derstanding. For this purpose, the Plasma Simulation Model (plasimo) is developed at
the plasma groups at the Eindhoven University of Technology (TU/e). The aim of the
plasimo project is to create a comprehensive set of tools allowing the simulation of many
different types of plasmas. The code is constructed in a modular way, so that it can be
extended easily. Three important aspects of a plasma simulation model are the transport,
the chemistry and the energy coupling.

In literature many different types of models can be found for the description of plasmas
or plasma aspects. There are e.g. models that calculate the wave propagation in a plasma
for which the charge distribution is given, models that can be used to calculate the spec-
tral line shape or intensity of certain transitions if the electron density, temperature and
pressure are known, models to calculate the cross sections of electron induced transitions
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and so on. These models can be denoted by specific or dedicated models. They model some
plasma aspects based on the assumed knowledge of other internal plasmas properties. Thus
in many cases both input and output are (internal) plasma quantities.
We speak about a Grand model if the plasma is modeled in its totality. In that case both
the model input and output are external quantities. Input parameters are the control pa-
rameters, the external settings like pressure, fill-chemistry, vessel dimensions and applied
voltage (or current); the output is the set of plasma products such as the production of heat,
the generation of radiation, the plasma chemistry, and the efflux of radicals. The route
from external settings to the plasma products is guided by the laws of plasma physics and
based on microscopic quantities such as cross sections and transition probabilities. There
is no place for empirical (fudge) factors!

The simulation model that is created with the plasimo frame-work to simulate MIPs is
a grand model. It is aimed at computing plasma properties and plasma products on bases
of the control parameters. Applying a Grand model does not mean that there is no place
for dedicated models. In Chapter 8 we will describe the construction of the dedicated model
PyRate. It is a zero dimensional model that calculates the chemical composition using a
very simple model for transport frequencies and assuming values of electron temperature
and density. The aim of PyRate is to guide the understanding and simplification of the
chemistry of oxygen and SiCl4 containing plasmas and to facilitate the modelling of these
plasmas. Models that disregard any spatial effects, are defined as global models. Because
PyRate is zero dimensional, it is also a global model.

Working with a Grand model does not mean that there is no place for simplifications.
On the contrary, to describe the plasma in its totality assumptions are indispensable, es-
pecially if we deal with such a complex system as a MIP. After all it is a model. Several
assumptions have to made in constructing the mathematical frame-work for the set of (sim-
plified) physics equations, and by choosing the numerical solution procedure. The basic
assumptions for our plasmas are that they are rotationally symmetric, so that transport
and energy coupling can be handled in a 2D configuration, that the flow is laminar, time
independent, the plasma unmagnetised and that the cells in which the volume are divided
are charge neutral. The source term can be computed by dedicated models, as an example:
for the plasma chemistry the tool PyRate is developed (cf. Chapter 8). It is possible under
certain conditions to simplify the energy coupling from a two to a one dimensional module.
Instead of employing the 2D Yee algorithm describing the Maxwell equations (Chapter 2)
needed for the cavity configuration we can apply a dispersion relation approach (Chapter 6).

The surfatron set-up [12] was constructed at the TU/e to facilitate the validation of the
model with experiments that can easily be performed due to the open structure of the sur-
fatron. In this way a stage was created in between the complicated Draka plasma, a plasma
in a cavity, where measurements are very difficult to perform, and the Grand model.
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Table 1.1: Physical dimensions of the modules in different models.

Plasma Chemistry EM Transport
Surfatron 0D 1D 2D

Draka cavity 0D 2D 2D
PyRate 0D 0D 0D

1.6 Organisation

This thesis is organised in the following way. First of all, we describe the transport as-
pects of our grand model plasimo and the implementation of electromagnetic incoupling
in Chapter 2. After that, the power-modulated plasma as studied in the Fibre Optics Re-
search Center in Moscow is discussed in Chapter 3. From the time-dependent behaviour,
a method can be constructed that could be used to measure overall rates. Then Chap-
ter 4 describes a simulation performed with plasimo of the resonator in combination with
an argon plasma. Note that this chapter is mostly in article form, and certain parts are
repeated from Chapter 2. Chapter 5 extends this, by the implementation of chokes to
confine this plasma. Note again that several parts are rephrased from Chapter 2. In
Chapter 6, an alternative method to describe the electromagnetic incoupling is explored
for a surfatron plasma. After that, the theoretical background needed for the description
of an oxygen plasma is given in Chapter 7. Then, the global plasma model PyRate is
applied on an oxygen chemistry in Chapter 8 in order to find an equivalent, simpler de-
scription of the chemistry. This simplified chemistry is subsequently used in the grand
plasma model plasimo, in combination with the electromagnetic model from Chapter 2.
These simulations are described in Chapter 9. Furthermore, we perform a proof-of-concept
investigation of the chemistry of the oxygen and SiCl4 plasma with the PyRate tool in
Chapter 10. Finally the general conclusions are drawn in Chapter 11.
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Mathematical Framework and Discretisation

Abstract. In this chapter, the basis of the fluid model that we have created in the
toolkit plasimo is treated. It consists of three main aspects, the Fluid description,
the Electromagnetic coupling description and the Chemistry. We focus mainly on the
first two aspects, which are treated as two-dimensional problems. The discretisation
schemes of the fundamental equations for these aspects, the Control Volume method
for the Fluid description and the Finite Differencing Yee scheme for the Electromagnetic
description, are given attention as well.



Chapter 2.

2.1 Introduction

This chapter deals with the discretisation of the mathematical forms of the physical equa-
tions that are used to model the fluid and ElectroMagnetic (EM) field aspect of microwave
induced plasmas. As stated in the introduction, such a model can be divided in three
blocks; one dealing with the Chemistry the second with the EM energy coupling and the
third with the Transport phenomena. The reality is three dimensional, but because of
the rotational symmetry we can confine ourselves to a 2D treatment. The Chemistry can
be disentangled from the fluid and field by casting the results of transport in one single
efflux-frequency and by replacing the energy coupling of the EM field by a set of electron
density and electron temperature values. In this way the treatment of chemistry reduces
to a zero dimensional problem. Thus there is no need of discretisation in geometry. Chem-
istry however remains of utmost importance; from this module we get insight in the set of
species that is relevant and that has to be subjected to transport, the so-called Transport
Sensitive (TS) species. To find these Principal Density Reservoirs (PDR) we constructed
a dedicated model named PyRate. It will be introduced and discussed in Chapter 8 and
10 where the central questions are� What are the PDRs of a given mixture?� What are the Effective Conversion Coefficients (ECC) for the rates between these

PDRs.

In a certain sense PyRate deals with the discretisation of conversion space.
The above implies that this Chapter is mainly devoted to the discretisation of the EM field
and the transport equation; hereafter shortly denoted by the equations for Field and Fluid.

As announced in the previous Chapter 1, we can divide the MIPs under study in the
surfatron, and the cavity. The first configuration can be modelled with the combination
of a 1D-Field and a 2D-Fluid. For the moddeling of the cavity we need the combination
of a 2D-Field and 2D-Fluid. The modelling of that configuration is the main subject of
this Chapter. Two different discretisation methods are used: the control-volume (CV)
method applied to the Fluid equations and the finite difference method (FD), more specif-
ically the YEE algorithm to discretise the Fields. The CV method takes advantage of the
conservation character of fluid equations. As we will show the balance equations of mass,
momentum and energy can all be derived from the Boltzmann Transport Equation (BTE)
which in fact is a balance equation in the 6 dimensional phase space. This implies that all
the fluid equations have much in common. That is why they are all cast in the so-called
phi-equation or canonical transport equation.
The YEE-algorithm is a discretisation scheme of the Maxwell equations. The finite dif-
ference method is applied on a specially aligned grid to solve the differential form of the
Maxwell equations, in the frequency domain. This technique is called Finite Differencing
Frequency Domain (FDFD).
The above makes clear that this chapter has a two-fold structure. The sections 2.2 till 2.5
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deal with the fluid equations while the sections 2.6 and further deal with the field equations.

We start in section 2.2 with a general overview of the relevant physical equations and
the mathematical framework of the fluid module in our toolkit plasimo. We will focus on
the role of the fluid transport phenomena and chemistry in section 2.3. The role of Chem-
istry is to determine for which species the transport is relevant. So Chemistry determines
the number of particle balances. This is not only relevant for the conversion of mass and
generated chemical energy, it is also important for the pressure balance. Dissociation and
ionisation processes generate pressure. The grid composition and discretisation as done
with a control volume method is described in section 2.4. And finally the convergence
behaviour is briefly discussed in section 2.5.

It is the task of the next sections to introduce the field equations, more specifically the
Maxwell equations. In fact modelling the field is one of the key objectives of this research.
Attention in section 2.6 is devoted to the resonator of the Draka setup from Chapter 1. Sub-
sequently, in section 2.7 the Maxwell equations are treated which describe the EM waves.
Also, the influence of the plasma properties on the EM field via the complex permittivity
is explained. We then focus on the Yee method [1], which is thoroughly treated. Due to
the symmetry of the configuration under investigation, the number of (scalar) component
Maxwell equations can be reduced. The finite differencing discretisation of these equations
is explained in Section 2.8. The EM boundary conditions, which can be very complex,
are discussed in detail. Then, the way this is solved in a matrix form is given in Section
2.10. After this, the power flow is discussed in Section 2.11, which is the link from the EM
calculation to the plasma.

Finally in Section 2.12, a fast EM module, utilising the skin depth, is described. Since
this model is much simpler and thus takes much less calculation time than the complete
description, it is sometimes used to initialise the more complete Yee model by generating
initial conditions for the plasma flow and chemistry. Note that part of this skin depth code
could also be reused to improve the model of the surfatron in Chapter 6.

2.2 The Transport Equations

Because the plasma consists of multiple species a multi-component fluid description is
needed. At the basis of this fluid model lies the Boltzmann transport equation (BTE), that
describes how the temporal and spatial relation of the phase space distribution function
fi(r,v, t) of species i is influenced by collisions [2, 3]

∂fi

∂t
+ v · ∇rfi +

Fi

mi
· ∇vfi =

(

∂fi

∂t

)

el

+

(

∂fi

∂t

)

in

(2.1)

Here, Fi is the force that acts on a particle of type i, with mass mi, while the right-hand-
side represents the change in the distribution function as the result of elastic and inelastic
processes [4]. The spatial coordinates are referred to by r, while v gives the coordinates in
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velocity space.
The balance equations that are used in the fluid module of plasimo are obtained by multi-
plying the BTE of each relevant species with the corresponding mass, momentum or kinetic
energy and then integrating the result over the velocity space. This procedure is described
in detail in [2, 3, 5, 6]. In order to get equations that describe the balances of mass, mo-
mentum and kinetic energy on a higher structural level we will use the summation of these
balances over the relevant species. In this way we get the continuity equations for mass,
the Navier-Stokes equation for the bulk motion and two energy conservation equations;
one for the electrons the other for the heavy particles.

The zeroth moment of the BTE gives the specific particle balance which for species i
reads

∂ni

∂t
+ ∇ · (niui) = Si (2.2)

where ni is the density of species i, and ui the velocity of species i. The source term
Si is the net production of species i by chemical and collisional-radiative processes (see
Chapter 8).
If we multiply equation (2.2) by mi and sum the result over all species i we get the continuity
equation (CE) for the bulk properties of the plasma

∂ρ

∂t
+ ∇ · (ρu) = 0 (2.3)

where ρ =
∑

i ρi, in which ρi = nimi is the bulk density, while u =
∑

i
ρi

ρ
ui is the bulk

velocity. This continuity equation will be used in conjunction with the momentum equation
for the bulk in the SIMPLE(R) algorithm [7] to find the barycentric motion of the plasma.
We see from Equation 2.2 that the flux densities niui are needed to solve the specific
particle balances. This can be gained from the first moment of the BTE that gives the
specific momentum balance equation, which for species i reads [8]

∂ρiui

∂t
+ ∇ · (ρiuiui) = −∇pi + ∇ · πi + uimiSi + Fi + RT

i + RF
i (2.4)

where πi is the viscosity tensor and pi the partial pressure of species i, Fi the body force
acting on species i, which includes gravitational and electromagnetic forces. The term RF

i is
the friction force caused by collisions with other species [8] while RT

i is the thermophoretic
force [9].
Following the procedure given in [8] we can combine the specific momentum balances,
equation (2.4), with the specific particle mass balance, equation (2.2), multiplied by ui.
Neglecting the viscosity term, the thermophoretic force and the inertial term ρiui∇ui, we
get the following form

ρi
∂ui

∂t
= −∇pi + Fi + RF

i (2.5)

Which includes only the most dominant terms [10]. This is the (basis of the) drift-diffusion
equation for species i that will be used for the derivation of self-consistent diffusion and
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Ohm’s law, i.e. the relation between the current density, the conductivity and the E field
which will be treated later in Equation 2.31. When equation (2.4) is summed over all
species, we get the Navier-Stokes equation

∂ρu

∂t
+ ∇ · (ρuu) = −∇p + ∇ · π +

∑

i

ρiFi (2.6)

The friction forces between the species that were important in the specific force balances,
are absent in this bulk equation. The reason is that due to Newton’s third law (action = -
reaction) these terms cancel out. In this addition also the electric forces disappear because
of charge neutrality. The total pressure is related to the partial pressures by [11]

p =
∑

α

pα (2.7)

with1 pα ≈ nαkBTα, where kB is the Boltzmann constant.

The second moment of the BTE gives the energy balance which for species i reads

∂(ρiεi)

∂t
+ ∇ · (ρiεiui) + pi∇ · ui + ∇ · qi − τi : ∇ui = Qi (2.8)

where εi is the kinetic energy per particle of species i, Qi the energy gain or loss through
either elastic or inelastic collisions with other particles and the energy gain by electromag-
netic power coupling. τi : ∇ui is the viscous dissipation term [11], which is 0 for electrons.
Here,

τij = 2µ

(

Γij −
1

3
(∇ · u)δij

)

(2.9)

were µ is the dynamic viscosity [11],

Γij =
1

2
(∂ui/∂xj + ∂uj/∂xi) (2.10)

and δij is the Kronecker delta.

It is assumed that the conductive heat flux satisfies Fourier’s law [13]

qi = −λi∇Ti (2.11)

where λi is the thermal conductivity of the species.
We will assume that our plasma is not in LTE, meaning that different species may have
different temperatures. Thus there is no such thing as a bulk temperature. The large
differences in mass between the electrons and heavy particles together with the fact that

1Note that this is only true (by approximation) for plasmas in which the velocities of the species is
limited, see [12].
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the electrons are EM heated whereas the heavy particles are cooled by the wall, implies
that there are two temperatures; the electron Te and heavy-particle temperature Th.

EM → {e} → {h} → wall

For electrons we get [11]

∂(ρeεe)

∂t
+ ∇ · (ρeεeue) + pe∇ · ue + ∇ · (−λe∇Te) = −Qel

eh − Qinel
eh + QOhm (2.12)

where QOhm is the Ohmic heating term, caused by the electromagnetic field. The terms
Qel

eh and Qinel
eh give the energy that electrons lose to heavy particles in elastic and inelastic

collisions, respectively.
The heavy particle energy balance is given by [11]

∂(ρhεh)

∂t
+ ∇ · (ρhεhuh) + ph∇ · uh + ∇ · (−λh∇Th) − τh : ∇uh = Qh + Qel

eh (2.13)

where τh : ∇uh is the viscous dissipation term [11] of the heavy particles, given by

τh : ∇uh = 2µ

(

∑

ij

ΓijΓij −
1

3
(∇ · u)2

)

. (2.14)

To conclude: we have to solve a set of equations formed by mix of specific and bulk bal-
ances. For the bulk we have the mass conservation and the force balance (Navier Stokes
equation). To describe the energy content of the plasma we need two energy equations;
one for the electrons the other for the remaining and thus heavy particles. A number of
individual specific particle balances and drift-diffusion equations are needed. The exact
number of this group depends on the plasma composition and the degree of equilibrium
departure. The larger this departure the larger this number will be.

This mix of bulk and specific equation will be solved in an interative way [14] [15] [7], of
which the main structure is given in Figure 2.1. We start with the initial values for species
densities, velocities, pressure and temperatures. These determine the transport coefficients
and source terms. Following that, the conductivity field is used with the electric field cal-
culated by the EM module. This is then used to find the Ohmic dissipation source terms
on all cells QOhm for use in the electron energy balance later in the scheme. Following that,
the Navier-Stokes equation is solved in conjunction with the continuity equation to find the
bulk velocity. After that, the drift-diffusion equations (2.5) gives the diffusion velocities
of the species; that is the velocity with respect to the flow. Combining these gives the
velocities of the species. Then the electron and heavy particle energy balances are solved.
The chemistry gives the source terms for the particle balances, which are solved next. The
pressure that follows from the solution of the specific particle balances and the tempera-
tures of the species, is generally not the same as the bulk pressure and a modification of
one or several densities is needed to correct for this. We will come to this correction step
later. The next step involves looking at the residues to see if the model has converged. If
not, the iteration loop starts again until convergence is reached.
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Figure 2.1: Representation of the flow chart of the model we constructed with theplasimo

toolkit. After initialisation of the model, several steps are taken in turn in each model iteration.
The initial conditions of densities and temperatures are used to calculate the transport properties,
like the conductivity and diffusion coefficients. Then the source terms like energy coupling are
calculated, using the transport properties. Then the Navier-Stokes and Continuity Equations are
solved. Following that, the energy balances are calculated. The particle balances are solved once
the chemistry source terms are calculated, resulting in densities for all species. The following
step involves the modification of the densities, which is given special attention. In this step, the
pressure that is found from the densities of the species and their temperature, is corrected so
that it is the same as the bulk pressure found by the Navier-Stokes equations for the bulk. This
modification can happen either by changing the density of the most abundant particle, or by
making a relative adjustment on all particles. If convergence is reached (residue below a pre-set
criterium), we have a self-consistent solution.

19



Chapter 2.

2.3 Chemistry-Fluid Interaction

The chemistry can basically be seen as a series of zero-dimensional problems that calculate
the source terms Si in Equation 2.2 in each of the cells. In principle the source terms get
contributions from many different chemical reactions which can be divided into positive
contributions Pi from reactions that are net producers of the species, and negative con-
tributions niDi (not to be confused with the diffussion coefficient) that are sinks of the
species, thus Si can be written as

Si = Pi − niDi (2.15)

The destruction term is linearised, which means that it implicitly includes the density of
the dependent species ni. This increases the stability of the algorithm. The details of the
structure of the chemistry model, the computation of the production and destruction term,
and the relation with the collisional radiative model will be dealt with in Chapter 8.

Here will stress the role of the Chemistry module in the determination of species for
which the transport is relevant. The density of these species will determine the pressure
balance. This impact of the chemistry on the flow will be discussed below.

Once the chemistry module has found the source terms for the species, Equations 2.2
can be solved provided the velocities are known. This solution will result in densities for all
species and together with their temperature the total pressure is found using the equation
of state 2.7. However, during iterations, this pressure is not the same as the pressure that
is calculated by the procedure for calculating the bulk properties through the SIMPLE(R)
algorithm. In Figure 2.1, the correction step for this is denoted by modifying densities.

Past versions of plasimo were mainly applied to atomic plasmas which had one domi-
nant component. The density of the dominant species, denoted by the first particle was
corrected so that Equation 2.7 gives the same pressure as the solution of the Navier-Stokes
equations through SIMPLE(R). Thus, instead of calculating the density of the first (and
most abundant) species by using the drift-diffusion and specific particle balances, its density
during interation is given by

n0 =
PSIMPLE(R) − kBΣi>0niTi

kBT0

(2.16)

Note that this first particle n0 is called particle zero, because of the zero-based index in
the programming language.

The above procedure works fine as long as the correction is small compared to the ab-
solute density of the dominant particle. Thus, it is applicable when one majority species is
present in all cells. However, especially in the case of molecular plasmas there is no species
that has a clear majority in all the cells. For instance close to the wall molecular species
will be dominant whereas in the central active plasma region will be ruled by atomic species.

For those cases we have added an alternative method for correcting the individual den-
sities so that the pressure found through Equation 2.7 is the same as that found by solving
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the bulk properties through SIMPLE(R). We refer to this method as the scaling method
and the procedure basically consists of multiplying the densities of all species with the ratio
of the two pressures

ni = ni,old

PSIMPLE(R)

Pchem,old
(2.17)

where Pchem,old is the pressure found by applying Equation 2.7 to the uncorrected densities
ni,old. This is similar to what is explained in [16]. Note that simulations that can use
either method converge to the same result and that in the converged result, the pressure
calculated by SIMPLE(R) and Equation 2.7 are the same.

2.4 Grid Stencil

The plasma is divided into several cells which are also called control volumes (CV). The
number of cells in each direction (and their spacing) can be specified in the simulation. A
sketch of the simulated volume can be seen in Figure 2.2. The boundaries of this region
are designated by the “points of the compass”. The top, which corresponds to the outer
boundary of the plasma, is called the north boundary. Similarly the inlet-side is west, the
outlet-side is east and the symmetry axis is called south. The east-west direction is called
the x1 direction and the north-south direction is x2.

West East

Cell

North

South (symmetry)

Simulation area

Figure 2.2: The cylindrical simulated volume. The upper half is the simulation area. The
outer wall is the north wall, the symmetry axis is the south wall. The cells correspond to rings
in the three dimensional representation (except in the center).

Nodal points are defined in the middle of a grid cell (cf. Figure 2.3). Most quantities,
like densities and temperatures are given at these points. Fluxes are defined on the north,
east, west and south faces of a cell. The grids they are defined on, are called east-west and
north-south grids. Thus the points of such grids lie in between two adjacent cells, on the
faces.

There is no need for the grid cells to have the same size. Compressing the grid in places
where steep gradients can be expected can reduce the number of points needed to simulate
a plasma accurately enough.
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Since all the fluid equations are derived from the BTE, they share a similar structure.
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Figure 2.3: Control volume discretisation scheme, taken from [8]. The nodal point P is
surrounded by the control volume. A grid can be compressed in either direction, and the aspect
ratio between the two directions can differ from 1. On an equidistant grid, the cell boundaries
lie halfway between the nodal point P and the nodal points on the north (N) and south (S) and
on the east (E) and west (W) of the cell, respectively.

Therefore the various transport formulas are derived from an abstract form, the so-called
canonical transport equation or φ-equation. In the object oriented structure as used in
plasimo, this means that the various transport equations are derived classes from the
abstract base class that describes the general φ-equation. For a more thorough description
of the algorithm we refer to [11].

The general partial differential equation (PDE) solved in our model is similar to the
φ-equation used by a.o. Patankar [7], and is of the form [8]

∂cφ

∂t
+ ∇ · (Uφ) −∇ · (Γ∇φ) = Sc + Spφ. (2.18)

We will simply refer to this equation as the generalised φ equation. These φ equations
are discretised by integration on the cells. For the configuration shown in Figure 2.3 this
control volume method for the time-independent case results in [8] [7]

AE (Uxφ)e − AW (Uxφ)w + AN (Uyφ)n − AS (Uyφ)s =

AE

(

Γ
dφ

dx

)

e

− AW

(

Γ
dφ

dx

)

w

+ AN

(

Γ
dφ

dy

)

n

− AS

(

Γ
dφ

dy

)

s

+ Sc + Spφ
(2.19)

where the the e, w, n, s subscripts signify the values at the east, west, north or south
boundary of the control volume, respectively, while the A’s refer to the areas at the control
volume boundaries. When we take the source terms as 0 for now, this can be further
rewritten as

aP φP = aEφE + aW φW + aNφN + aSφS + b (2.20)
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where the source terms are contained in b and

aX∈[E,W,N,S] = DX(DX , CX), (2.21)

and
aP =

∑

X∈[E,W,N,S]

DX(DX ,−CX). (2.22)

Here, DX refers to a discretisation function which depends on the diffusion and convection
terms DX and CX . These terms are given for all sides by [8] [7]

CX = AXUX (2.23)

DE =
AE

∆xE

Γe, DW =
AW

∆xW

Γw, DN =
AN

∆yN

Γn, DS =
AS

∆yS

Γs. (2.24)

The discretisation function is then given by

DX∈[N,E](DX , CX) =







−CX Pe ≤ −2
DX − CX

2
−2 < Pe < 2

0 Pe ≥ 2
,

DX∈[S,W ](DX , CX) =







0 Pe ≤ −2
DX + CX

2
−2 < Pe < 2

CX Pe ≥ 2
, (2.25)

where Pe is the Peclet number, defined here as

Pe ≡ CX

DX
. (2.26)

2.4.1 Boundary Conditions

One of the most important aspects of a fluid simulation is choosing the appropriate bound-
ary conditions. In many of our simulations those conditions are often similar to the ones
chosen by Janssen [11].

Two basic types of boundary condition can be distinguished, namely Neumann and Dirich-
let. The Dirichlet condition fixes the value of the variable on the boundary at a certain
value, while the Neumann condition fixes the first derivative of the variable at a certain
value. This value must be physically relevant for the variable in question (Te, Th, densities,
pressure, velocities, etc.). The most simple variants are the homogeneous Dirichlet and
Neumann conditions.

An example of a dirichlet condition in a radial configuration of Figure 2.2, is the no-slip
boundary condition for the velocity on the north wall (r = R) in a cylindrical symmetric
simulation. This simply means that at the wall (vr)r=R = 0 (because no fluid flows through
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the wall) and (vz)r=R = 0 (the no-slip condition). Both are homogeneous dirichlet condi-
tions.

In the middle of the tube inlet (vr)r=0 = 0 (because if vr 6= 0, a discontinuity in the
velocity would result around the symmetry axis). This is also a homogeneous dirichlet
condition.

An example of a (homogeneous) Neumann condition for the velocity on the inlet side
is (∂zvz)z=0 = 0.

The Neumann and Dirichlet boundary conditions can be used as a basis for more com-
plicated boundary conditions, for example a radial profile of the boundary condition of a
variable can be created by modifying the Dirichlet condition.

An example of a more advanced Dirichlet boundary condition is the velocity boundary
condition that is created for the inlet of the tube in the simulation of the plasma at Draka.
Here the no-slip condition is used at the walls, while the profile has a maximum speed at
the centre. The shape of this profile can be chosen to be parabolic or of higher order. The
inlet velocity is dependent on the gas flow input parameter which can be given by the user.
In this implementation, the volume flow (in sccs) and the composition of the gas need to
be supplied. With this, the velocity in the axial direction is calculated and used for the
boundary condition.

As mentioned before, the composition of the plasma is overdetermined if the bulk proper-
ties are also defined. This issue is also of interest at the boundaries. In older versions of
the model, it was impossible to specify a mixture with a fixed ratio composition in an open
system. Because the density of the first species was overwritten as seen in Equation 2.16,
the ratio of species could change each iteration. Therefore, we have written a modified
condition for the inlet that adjusts the densities of all species as a function of the density
of the majority species. This ensures that the ratio between the species stays the same,
and composition mixtures can be used in combination with the default method of adjusting
the species for the bulk properties.

2.5 Convergence Behaviour

Because of the many non-linear interdependencies of these models, an iterative solution
method is needed. Even when a model is correctly defined by the conservation laws inside
its cells as well as the communication between cells and boundary conditions, it may still
be difficult to obtain convergence. To use a model, starting conditions have to be supplied
that give a reasonable physical estimate of the problem. One very important aspect which
is often overlooked are the under-relaxation factors (URFs), which are used to reduce
sensitivity of certain variables so that convergence becomes smoother. If either the starting
conditions or the URFs are not optimally chosen the simulation can take a long time to
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converge, never converge or even diverge. In our model we have chosen to perform steady-
state simulations. However it is also possible to do time-dependent simulations, and use
several different types of time discretisation methods. In a time-dependent simulation, the
time-dependent term becomes negligible to the other terms in the steady-state limit. Time-
dependent simulations will thus arrive to the same solution as steady-state simulations if the
simulated time interval is large enough. The convergence behaviour can be very different
though. The time-dependent simulations in simple cases take more computational time to
converge to a steady-state than the steady-state simulations. However, for some systems
a time-dependent model with (semi-)implicit time-discretisation might be more stable.

2.6 Description of the Electromagnetic Configuration

A schematic representation of the industrial setup under investigation is given in Figure
2.4.
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Waveguide Slit Cavity

Choke

Glass substrate
tube

Plasma

Symmetry axis

Flow
direction

Figure 2.4: Representation of the resonator in the setup used at Draka. A resonator, fed by
a magnetron via waveguides, moves along the tube. The plasma inside the resonator deposits
glass on the inside of the quartz substrate tube.

A microwave resonator moves axially along a quartz tube. Electromagnetic energy
generated by a magnetron is guided to the resonator by means of a microwave waveguide
circuit. EM waves pass through a (rotationally extended) slit on the inner side of the
resonator and enter the plasma through the quartz substrate tube. Here, EM waves interact
with the species that flow through the substrate tube. Consequently, a plasma is created
and heated. Because the EM waves are mostly confined by so-called chokes (cf. Figures 2.4
and 2.5), the plasma is mostly situated inside the resonator. The plasma deposits (doped)
glass on the inside of the tube and the remaining species leave the tube through the outlet.
A furnace is used to keep the walls of the substrate tube at a temperature of 1200oC.

The frequency of the EM waves is 2.46 GHz, which corresponds to a wavelength of 12.2
cm. This is in the same length scale as the dimensions of the setup. Therefore, an accurate
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Air

Glass

Plasma
Inlet Outlet

Slit

Symmetry axis

Metal Choke Ez

ErΗφ

Figure 2.5: The 2-D grid structure used for the simulation of the EM-field. The problem
is rotationally symmetric. The slit is a circular hole in the resonator through which the EM
waves enter the simulated region. These waves enter via the air and glass into the plasma and
heat it. At the same time, gas is flowing in from the inlet to the outlet. Note that the EM grid
structure is larger than the grid used for the simulation of the plasma flow and chemistry. In the
northeastern-most grid cell, the structure of the grids and the position of the field components
is shown.

description of the waves is necessary.

Since the motion of the resonator along the tube (0.3m/s) is negligible compared to the
gas flow speed (> 10m/s), a fixed resonator can be assumed in the simulations. Thus, a
steady-state situation is simulated.

As we have seen in the previous sections, to simulate a non-uniform plasma numerically,
the plasma region is divided by a grid into many small volumes, the so-called cells. Physical
quantities like densities and temperatures on a grid cell are averaged and defined at so called
nodal points. These points are located in the middle of a grid cell (in case of a uniform
grid). Fluxes however, are defined at the boundaries between two cells. For each grid
cell several physical conservation laws are solved using the physical dimensions of this cell,
fluxes at the boundaries and the plasma properties defined at the nodal point.

An example of a grid is shown in Figure 2.5. This is a 2-dimensional grid that en-
compasses both the plasma region and the other regions inside the resonator. The grid
is cylindrically symmetric so each of the squares represents a ring (except the ones in the
bottom, which are small cylinders). The flow and plasma calculations encompass only
the plasma region (the southernmost part of the computational region). The method that
will be employed here is that of finite differencing, in our case finite differencing frequency
domain (FDFD). Alternative methods are integrative ones like in [17] or finite differencing
time domain (FDTD) [18].

2.7 Electromagnetic Field

In microwave plasmas, both the electric and the magnetic fields play a key role. The
Maxwell equations describe time-dependent electromagnetic fields. Especially the last two
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Maxwell equations are important, they are given by

∇× E + ∂tB = 0 (2.27)

−∇×H + J + ∂tD = 0 (2.28)

where E is the electric field, B is the magnetic flux density, H is the magnetic field, J is
the current density and D is the electric flux density, respectively.

These two vector equations are the equivalent of six scalar equations (two equations for
each of the three spatial directions) and contain 15 unknowns. Therefore, 9 extra equa-
tions are needed to solve the system. These relations, which contain macroscopic media
properties, are called the constitutive relations.

In this study, the following three constitutive relations are considered. First, the magnetic
flux is related to the magnetic field by means of the magnetic susceptibility in vacuum
(µ0 = 4π · 10−7H/m)

B = µ0µrH (2.29)

The relative magnetic susceptibility µr = 1 because there are no magnetically active ma-
terials. Secondly the dielectric displacement is related to the electric field by means of the
electric permittivity of vacuum ε0 and the relative electrical permittivity εr (for a linear
medium)

D = ε0εrE (2.30)

Finally, Ohm’s law gives the current density in terms of the electric field and the conduc-
tivity of the medium σ,

J = σE (2.31)

These three constitutive relations hold for isotropic, non-magnetic, linear, time-invariant,
instantaneously reacting and locally reacting media. Note that the conductivity can be a
function of position.

If the source is quasi-stationary harmonic, the field quantities depend harmonically on
time with an angular frequency ω = 2πf . The fields can now be split in a time-dependent
part ejωt and a constant pre-exponential term. For the electric and magnetic fields, this
time-independent vectorial term is designated with E and H, respectively. The Maxwell
equations in the frequency domain are found by replacing ∂t with jω and dividing by the
exponential time factor. With these substitutions, expressions are found for E and H,
which are vectors of complex numbers.

Substituting Equations (2.31) and (2.30) into Equation (2.28), and rewriting the re-
sulting equation for the frequency domain, yield

∇× H − σE − jωε0εrE = 0 (2.32)

Collecting terms of E results in

∇× H − jωε0ε̂rE = 0 (2.33)
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where the relative complex permittivity ε̂r is introduced as

ε̂r = εr +
σ

jωε0

(2.34)

This leads to the following simplified form of the Maxwell equations in the frequency
domain

∇× H− jωε0ε̂rE = 0 (2.35)

∇×E + jωµ0H = 0 (2.36)

Remember that ε̂r, H and E are complex quantities.

2.7.1 Conductivity and Complex Permittivity

This subsection describes how the conductivity σ of the plasma depends on the basic
plasma properties. The σ is also called the complex Lorentz conductivity and can be
derived from the equation of motion for an electron. Since the conductivity is incorporated
in the relative complex permittivity, the latter can also be written as a function of the
same basic properties, which is done at the end of this section.

In the plasma of interest, mainly two forces act on an electron. First of all, the Lorentz
force FL acting on a moving electron with velocity ve, is given by

FL = −e(E + ve × B) (2.37)

Secondly, the effective collision force Fcoll,e results from collisions of the electron with the
heavy particles

Fcoll,e = −νehmeve (2.38)

where νeh is the effective rate for momentum transfer from electrons to heavy particles and
me the rest mass of an electron. The equation of motion for the electron reads

me
d

dt
ve = FL + Fcoll,e (2.39)

Note that this equation of motion is only used for the behaviour within a cell, and that
the electron densities are determined by charge neutrality within a cell and not by this
equation. It is allowed to discard the magnetic field term because in our plasma, the mean-
free-path length of an electron is much smaller than the cyclotron or gyration radius (we
have no external magnetic field). This leads to

d

dt
ve + νehve = −eE

me

(2.40)

Since the electrical field is harmonic, the electron velocity is harmonic as well, which allows
the replacement of dve/dt by jωve. Consequently,

ve =
−eE

me(νeh + jω)
(2.41)

28



Mathematical Framework and Discretisation

Substituting the current density 1 due to the motion of the electrons

J = −eneve = σE (2.42)

in Equation (2.41), leads to an expression for the complex electrical conductivity

σ =
e2ne

me(νeh + jω)
=

e2ne(νeh − jω)

me(ν2
eh + ω2)

(2.43)

Note that for νeh ≫ ω, the conductivity becomes purely real and equals the so-called direct
current expression

σ =
e2ne

meνeh
(2.44)

However, in our simulation this approximation fails as there is for example a transition
from plasma to glass (in this transition νeh ≪ ω). Introducing the plasma frequency ωp

ωp =

√

nee2

meε0
(2.45)

the conductivity can be rewritten as

σ =
ω2

pε0

νeh + jω
(2.46)

while Equation 2.34 with εr ≈ 1 gives

ε̂r = 1 −
ω2

p

ω2 + ν2
eh

(

1 + j
νeh

ω

)

= εreal
r − jεimag

r (2.47)

where
εreal
r = 1 − ωp

ω2 + ν2
eh

(2.48)

and

εimag
r =

νeh

ω

(

ω2
p

ω2 + ν2
eh

)

(2.49)

are both real.

2.7.2 The Maxwell Equations in Cylindrical Coordinates

The region under investigation is rotationally symmetric. It is fed by electromagnetic
energy through the resonator slit. Due to the design of the resonator and the sizes of the slit,
only rotationally symmetric fields can reach the region of interest. Therefore, it is worthwile
to rewrite the Maxwell equation in cylindrical coordinates and use the rotational symmetry.

1The contribution of ion velocity on the current density can be neglected due to the low mobility
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This analysis results in two independent sets of three equations. These two sets contain
transverse magnetic (TM) and transverse electric (TE) fields respectively (transverse with
respect to z, though note that the boundary conditions for slit and choke use a description
of the fields where r is the transverse direction). Only one set makes sense, because of the
properties of the resonator slit. This remaining set of Maxwell equations describes the TM
fields.

Er
Ez

Hr
Hz

Ηφ Εφ

TETM

Figure 2.6: The remaining components of the two independent wave descriptions in the res-
onator, TM (left) and TE (right). Only the TM mode can exist in the setup under investigation.

By using the constitutive relations, the set of Maxwell equations, for TM field compo-
nents in cylindrical coordinates, are now reduced from 9 to 3 scalar equations that read

jωµ0Hφ +∂zEr −∂rEz = 0 (2.50)

∂zHφ +jωε0ε̂rEr = 0 (2.51)

−r−1∂rrHφ+ jωε0ε̂rEz = 0 (2.52)

2.7.3 Normalisation

To make sure that the magnetic and electric field quantities are numerically in the same
order, the Hφ field is scaled with the pure imaginary resistance Z = −j

√

ε0/µ0. The scaled
magnetic field is noted as H̄φ

Hφ = −j
√

ǫ0/µ0 · H̄φ (2.53)

This is beneficial for the numerical stability of the problem. The corresponding Maxwell
equations of the TM-field become

H̄φ + k−1
0 ∂zEr − k−1

0 ∂rEz = 0 (2.54)

−k−1
0 ∂zH̄φ + ε̂rEr = 0 (2.55)

−k−1
0 r−1∂rrH̄φ + ε̂rEz = 0 (2.56)

where

k0 = ω
√

ǫ0µ0 (2.57)

is the wave number for vacuum.

30



Mathematical Framework and Discretisation

Ez

Er

Ez

Er

Ηφ

Figure 2.7: The location of variables on the discretised grid. The discretisation scheme together
with this grid configuration is referred to as the Yee scheme [1]. Hφis located in the middle of
a grid cell, coinciding with a nodal point. Ez is located to the north and south of this, while Er

is located on the east and west. The axial (z) direction points along the east-west direction and
the radial (r) axis along the north-south direction.

2.8 Discretisation of the Maxwell Equations

To numerically solve the Maxwell equations in complex media such as a plasma, a dis-
cretisation is needed. We choose for a finite difference (FD) method. One advantage of
this method is its simplicity. Note the contrast between the control volume (CV) method
in use by the fluid equations. A staggered grid is chosen to discretise the volume under
investigation. This grid encompasses everything inside the resonator. Thus, the plasma
region as well as the glass tube and air shell are included. The grid has exactly the same
cell sizes at the plasma region, as the cells of the flow simulation. Because of this, there
is an easy correspondence between the two grids. Hφ is defined at the nodal points of the
grid (see Figure 2.7). Since derivatives of Er are needed in the z-direction, this variable is
defined at the east-west gridpoints. Ez is defined at north-south points as its derivative is
needed in the radial direction.

The operator matrix notation of the Maxwell equations that need to be solved is




1 k−1
0 ∂z −k−1

0 ∂r

−k−1
0 ∂z ε̂r 0

−r−1k−1
0 ∂rr 0 ε̂r









H̄φ

Er

Ez



 =





0
0
0



 (2.58)

The discretisation scheme replaces the derivation operators ∂zEr and ∂rEz by their
matrix approximation. Since Er is defined on the north-south grid-points, and Ez is defined
on the east-west grid, no interpolation is required to find these derivatives. As an example,

∂zEr =
Eeast

r − Ewest
r

zeast − zwest
(2.59)

The numerical derivative in the r-direction is discretised in a similar way

∂rEz =
Enorth

z − Esouth
z

rnorth − rsouth
(2.60)
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These are just two derivatives for one point (namely at a nodal point). The total ma-
trix structure will be given in Section 2.10, after the boundary conditions of the problem
are discussed. Note that this scheme is only first-order accurate, which may introduce
numerical errors in the simulation.

2.9 Electromagnetic Boundary Conditions

To build the complex matrix equation, boundary conditions are needed. A distinction
can be made between internal and external boundary conditions. Since the EM grid en-
compasses several material regions, there are internal boundaries between glass, air and
plasma. These internal boundaries are treated first. Since these regions can have different
complex relative permittivities, it is important to interpolate those correctly.

After that, the external boundary conditions are treated, which give expressions for
the components of E at the boundaries. The south boundary condition arises from the
symmetry axis located there. There are two simple boundaries on the east and west side (on
the sides of the gas outlet and inlet respectively). Finally, the north boundary condition
is treated, which is that of the resonator wall, chokes and the slit. These are the most
complex boundary conditions.

2.9.1 Internal Interface Boundary Conditions

As stated before, the EM grid is an extension in the radial direction of the plasma grid. In
addition to the plasma area, it also includes other regions like the quartz substrate tube
and the air shell. In the plasma region, the fluid and electromagnetic grids exactly coincide.
The relative complex permittivity is calculated from chemical composition quantities that
are known at the nodal points. Therefore, ε̂r is also defined at the nodal points. However,
in the discretised Maxwell equations the relative complex permittivity is needed at the
east-west and north-south grids. This means, that interpolation has to be done. The glass
(or quartz) medium has a uniform ε̂r, so interpolation is exact within that region. The
same holds for the air medium. Especially in the case of a stretched grid, it is important
that interpolation is done correctly. In the plasma, interpolation is accurate as long as the
grid is refined enough. Since there are no discontinuities in the permittivity, values between
adjacent gridpoints will not differ too much. But care must be taken at the boundaries
between two regions as discontinuities do exist there. Because the values can differ much
there, care must be taken when grid sizes are different in the plasma region and the glass
region.

These boundaries always contain points located on the north-south grid, thus Er is
defined there. The complex relative permittivity at such a point is undefined (because
there is a jump). Therefore the property that the field components are continuous across
the interface is used. This leads to a scheme in which the permittivity at the interface is
set to a specific value.

In such a transition between two media, the electric-field component perpendicular
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to the boundary (Er) is discontinuous while the component along the boundary (Ez) is
continuous. Because there are no active magnetic media, the magnetic-field component
(Hφ) is also unaffected by the boundary.

Er

Ez

Er

Ez

S

ΗφN

glass
plasma

R

R
S

R
N

Ηφ

Figure 2.8: Internal boundary conditions

Regard the example in Figure 2.8. The grid cell north of the boundary is called N,
while the one south of the boundary is called S. The radius at the boundary is R, at
the nodal point north of the boundary RN and at the nodal point south of the boundary
RS. Similarly, the value of Hφ at the nodal point south of the boundary is called HS

φ and
the one north HN

φ . The value at the boundary itself is merely called Hφ because it is
continuous across the interface. This variable is only known at the nodal points and not
on the north-south grid. However, this is no problem since it will vanish from the final
equation.

In this example, the boundary is between plasma (south) and glass (north). The fol-
lowing Maxwell equation is considered

−r−1∂r(rH̄φ) − k0ε̂rEz = 0 (2.61)

and it is discretised with a left FD scheme on half the grid cell above the boundary

−R−1
RNHN

φ − RHφ

RN − R
+ jωε̂glassEz = 0 (2.62)

and on half the grid cell below the boundary

−R−1
RHφ − RSHS

φ

R − RS
+ jωε̂plasmaEz = 0 (2.63)

One finds values for Ez at the interface because Ez is also continuous across the interface.
The first equation is multiplied by (RN − R)/(RN − RS) and the second one by (R −

RS)(RN − RS). Added together, this gives

−R−1
RNHN

φ − RSHS
φ

RN − RS
+ jωε̂avgEz = 0 (2.64)
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Where the εavg is given by

ε̂avg = ε̂glass
RN − R

RN − RS
+ ε̂plasma

R − RS

RN − RS
(2.65)

In this way, the interface conditions are included without changing the matrix structure.
For the boundary between glass and air a similar relation holds.

2.9.2 Symmetry Axis

As can be deduced from Figure 2.5, the south boundary is the symmetry axis. These points
lie on the north-south grid, so Ez is defined there. Since the solution should be rotationally
symmetric, H̄φ in the nodal point at the middle of the first cell north of the symmetry axis
should be equal to the value at the nodal point of the first cell which would be south of
the axis (i.e. mirror the grid on the symmetry axis). To find an expression for Ez at the
boundary the following Maxwell equation is used.

−k−1
0 r−1∂rrH̄φ + ε̂rEz = 0 (2.66)

together with the following Taylor expansion around r = 0 for the magnetic field (analogous
to the l’Hospital rule).

H̄φ = H̄φ(0) + r
∂H̄φ

∂r
(0) + r21

2

∂2H̄φ

∂r2
(0) + · · · (2.67)

and with H̄φ(0) = 0, this gives

ε̂rEz(0) = lim
r→0

[

−k−1
0 r−1∂rrH̄φ(r)

]

(2.68)

ε̂rEz(0) = −k−1
0 lim

r→0

[

∂H̄φ

∂r
(0)r−1∂rr

2 +
∂2H̄φ

∂r2
(0)r−1∂rr

3 + · · ·
]

(2.69)

which leads to

ǫ̂rEz(0) = − 2

k0

[

∂H̄φ

∂r
(0)

]

≈ − 4

k0

H̄φ(r
N)

rN
(2.70)

where rN is the radius at the nodal point above the symmetry axis. This boundary condition
is different from that of Janssen [11], where the nodal points and east-west grid coincide
with the south boundary.

2.9.3 Boundary Conditions at Inlet and Outlet Sides

The chokes (which reside on the north boundary) confine the EM waves in the z-direction,
how this is done is explained in the subsection for the chokes below. Therefore it does
not really matter what the boundary condition on the east and west boundary is, and
metal plates are assumed for both of these sides because of the simplicity. Since points
on the east-west grid coincide with these boundaries, Er-values are stored here as can be
seen in Figure 2.5. Electric fields along a metal plate are compensated by fields created by
electrons in the metal, Which means that in this case the electric field along the r-direction
is 0. So, the boundary condition of both east and west walls is Er = 0.
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2.9.4 Boundary Conditions at Resonator Wall, Slit and Chokes

The northern boundary is the most complex one. This boundary corresponds to the inner
wall of the resonator.

Since the north boundary contains points located on the north-south grid, Ez is defined
there. As the metal of the resonator is situated in the φ-z plane, the E-fields along these
directions is 0. So for the parts where the north boundary coincides with metal of the
resonator, the E-field in the direction of the metal Ez = 0.

There are three regions which are different though. Two chokes and one slit are seen
in Figure 2.5. The chokes are basically holes with a depth (in the r-direction) of a length
equivalent to λ/4. The electric field component in the z-direction at the top of this hole is
0. Because of this, standing waves have a maximum amplitude of the electric field, exactly
where the resonator wall would be situated if there were no choke. This means that waves
travelling from the slit to the east and west wall encounter a sharp transition of the E-
field (from 0 to the maximum value). The effect of this is that the waves are reflected
back. Thus, the waves are “captured” between the two chokes. This can be compared to
a metallic wall for EM waves, but with the difference that gas can flow through and out
of the plasma region. Of course these chokes may not work perfectly, so a more extensive
description than metal plates is used. This is description is given below.

The slit is a hole in the north wall which connects the resonator cavity with the regions
that are contained inside the resonator (i.e. the glass, air and the plasma under investiga-
tion). The slit is the source of electromagnetic energy in the model. Waves can also reflect
back from the simulated region towards the slit; this effect is not neglected.

Radial waveguide

To describe the boundary conditions of both the slit and the chokes, a description of the
waves in a radial waveguide is needed. A standard solution for a radial waveguide, where
the waves enter and exit through the outer wall, is derived by Marcuvicz [19]. With this
wave description, boundary conditions are derived for the slit first and then for the chokes.

The EM-field is expressed in a superposition of forward and backward travelling modes.
Since the modes are coming in or out from the slit at the maximum radius, it is more
instructive to speak of imploding and exploding modes rather than incoming and reflected
modes respectively. The amplitudes of the imploding (incoming) modes are designated
with An where n is an index for the “order” of the mode. The amplitudes of exploding
(reflected) modes are designated with Bn. Note that Bn is not the magnetic flux density
but an amplitude (which describes the reflected mode of both the electric as well as the
magnetic field).

The general description of these waves in cylindrical coordinates is written as a function
of a specific type of Bessel functions, the so called Hankel functions. These are complex
functions which are constructed by using lower order Bessel functions [20]. They are
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solutions to the differential equations of type

x2 d2w

dx2
+ x

dw

dx
+ (x2 − f 2)w = 0 (2.71)

where f is a constant and x can be any complex variable. The Bessel functions of the
third kind H (Hankel functions) are written in terms of Bessel functions of the first kind J
and second kind Y (which are both available in standard mathematical function libraries).
Imploding waves are described in terms of

H
(1)
f (x) = Jf (x) + jYf(x) (2.72)

While exploding waves are written in terms of

H
(2)
f (x) = Jf (x) − jYf(x) (2.73)

The argument x is in our case κnr, where

κn =

√

k2
0 −

nπ

b
(2.74)

in which b is the width of the slit. Note that k0 is the wave number corresponding with a
propagation in vacuum. Its index 0 refers to vacuum, and thus has nothing to do with the
zero order n = 0.

The EM-fields are now described by a superposition of all imploding and exploding
modes [19]

Ez(r, z) =
∞
∑

n=0

Bnez;n(z)H
(2)
0 (κnr) +

∞
∑

n=0

Anez;n(z)H
(1)
0 (κnr) (2.75)

Er(r, z) =
∞
∑

n=0

Bner;n(z)H
(2)
1 (κnr) +

∞
∑

n=0

Aner;n(z)H
(1)
1 (κnr) (2.76)

Hφ(r, z) =

∞
∑

n=0

Bnhφ;n(z)H
(2)
1 (κnr) +

∞
∑

n=0

Anhφ;n(z)H
(1)
1 (κnr) (2.77)

The definitions of the normalised modal field distributions are

ez;n(z) = χn cos
(

nπz
b

)

1
−b

(2.78)

er;n(z) = χn sin
(

nπz
b

)

1
−b

nπ
bk0

κn

k0
(2.79)

hφ;n(z) = χn cos
(

nπz
b

)

1

jb
√

µ0/ǫ0

κn

k0
(2.80)

where z is the distance along the slit (or choke), so z = 0 is the west-side of the slit (or
choke) and z = b is the east-side. Here, χn is defined as

χn =

{

1 if n = 0
2 if n 6= 0

(2.81)
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This χn is used in the normalised modal field distributions because of the normalisation,
since

∫ π

0

sin2(nπz/b)dz =

∫ π

0

cos2(nπz/b)dz =

{

b/2 if n = 1, 2, · · ·
b if n = 0

(2.82)

so,
∫ π

0

b−1χn cos2
(nπz

b

)

dz = 1 (2.83)

Solution for chokes and slit

To find the solution for the choke, assume that Rchoke is the radial position of the top of
the choke. This is usually a distance of λ/4 north to the position where the inner resonator
wall would be (RN) if the choke were not present.

Because the top of the choke is metallic, the electric field along it Ez(R
choke, zchoke) = 0

at this position. Therefore, An and Bn can be related to each other by

An = −Bn
H

(2)
0 (κnRchoke)

H
(1)
0 (κnRchoke)

(2.84)

To find the boundary condition for Ez at the choke, this equation is substituted in Equation
(2.75).

Note that higher-order modes An for n > 0 are attenuated strongly in the radial waveg-
uide. So only the fundamental mode propagates: A0 6= 0. Higher order reflected modes
Bn for n > 0 can not contribute to the (reflected) power flow either The net power flow
from the waveguide to the resonator is measured in the industrial setup. Since this power
flow can also be found from the amplitude of the incoming fundamental mode A0 and that
of the reflected mode B0, an iterative procedure is used to find the correct A0. A guessed
value is used for A0. The entire EM-model is run and the amplitude B0 of the reflected
fundamental mode is calculated. Then, a new guessed value is used for A0 depending on
whether the value was too high or too low.

The power flow in radial direction at the slit is given by [21]

Pr =
1

2
Re(Sr) =

1

µ0πωb2r

(

|B0|2 − |A0|2
)

(2.85)

Both of the boundary conditions for Ez at the north boundary (Equation 2.75 combined
with the above two equations for chokes and slit respectively) are now written in a form
usable in the Matrix structure. Consider one of the northernmost cells, which borders the
slit or a choke. Locations in this cell are designated with an M for the nodal point, N for
the point on the north boundary and S for the point located south of M (on the north-south
grid). See Figure 2.9 for a representation of this boundary configuration.

So for example H̄M
φ is defined at the nodal point and RS is the radius at the south point

of the cell. The value of EN
z is given by the boundary conditions derived above. Since the

following form is used as one of the discretised Maxwell equations in the matrix

H̄M
φ + k−1

0 ∂zEr − k−1
0

EN
z − ES

z

RN − RS
= 0 (2.86)
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Er

Ez

Er

Ez

R

R

R

Ηφ

choke

N

S

N

M

S

north
boundary

metalmetal

λ/4

metal

Figure 2.9: Schematical representation of the choke and its boundary condition for Ez.

and the left half of the last term uses the value of EN
z at the boundary, the boundary

condition is rewritten to fit better in this form. Therefore EN
z is multiplied by 1/[k0(R

N −
RS)]. The result of this is that for the matrix elements we write at the choke

BCchoke =
1

k0

1

rN − rS

1

b

∞
∑

n=0

Bnχn cos
(nπz

b

)

(

H
(2)
0 (κnr

N) − H
(1)
0 (κnr

N)
H

(2)
0 (κnR)

H
(1)
0 (κnR)

)

(2.87)
and at the slit

BCslit =
1

k0

1

rN − rS

1

b

∞
∑

n=0

Bnχn cos
(nπz

b

)

H
(2)
0 (κnr

N) +
1

k0

1

rN − rS

1

b
A0H

(1)
0 (κ0r

N) (2.88)

Note that higher-order modes require a larger minimum number of points at the slit, this
is equivalent to the Nyquist theorem. Model tests have shown that the zeroth-order mode
is dominant. Neglecting n > 0 terms could simplify the above equations significantly and
speed up calculation time (as it requires less points at these boundaries). The implemented
EM module leaves the option of neglecting the higher-order modes to the user. These higher
order terms are expected to be small. We have opted not to use them for all simulations
in this thesis by restricting the number of grid points in the features like slit and chokes.

2.10 Matrix Structure

This section describes the structure of the final matrix that is used to solve all the electro-
magnetic equations at once for all fields at every point in the simulated volume.

The total equation is of type
¯̄M · X = S (2.89)
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where ¯̄M is the matrix which contains all three scalar components of the Maxwell equations.
X contains all the field variables which need to be solved (and some boundary conditions)
and S contains the source terms that are necessary for the slit. All these elements are
described below.

First of all, X, the vector of the fields stores the electric and magnetic fields in the
following manner. The first elements of X are all the (normalised) H̄φ-values at the nodal
points. This starts with the cell on the southwest corner of the calculation volume. The
next is one cell east of it and so on. At some point the south-east cell is reached. The
next point will be one cell to the north, starting again at the west side. So increasing the
position in the vector X corresponds to going from west to east along the nodal points in
the grid, or if the easternmost cell is reached going one cell to the north and restarting
west.

The first few rows of cells are physically in the plasma since the first row corresponds
to the centre of the cylinder of the calculation volume. After a certain number of rows of
plasma cells, the next row of cells is inside the glass. After another number of cells in the
radial direction the next region is reached, the air shell. This goes on until the cells at the
north wall are reached.

After the last Hφ-value (at the northeastern nodal point) the next elements in X will
be those of Er. The points of Er are stored in a similar way, starting at the southwest,
going from west to east and when the east side is reached going one row up to the north.
However this time these Er points are not defined at the nodal points but on the east-west
grid. Because a metallic boundary condition is used on the west and east wall, the Er

points there are equal to zero, so they do not need to be calculated, therefore these points
are skipped in X.

After all Er values are stored, the next ones are those of Ez. Again the rows are stored
from west to east, starting at the southern row and moving north each time a row is
completed.

After all points of the three fields are stored in this manner, one or more Bn’s (from
Equation 2.75) are stored. These are the amplitudes of reflected waves which are used
in the boundary condition at slit and chokes. Figure 2.10 shows an example of how the
variables in a grid are stored in the vector X. The indices in the figure correspond to the
position of the variable in this vector.

The matrix elements of ¯̄M contain the Maxwell equations for these fields stored in X

and some boundary conditions. ¯̄M is treated at the same time as the source term vector S

since they are both part of the same equations. ¯̄M represents a discretised version of the
matrix in Equation (2.58) and also includes boundary conditions.

To better understand this matrix, it is divided in several blocks. Specifically in four by
four parts, although several elements are equal to zero. These blocks are identified by two
values. The first number is the row position in the matrix, while the second is the column
position. For example matrix block M11 is the top left element, M12 will be a certain
number of rows to the right of it, followed by M13 and M14. Below M11 is M21 and so on.
These blocks have a certain width and height that is dependent on what function the block
represents. To show this, the exact meaning of these blocks is described. The top three

39



Chapter 2.

rows of equation blocks represent the three Maxwell equations. The last row of equation
blocks is an equation for boundary conditions at slit and choke.

To illustrate what the matrix elements look like, an example grid of 3 cells wide and 2
cells high is taken which can be seen in Figure 2.10. As mentioned before, the position of
the variables in the vector X is denoted with an index in the figure. The first 6 positions
in X are values of H̄φ, the next 4 positions represent Er values while at the last 6 positions
Ez values are stored (the ones at the north boundary are not stored).

Hphi
Er

Ez

1 2
3

4
5 6

7 8 9

10 11 12

13

15 16

14

Figure 2.10: An example of the grid for which the matrix is written. The index is the position
in X.

M44

M11 M12 M13 M14

M41

M21 M22

Other

Plasma

Plasma

Other

Other

Plasma

Ez

Er

Hphi

B f(A)

S2

S1

S3M31
M33

Figure 2.11: The matrix which is solved to get a solution for Hφ, Er, Ez and the B’s.

See figure 2.11 for a representation of the matrix ¯̄M . The top row of blocks in ¯̄M form
the following equation, which is evaluated at the nodal points.

M11 · H̄φ + M12 · Er + M13 · Ez + M14 · B = S1 (2.90)
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which corresponds to Equation (2.54)

1 · H̄φ + k−1
0 ∂z · Er − k−1

0 ∂r · Ez = 0 (2.91)

So the block M11 corresponds with the unity matrix.

M11 =

















1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1

















(2.92)

Block M12 is k−1
0 times the numerical derivative in the z-direction. This means that

it will be the value of Er at the east-side of the nodal point, minus the value of Er to the
left of the nodal point divided by the length between these points. Since the Er-values are
already defined between nodal points, no interpolation is required for this. So block M12
will be a factor of k−1

0 times the inverse of the width of the control volumes times a diagonal
element that looks like -1 1. The value of -1 needs to be the part of M12 that is multiplied
by the value of Er to the west-side of the nodal point, and the value of 1 corresponds with
the factor infront of the Er to the east-side of the nodal point of the Hφ-grid position that
the Maxwell equation is solved at. At the easternmost and westernmost points there will
be a special situation as the Er values are not even stored since they are zero anyways.
For the example grid, the matrix block M12 looks like this

M12 =
1

k0∆z

















1 0 0 0
−1 1 0 0
0 −1 0 0
0 0 1 0
0 0 −1 1
0 0 0 −1

















(2.93)

where ∆z is the width of a cell in the z direction.

Matrix element M13 is also a factor times the numerical derivative. In this case, the
derivative in the r-direction and of Ez. So the 1 and -1 need to correspond to the values of
Ez which lie on the control volume points north and south of the nodal point the equation
is solved for. Then, it is divided by the length of the control volume in the radial direction
to get the numerical derivative. Since the values of Ez are stored by filling a row from
west to east before going to the next row, points that lie above each other are the same
number of positions apart in the vector X as the number of points that represent the width
of east-west of the Ez grid (which is the north-south control volume points grid). For the
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example grid

M13 =
1

k0∆r

















1 0 0 −1 0 0
0 1 0 0 −1 0
0 0 1 0 0 −1
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1

















(2.94)

where ∆r is the width of a cell in the r direction. The minus sign before k−1
0 is incorporated

in the matrix block. For the north boundary, no values are given in M13 as these are put
into M14 instead. Matrix block M14 contains the terms of Equations 2.87 or 2.88 which
are dependent on Bn, while S1 contains the terms dependent on A0 in case of the slit.

The second row of matrix blocks when multiplied by X gives

M21 · H̄φ + M22 · Er = S2 (2.95)

which corresponds to Equation (2.55)

k−1
0 ∂z · H̄φ + ε̂r · Er = 0 (2.96)

and is evaluated at the east-west grid points. As there are no boundary conditions, S2 = 0.
Matrix element M21 is similar to M12, as it is also a derivative in the z-direction. In this
case, derivation of H̄φ instead of Er. Also there are no points assumed to be equal to 0. In
the example grid, this gives

M21 =
1

k0∆z









−1 1 0 0 0 0
0 −1 1 0 0 0
0 0 0 −1 1 0
0 0 0 0 −1 1









(2.97)

Note the symmetry M21 = −MT
12.

The element M22 is equal to ε̂r at that position. So depending on whether the grid cell
represents plasma, glass or air, this value can be different. The way the plasma affects the
EM-waves is also via this term and M33. Note that to find ε̂r at the east-west grid, it has
to be interpolated from values at the nodal points. If in the example grid the lower 3 cells
are plasma and the upper 3 cells are glass we get

M22 =









ε̂r(plasma) 0 0 0
0 ε̂r(plasma) 0 0
0 0 ε̂r(glass) 0
0 0 0 ε̂r(glass)









(2.98)

The next row of matrix blocks multiplied by X gives the following equation

M31 · H̄φ + M33 · Ez = S3 (2.99)
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which corresponds to Equation (2.56)

k−1
0 r−1∂rr · H̄φ + ε̂rEz = 0 (2.100)

and is evaluated at north-south grid points. Matrix element M31 is rather complex com-
pared to the other elements, because it corresponds to −k−1

0 r−1∂rr applied on H̄φ. So for
one derivative, three different radii are needed.

M31 =
1

k0rNS∆r

















BC 0 0 0 0 0
0 BC 0 0 0 0
0 0 BC 0 0 0

rNP,south 0 0 −rNP,north 0 0
0 rNP,south 0 0 −rNP,north 0
0 0 rNP,south 0 0 −rNP,north

















(2.101)
here rNP corresponds to the radius at the nodal point and rNS with the radius at the north-
south grid where the H̄φ and Ez points respectively are defined that correspond to that
column in the matrix. BC is the boundary condition at the symmetry axis as discussed
in Equation (2.70). Again, M33 are values of ε̂r, interpolated from the nodal points to
the north-south grid this time. Since some of these points lie on boundaries, the internal
boundary condition as described is used here with ε̂r(average) calculated from the relative
complex permittivity of glass and plasma. For the example grid the following holds

M33 =

















ε̂r(plasma) 0 0 0 0 0
0 ε̂r(plasma) 0 0 0 0
0 0 ε̂r(plasma) 0 0 0
0 0 0 ε̂r(avg) 0 0
0 0 0 0 ε̂r(avg) 0
0 0 0 0 0 ε̂r(avg)

















(2.102)

S3 is again 0, as no boundary conditions are used.
Finally the same Maxwell equation is solved for the top grid cells in the fourth row of

matrix blocks. Multiplied by X it gives the following equation

M41 · H̄φ + M44 · Ez = S4 (2.103)

Here the boundary conditions of Equations (2.87) and (2.88) are used. Apart from that,
these equations are the same as the third row of matrix blocks. f(A) is simply a function
of A0, this is the second term on the right-hand-side of Equation 2.88.

2.11 Power Absorption

Power is coupled into the electron energy balance as a source term. The absorbed power
is calculated by use of the complex Poynting vector [21].
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S =
1

2
ε̂rE ×H∗ (2.104)

To see the relation between the magnitude of the E-field components (Ez and Er) and
the dissipated power in a cell, the radial component of the Poynting vector

Sr = −1

2
ε̂rEzH

∗

φ (2.105)

is used.

Taking the first of the set of Maxwell equations for the rotationally symmetric TM wave
in cylindrical coordinates (Equation (2.54))

and the complex conjugate for the second (2.55)) and third one (2.56)), and multiplying
these with H∗

φ, Er and Ez, respectively, gives

(jωµ0Hφ + ∂zEr − ∂rEz)H
∗

φ = 0 (2.106)

(∂zH
∗

φ − jωǫ∗E∗

r )Er = 0 (2.107)

(−r−1∂rrH
∗

φ − jωǫ∗E∗

z )Ez = 0 (2.108)

Adding these equations and using

∂z(ErH
∗

φ) = (∂zEr)H
∗

φ + (∂zH
∗

φ)Er (2.109)

and

r−1(∂rrEzH
∗

φ) = (∂zErH
∗

φ) − (∂rEz)H
∗

φEz (2.110)

results in

P out + PEM + P diss = 0 (2.111)

where the outward electromagnetic power flow P out is introduced as

P out = ∂z(ErH
∗

φ) − r−1∂r(rEzH
∗

φ) (2.112)

and the electromagnetic energy stored in the volume PEM is introduced as

PEM = jωµ0|Hφ|2 − jωε0ε
real
r (|Er|2 + |Ez|2) (2.113)

and the dissipated power P diss

P diss = −ωε0ε
imag
r (|Er|2 + |Ez|2) (2.114)

is only dependent on the imaginary part of the complex relative permittivity.
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2.11.1 Power Check

In this chapter it was shown, that the power is calculated in two ways. The first way
is comparing the amplitudes of the incoming and reflected wave. The second way is to
integrate the power calculated with the pointing vector over the entire grid. If the matrix
is solved correctly it is expected these two powers are the same, aside from discretisation
errors. In the program a check is made on every iteration of the EM module to see if this
is indeed the case. To verify that both ways of evaluating the power indeed give the right
quantities, a unit check is made. While this is trivial it is also important for the model
that this is indeed correct, so it is briefly mentioned. The unit check for the power P1

calculated on the entire plasma volume V with the pointing vector gives

P1 ∼ |E|2εimag
r · ε0 · ω · V ∼ [N ]2

[C]2
· 1 · [C]

[V ][m]
· [s]−1 · [m]3 ∼ [N ]2[m]3

[J ][m][s]
∼ [N ][m]

[s]
(2.115)

Since the amplitudes A and B are given as a length times an electric field their unit is
[m] [N ]

[C]
the unit check for power P2 is then given by

P2 ∼
A2

0 − B2
0

µ0ωb
∼ [m]2

[N ]2

[C]2
1

[H ][m]−1[s]−1[m]
∼ [m]2[N ]2

[A]2[s]2[J ]/[A]2[s]−1
∼ [N ][m]

[s]
(2.116)

with b as the width of the slit. These two dimensional checks show both powers are indeed of
the correct units, whether they are also numerically the same is something that simulations
show. Usually they agree within a factor of 10−10 with eachother numerically.

2.12 Skin Depth

The so-called skin depth model is used as a simple approximation for the behaviour of EM
waves in some plasmas. In the model the skin depth approximation is used to initialise the
flow for the above introduced EM-model, as the skin depth model is many orders faster to
calculate. The skin depth is derived by using the wave equation. This equation is found
by taking the curl of Faradays law.

∇×∇× E = −∇× ∂B
∂t

(2.117)

A harmonic solution is taken where B ≈ B exp(jωt) and a similar exponential solution
holds for the electric field and current density. All time derivatives then become simple
multiplications with jω, so the time derivative can be moved in front of the divergence on
the right hand side. When another Maxwell equation is then substituted and the entire
equation is divided by its exponential term this results in

∇×∇×E = −jω(ε0jωE + µ0J) (2.118)

When Ohm’s law is substituted too, the following equation is found

∇×∇× E = ω2ε0E − jωµ0σE (2.119)
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The first term on the right-hand-side is discarded and when assuming a simple flat wave
this eventually leads to the approximation

E

δ2
= j

1

2
ωµ0σE (2.120)

which will give an estimate of the skin depth and the often used expression

δ =

√

2

ωµ0σ
(2.121)

is found.

2.13 Optimisations

Because the calculations that are defined in this chapter are demanding computationally,
it makes sense to look into optimisations. The first large optimisation we made is the
flexibility in matrix solvers. We have the option of choosing many direct and iterative
methods [22] [23] to solve the complex sparse matrices. We found that the SuperLU direct
solver [24] performed almost as well as iterative ones with good starting conditions. Since
the first iteration is also of concern, we decided to use this solver for our simulations. The
gains of using this solver were in an order of magnitude. For fine grid sizes, the memory
requirements of the solver grew very high. Some simulations took more memory than
available in our workstation, so we used a profiler to see where this memory was used. It
turned out that the pre-ordering of the matrices mattered a great deal, and a factor of
5 in memory requirements was gained. Another large gain was made in simulation speed
by implementing a skip factor. Because the plasma properties on which the permittivity
depends on are relaxed, they change only slowly. Therefore, we decided that after an
intitial number of iterations we only needed to do the EM calculation once every few
model iterations in order for the plasma properties to adjust to the new power coupling.
This made a huge improvement in the simulation speed, in some cases by two orders of
magnitude. This chapter is the basis of the fluid simulations of argon in chapter 4 and
5 and oxygen in chapter 9. The fluid and chemistry part was used in chapter 6 but the
model there takes a different approach to the electromagnetic problem.
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3

Power Modulated Microwave Induced Plasma

Abstract. Because the reaction rates that are needed for modelling industrial plasmas
are hard to find or simply not available, certain measurement techniques may help
in obtaining these rates. One of these measurement techniques is the use of power
interruption to measure time constants in species creation or decay.



Chapter 3.

3.1 Introduction

Most of the studies presented in this thesis are related to the deposition of glass on the
inner side of a quartz tube. This tube is then processed to form a so-called preform, which
is subsequently used for fibre fabrication. The configuration we are mainly interested in is
the resonator described in Chapter 1 (Figure 1.2) that is depicted here in Figure 3.1, we
refer to it as the setup at Draka or the Draka setup.
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Figure 3.1: Sketch of the setup at Draka. A microwave resonator is physically moving. The
plasma inside the quartz tube moves with the resonator. The feed gas is a mixture of oxygen,
silicon tetrachloride and trace gases. Layers of glass are deposited on the inside of the tube. A
furnace is used to heat the setup, so that chlorine which is detrimental to the deposited material
quality will not be incorporated in the structure.

There are other configurations that use microwaves in order to deposit glass on a sub-
strate tube. This chapter will deal with the setup as used in the Fibre Optics Research
Center (FORC) of the General Physics Institute (GPI) in Moscow. The author visited this
laboratory in spring 2006. This setup will be referred to as the FORC setup. A sketch of
the FORC setup is given in Figure 3.2

3.2 Surfatron Deposition Setup

The setup at Draka and FORC have much in common. Both use a microwave induced
plasma in order to create a deposition-plasma. In both cases the feed gase mainly consists
of a mixture of tetrachlorosilane and oxygen, which flow through a quartz tube. In both
cases glass is deposited and a furnace envelopes the plasma to prevent the incorporation
of chlorine in the deposit.
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Figure 3.2: Sketch of the setup at FORC. A microwave launcher maintains a plasma, which
changes in length depending on the power. The feed gas is a mixture of oxygen, silicon tetrachlo-
ride and trace gases. The exhaust gas is mostly chlorine. The plasma head forms the deposition
zone. Layers of glass are deposited on the inside of the tube. An optical multichannel analyser
can be used for emission spectroscopy. A furnace is used to heat the setup, so that chlorine will
not be incorporated in the structure.

On the other hand there are large differences between the two setups as well. First of
all, the deposition zone is moved in a radically different way. In the Draka setup, the res-
onator moves mechanically while in the FORC setup, power modulation moves the head of
the plasma column. This enables a very fast movement of the deposition zone in the FORC
setup. This also enables the use of alternative dopant materials, such as nitrogen [1], to
modify the refractive index of the layers. One of the differences is that the FORC setup
has an easier access to the plasma for optical emission measurements because the furnace
in that setup has an opening on the side. Also, the FORC setup has a time-dependent
behaviour that can be used to get more insight in the reaction kinetics.

The production of the fibres at Draka was treated in Chapter 1 and roughly consists of
the creation of the PCVD step, the collapsing of the preform rod, extraction and coating.
The production of the fibres at FORC can be divided in three steps: First, a surfaguide
plasma is used to create a preform rod, that is then collapsed, extracted and coated to
create a fibre. However, at FORC special fibres are created that are used in temperature
and pressure sensors. This additional step involves stripping the coating at select locations
and creating an intense interference pattern with a laser, that permanently changes the
structure of the fibre so that a Bragg pattern [2] [3] forms in the axial direction.

These fibres are doped with fluor and nitrogen. Nitrogen dopants have some advantages
compared to germanium dopants. For example the resulting fibres for the sensors are very
resistant to radiation and high temperatures. Since one can measure purely optically, the
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resulting sensors are advantageous in applications where the sensing location is remote or
electrical signals are unwanted because of danger of ignition. This sensor has advantages
for example in applications like oil drilling and in nuclear reactors.

The motivation of our visit was that the same feed gases were used as in the Draka setup
and that the FORC setup has an easier access for optical emission measurements. This
might bring some additional insight in the chemistry.

This chapter is organised as follows. First, the set-up at FORC is described in sec-
tion 3.2. Then the need of acquiring the kinetic data is explained in section 3.3. Following
that, the method of acquiring the kinetic data is explained in section 3.4. And finally the
possibilities and limitations of the technique are given in section 3.6 and discussed.

In the setup at FORC, a surfaguide launcher is used to create the plasma column. In
this setup that can be seen in Figure 3.2, on one end of the tube the gases flow in the
tube, while from the other end the electromagnetic (EM) power is supplied. By increasing
the power in time, the plasma column length increases. At maximum length the power
is reduced abruptly so that the column shrinks suddenly. Then the power is increased
steadily again so that the column starts to grow again.

Note that the relation between column length and power is not linear. The nonlinear-
ity is compensated for in the pulse generator so that the growth of the column length is
constant in time. The repetition frequency of this power modulation is adjusted so that
the entire tube will be filled with fresh gas before the plasma head will move again, so it
depends on the flow rate of the gas (this typically corresponds to a time of 45ms). Because
the maximum power in this setup is relatively high (up to 5 kW), a Faraday cage is used
to eliminate unwanted and possibly dangerous EM wave leakage.

Measurement fibres for the spectrometer can be used to observe the plasma through this
cage and through an opening alongside the tube on the side of the furnace. The ease of
optical measurements is an advantage for studies compared to the setup at Draka, where
the plasma is enclosed within the resonator and where the furnace is entirely closed. Note
that the latter furnace functions as a Faraday cage as well.

In the setup at FORC, only passive spectroscopy is possible. Therefore it may be harder
to determine the exact value of the electron density and temperature than when active
spectroscopic methods, like for example Thomson Scattering [4] are used.

3.3 Kinetic Data for Fluid Models

As stated before, the plasma at FORC and at Draka are comparable with respect to the
chemical species that are used as feed gas. However the time-dependent analysis that is
possible in the plasma at FORC, allows for new insights. These are based on overall reac-
tion chains. We will discuss this method and its validity for gaining knowledge about the
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chemistry in the Draka plasma setup.

The most important aspect of molecular plasmas is the understanding of the complex
chemistry. Although the chemistry is closely connected to the transport and energy cou-
pling aspects, it would be of great value to look for methods to disentangle chemistry from
the other main plasma aspects. This is what will be done in Chapter 8 for a pure oxygen
chemistry, where the global plasma chemistry model PyRate is introduced, and in Chap-
ter 10 for a mixture of oxygen and silicon tetrachloride. This is a zero dimensional program
in which the transport is taken into account by using global transport frequencies whereas
the energy coupling is replaced by taking a set of values for the ne, Te pair. PyRate is
an instructive tool that can be used to get insight in the main constituents of a plasma
(the Principal Density Reservoirs, or PDR’s) and the effective conversion rates between
them. These insights can be used to simplify the chemistry in a grand model so that the
convergence of the self-consistent interplay between chemistry, EM energy coupling and
transport is facilitated. In order to predict the abundance of the various atoms, molecules,
ions and radicals under various conditions plasma chemistry models such as PyRate must
be supplied with rate coefficients.

Let us look for example at the dissociation in an oxygen plasma. This can be simplified
by the overall reaction e + O2 → e + 2O. However there are many different routes along
which O2 can be converted into O. An important role is played by the rate coefficients that
are determined by electron impact. These depend on the electron temperature. The rate
coefficients for electron-impact reactions will be indicated by k(Te).

The rate of these reactions can be expressed as a product of the densities of the reactants
and the reaction rate coefficient. The basic data for a reaction rate are actually the inelastic
impact cross section of a reaction. Such a cross section gives the chance of the reaction
occuring as a function of the energy of the impacting particle ǫ. The cross section σ0(ǫ)
is convoluted with the energy distribution function (EDF) f(ǫ). For an electron-impact
process, the rate coefficient k(Te) averaged over an electron EDF (EEDF) f(ǫ) is given by

k(Te) =

∫

∞

0

σ(ǫ)
√

2ǫ/µf(ǫ)dǫ (3.1)

where µ is the reduced mass (which we assume equal to me). The EDF in the general
case can be given in the form of a table, but when there is a Maxwellian distribution
(see Chapter 1), it can be described in terms of a characteristic temperature. The energy
distribution in the Maxwellian case is given by

f(ǫ) =
2√
π

1

kTe

√

ǫ

kTe
exp

( −ǫ

kTe

)

(3.2)

The dependence of the reaction rate coefficient on the temperature is often fitted with the
so-called Arrhenius fit formula;

k(Te) = C · TTexp
e · exp

(−Eeff

kTe

)

(3.3)
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One advantage of using cross sections instead of rates, is that they can be used in
models with non-Maxwellian distribution functions as well.

The above makes clear that the most essential data set of a chemistry module is formed
by the set of cross sections it is based on. In the ideal case, such a set is available for all
possible reactions in the plasma. However, this is usually not the case and such data is
very hard to obtain for most mixtures [5]. Several methods can be used to generate a set
of cross sections like [6] [7]. For example computational techniques [8] in combination with
swarm analysis [9].

The time-resolved emission spectroscopy method discussed here may provide insight in
the overall reactions. This method is experimental and based on the time-depence of the
setup at FORC. We will study this method and discuss the applicability of the results to
the plasma at Draka. Note that fluid parameters like the diffusion coefficients and mobility
are also affected by the EDF. For non-Maxwellian plasmas, we refer to [10] [11] [12].

3.4 Time-resolved Emission Spectroscopy

We focus on the power interruption method. As mentioned before, with these experiments,
we will be able to gain knowledge relevant to the overall reactions.

In an emission spectrum, one can measure changes in the intensity of optically open
lines that correspond linearly to the density of the light emitting species. Such a technique
applied to an oxygen plasma is explained in [13]. At FORC a variant of this method is
used, that is explained in [14] [15]. As an example, we take the following overall reactions
for oxygen.

e + O2 → e + 2O

O + wall → 1

2
O2

which are the overall electron impact dissociation and the wall association reactions. When
the plasma is subjected to a sudden increase in power input at time t1, the radical species
density nO increases and as a result the intensity of the characteristic lines of O increase
as well. When the power is (almost) turned off again at t2, the wall process takes over
and the species density nO decreases again. By measuring the exponential shape of the
time evolution of the intensities of the corresponding lines during creation or destruction of
species, information about the rate constants can be gained. The change in concentration
for the oxygen atom can be expressed by substracting the rate of the wall association from
the rate of the electron impact dissociation. Per dissociation, two atoms are created, so

dnO

dt
= 2kdissnenO2 − kwallnO (3.4)

In steady state, dnO

dt
= 0 but during period 1 and period 2, the characteristic time constant

τ that appears in the exponent describing the species concentration nO(t) = nbegine
±t/τ is

a measure for kdiss and kwall.
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Note that these processes are typically in the order of several ms, so that a normal spec-
trometer should be fast enough to follow it without too much noise. This time dependence
is sketched in figure 3.3.

P

tt1 t2

period 1
period 2

n

I

t

t

P1

P2

Figure 3.3: Local power density (P ) pulse response of emission signals [14]. When the plasma
is switched on at t1 for the regarded detection volume, some species will be dissociated so that
others will be created. Once the plasma in the detection volume switches off again at t2, the
concentration of species and thus the emission lines related with their densities changes as well.
In this example we deal with the temporal behaviour of the oxygen atom density. In the volume,
electron collisions dissociate oxygen molecules into atoms while at the wall atoms associate and
form molecules. In steady-state there is a balance between these processes. In period 1, more
oxygen molecules are dissociated than recombine at the wall. In period 2, the recombination at
the wall becomes more important. From the time evolution of the emission line in the detection
volume, information about the overall rates of these processes can be deduced. In the case of the
FORC plasma, we regard a fixed detection volume and P is the power density. The rise and fall
of the power density at t1 and t2 in the top graph corresponds with the moving of the column,
and thus with the plasma frequency.

3.5 Time-resolved Optical Emission Spectrometry with FORC Setup

In the case of the experiments at FORC, the spectrometer or monochromator is focussed to
one spatial (axial) position in the tube where the surfaguide plasma is created. At time t1
the power of the surfaguide launcher is increased so that the head of the plasma column is
at the position of the spectrometer. An important assumption is that the electron density
at this position is equal to the critical density ne,crit = 4 · 1017m−3. The electron temper-
ature is not measured and assumed to be about 1 eV. We will discuss the implications of
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these two assumptions in Section 3.7.

As a result of the increase of the column length, locally the power density increases from
P1 to P2 at t1. The active zone of the plasma is now located at the detection volume of
the spectrometer and dissociation of some species will take place while other species are
created. At time t2, the power is lowered so that the column becomes so small that the
power density at the detection volume drops to P1 again.

It is essential that the gas flow is in the opposite direction as the EM flow (we assume
the plasma head at this lower power will not affect the gas in the upstream position at the
spectrometers detection volume). Because of this one measures, at the detection volume of
the spectrometer, a block-like pulse response of the power density. The rise and fall slopes
of this block are in the order of the plasma frequency which is much faster than the width
of the pulse. Since the pulses are very reproducible, many measurements can be averaged
to get a better signal to noise ratio.

The following parameters of the setup at FORC are given. The duration of the virtual
power pulse at the position of the plasma head t2 − t1 is 45 ms. This does not mean that
the entire plasma pulse is this short, it is only the time when the active part of the plasma
is measured at the head. The power can be varied from 2 kW (40 cm plasma length) to
5 kW (70 cm plasma length). The power supply is attenuated though, so the power that
ends up in the plasma is lower. The growth of the column is linear in time, and subse-
quently drops to the minimum just after the maximum length is reached. The repetition
frequency is dependent on the flow rates of the gases and adjusted so that a new pulse
will start as soon as fresh gas has completely filled the tube again (say 30 cm divided by
the flow speed, which is dependent on the flow rate and pressure). The detection volume
where the spectra are measured is located near the center of the setup at 55 cm from the
launcher, which corresponds to a power of about 3 kW. In the measurements, the power
will be modulated between 2 kW and 3 kW. The pressure at the exhaust is 1000 Pa. The
furnace temperature during deposition was similar to the Draka case, namely 1200 oC. The
oxygen flow is 150 sccm and the SiCl4 flow 30 sccm, the gas velocity is about 20 m/s. The
quartz tube inner diameter is 16 mm. The SiO2 deposition rate is about 5 · 10−8m/s

3.6 Possibilities and Limitations

With this technique, several different gas compositions could be measured in order to find
the effective overall rate coefficients k. When the electron temperature is also known and
the EEDF is Maxwellian, this can be used to check one point on the theoretical curves for
k(Te).

However, we are restricted to the determination of overall rates and because the process
parameters are different than in the Draka case, the measured rate coefficient may not be
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Figure 3.4: Sketch of power interruption with the setup at FORC, the power flows in from one
direction while the gas flows in from the other side. This means that the deposition zone at the
end (or head) of the column (the left part of the plasma in this figure) will be the most interesting
part of the plasma. Power can be modulated between 2 and 5 kW (attenuated) and virtual pulse
duration at the head is 45 ms, pressure is 1000 Pa, furnace temperature 1200 oC, oxygen flow
150 sccm, SiCl4 flow 30 sccm. The tube inner radius is 8 mm. Other parameters are not known.
The measurement point where the detection volume is located, is near the plasma edge. The top
situation at lower power, is effectively the situation in period 2 of Figure 3.3, where power is
switched off at the measurement points detection volume. While the bottom situation depicts
a setting at higher power, representing period 1, where more power is supplied at the detection
volume.
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applicable there. For example, the relative importance of direct processes with respect to
stepwise processes may be different in other parameter ranges. Also, if the EEDF is non-
Maxwellian, the acquired rates are not usable in a model that assumes a Maxwellian EEDF.

By adding noble gases like Ar, one could get insight in important plasma properties such
as the electron energy distribution function or temperature and dissociation degree. This
method of trace rare gas optical emission spectroscopy (TRG-OES) applied on a chlorine
plasma is explained in [16].

To get more information on the lower energy part of the EEDF one can add krypton,
since Kr has lines that could be excited well which are lower in energy than for Ar. The
interpetation of the EEDF may still be difficult due to rovibrational effects.

To acquire the data that is needed to do a simulation of the overall kinetics of the de-
position process in the Draka set-up, one should do experiments closer to the plasma
parameters of that set-up. Studying each of the feed gas compositions O2, Cl2 and SiCl4
seperately and in combination would give information on the seperate systems and the
interaction between the species.

3.7 Conclusions

The measurement technique described in this chapter can give information about the over-
all rates at one plasma condition. To get rates for the model that are also applicable in
other configurations like the Draka setup, several conditions need to be fulfulled:

First of all one needs information about the EEDF, which could be gained by using TRG-
OES. If the EEDF is Maxwellian in one case and not in the other, the rate at the same
“electron temperature” will be different. In [17], the electron temperature was not mea-
sured. It was assumed that it is about 1 eV, while measurements [18] show it might be
closer to 2 eV. The rate is not measured as a function of the temperature as would be ideal
for the model, but at one fixed temperature. The validity of the TRG-OES actinometric
techniques to learn more about the EEDF should be verified by measuring the same quan-
tities with different methods, like active spectroscopy.

Secondly, conditions like pressure also need to be as similar as possible. The pressure
and tube radius can play a big role in the speed of the wall reactions and the type of diffu-
sion. Note that varying the pressure in experiments could be useful to see the influence of
certain volume processes compared to surface processes. The same applies to the radius.

Due to the reasons mentioned above, the overall rates measured in the FORC setup may
not be usable in a kinetic model to simulate the Draka plasma. The largest problem that
this measurement technique poses, is that the electron density is not measured but as-
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sumed to be equal to the critical density. In one of the setups at our university [19], we
have learned that at the end of the column the electron density is more than a factor of
10 higher than the critical density. This is also the case in other setups [20]. In that case,
all electron-impact rates coefficients that are generated with these measurements would be
invalid for our simulation. Measuring the electron density with an absolute measurement
technique would be a solution.

The most important data that can be gained out of these experiments are the wall re-
action rates. Because these can depend on so many different parameters (like the wall
temperature), measurements like described here would be a good source of data once the
conditions of applicability are fulfilled. The dependence of the deposition speed on the
precursor creation and diffusion to the wall is a special case of this. In chapter 10 we will
investigate what the influence of individual reactions is on the overall rate. The model
described there ultimately calculates a deposition speed.
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4

Argon Microwave Plasma Model

Abstract. A numerical model is constructed using the plasimo toolkit to simulate a
microwave configuration which is similar to that which is in use for optical glass fibre
production. The simulations offer the flow patterns and the EM energy coupling of
a two-temperature argon plasma. The Yee algorithm was used for the EM module,
whereas the SIMPLE algorithm was used to calculate the pressure and velocity field. It
is found that at 400 W coupling of 2.46 GHz EM radiation in 1000 Pa argon, results in
a plasma that is not in local thermodynamic equilibrium, in the sense that Te/Th ≥ 4
and that the ionisation degree is smaller than that predicted by the Saha equations.
The model results are subjected to various sanity checks.



Chapter 4.

4.1 Introduction

Plasma physics is a diverse field of science with many possible applications. In the diverse
field of plasma technology, there are various modes of power coupling and there is a wide
variety in chemistry [1]. One of the power coupling modes is that which is used for the
excitation of microwave induced plasmas (MIP) [2]. In this case, the wavelength of the
electromagnetic (EM) waves are of a size comparable to the dimensions of the plasma de-
vice. This guidance of EM modes can be done electrodelessly as to avoid contamination of
the plasma with electrode material. The wave can be launched in hollow vessels. An ad-
vantage of MIPs is that the plasma can be shaped by manipulating the EM wave structure
by changing the geometry of such a resonator. However, the interaction of the electric and
magnetic fields with the plasma is not straightforward. A sophisticated model is needed
to get insight in the interactions between the various mechanisms and processes like the
transport aspects, the EM energy coupling and the myriad of elementary processes [3].

In this chapter, a plasma created inside a microwave cavity is under investigation. It is
similar to a device used for the production of optical glass fibres [4]. The focus of the study
lies on the interaction between the EM wave and the transport behaviour of the plasma.
For this we use a numerical model. For a proper understanding of this interaction, we
decided to start with a previously used plasma chemistry, that of a pure argon filling [5].

To construct the model we used the modelling toolkit plasimo (PLAsma SImulation
MOdel) described in [5, 6] and [7–18], which is developed at the Eindhoven University of
Technology. plasimo offers a flexible way to deal with chemistry and the various energy
coupling modes. The simulation takes into account flow, non-LTE argon chemistry and
a self-consistent description of the interaction between the microwaves (MW) and plasma
flow patterns and its chemistry. The model is two dimensional, based on a cylindrical
symmetry. The EM coupling is based on the Yee algorithm [19], which solves Maxwell’s
equations [20]. The results of this EM model were validated on simplified sample problems.

One of the specifics of this model is that it does not only take into account the axial
structure [21] but also the radial structure of the EM-waves and plasma. In other two
dimensional models [22] the geometry is different as well as the way the Maxwell equations
are solved (time dependent instead of harmonic with complex fields). Models that used
similar geometry [23] did not solve the Navier-Stokes equations like plasimo does and had
a very simplified plasma behaviour compared to the one used in this model. Compared to
the argon chemistry in [5], the direct electron-impact ionisation was added and of course
the energy coupling is different in that model.

This paper is organized as follows. In Section 4.2, the setup of the configuration under
investigation is described. In Section 4.3, the model is explained. Both its basic equations
as well as the used boundary conditions are discussed. Section 4.4 presents the results and
a discussion of the complete self-consistent two-dimensional simulation.
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4.2 Setup

The configuration of the plasma under study is used at Draka1 for the production of optical
glass fibres for communication purposes [24].

Figure 4.1: Representation of the setup used at Draka. A resonator, fed by a magnetron via
waveguides, moves along a quartz tube in which several gases are supplied. The plasma inside
the resonator deposits (doped) glass on the inside of the quartz substrate tube. This figure is
taken from [25].

A sketch of this setup, given in figure 4.1, shows that the plasma is created inside a
hollow tube where the plasma activated chemical vapour deposition (PCVD) process takes
place. Note that there are different ways to create an inside-coated tube [4], the advantage
of this method is that heat is applied directly to the gas particles instead of through the
glass wall (when using burners for example). During the deposition process, oxygen, SiCl4
and certain trace gases are supplied via a hollow quartz tube. From the plasma formed in
this flow, deposition of doped SiO2 takes place on the inside of the tube. The plasma is
created without the use of electrodes, by means of EM microwaves. A microwave generator
sends an EM wave with a frequency of 2.46GHz via a system of waveguides to a resonator.
This resonator surrounds the quartz tube. The resonator moves back and forth along the
axial direction of the tube, causing the plasma and thus the deposition zone to move as
well. On each pass of the resonator, a thin layer is deposited. By varying the concentration
of the trace gases in the gas stream, the refractive index of a layer can be controlled. A
predetermined radial refractive index profile consisting of many stacked layers of varying
refractive index can be created in this manner. A furnace surrounds the setup to prevent

1http://www.draka.com
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chlorine bubbles between layers that could form cracks in a fibre [26]. Note that the furnace
is around 1500K in the setup, while a value of 500K is chosen at the walls in the model.
After the PCVD process, the hollow tube is collapsed into a massive preform. The preform
is then extruded and coated to create the fibre.

The industrial PCVD setup described here is studied using a numerical model. Here,
we start with a study that is confined to the investigation of the interaction between de
EM coupling and the plasma transport behaviour. Therefore we will use a simple filling
of argon since a more elaborate chemistry would unnecessarily complicate the study. A
chemistry of oxygen and SiCl4 in conjunction with this model will be subject for a further
study.

Typical values that are used in the simulations are the following and based on simu-
lations in references [23] and [25]. The pressure in the tube is 1000Pa on the pump side
(gas outlet) and 400W of power is supplied into the region inside the resonator. The argon
supply on the inlet (gas side) is set to 5 sccs. The quartz tube inner radius is 7.5mm and
the resonator length is 30 cm. The maximum speed at which the resonator moves is neg-
ligible compared to the typical speed of the gas flow. The flow inside the tube is assumed
to be laminar, this assumption is verified in section 4.4.

4.3 Description of the Model

The simulation can be divided into three parts: the fluid module, chemistry module and
the electromagnetic power coupling module. Note that using the plasimo platform it
is possible to change these modules independenly of each other. The basis of the fluid
description are obtained by taking the moments of the Boltzmann equation. The result
of this are applications of the Boltzmann Transport Equations (BTEs). These will be
described in the following subsection. After this, the boundary conditions that complete
the fluid description of the plasma are given. Then, the chemistry in the model is discussed.
And finally, the way the electromagnetic problem is solved is explained in detail.

4.3.1 The Transport Equations

Because the plasma consists of multiple species a multi-component (non-turbulent) fluid
description is needed. At the basis of this fluid model lies the Boltzmann equation, that
describes how the temporal and spatial relation of the phase space distribution function
fi(r,v, t) of species i is influenced by collisions [27, 28]

∂fi

∂t
+ v · ∇rfi +

Fi

mi
· ∇vfi =

(

∂fi

∂t

)

el

+

(

∂fi

∂t

)

in

(4.1)

Here, Fi is the force that acts on a particle of type i, with mass mi, while the right-hand-
side represents the change in the distribution function as the result of elastic and inelastic
processes [29]. The spatial coordinates are referred to by r, while v gives the coordinates
in velocity space.
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The balance equations that are used in the fluid module of plasimo are obtained by
multiplying the BTE of each relevant species with the corresponding mass, momentum or
kinetic energy and then integrating the result over the velocity space. This procedure is
also referred to as taking the zeroth, first and second moments of the BTE, respectively
[27, 28, 30, 31]. In order to get equations that describe the balances of mass, momentum
and kinetic energy on a higher structural level we will use the summation of these balances
over all relevant species.
The zeroth moment of the BTE gives the specific mass balance which for species i reads

∂ni

∂t
+ ∇ · (niui) = Si (4.2)

where ni is the density of species i, and ui the velocity of species i. The source term
Si is the net production of species i by chemical and collisional-radiative processes. The
source term will be dealt with in Subsection 4.3.4 for this specific application for which the
density of Ar atoms, the Ar+ ions and the electrons have to computed using a variant of
equation (4.2). The calculation of the flux density niui is done using the first moment of
the BTE.

If we multiply equation (4.2) by mi and sum the result over all species i we get the
continuity equation for the bulk properties of the plasma

∂ρ

∂t
+ ∇ · (ρu) = 0 (4.3)

where ρ =
∑

i ρi, in which ρi = nimi is the bulk density, while u =
∑

i
ρi

ρ
ui is the bulk

velocity. This equation will be used in conjunction with the momentum equation for the
bulk to describe the barycentric motion of the plasma.
The first moment of the BTE gives the specific momentum balance equation, which for the
species i reads [32]

∂ρiui

∂t
+ ∇ · (ρiuiui) = −∇pi + ∇ · πi + uimiSi + Fi + RT

i + RF
i (4.4)

where πi is the viscosity tensor and pi the partial pressure of species i, Fi the body force
acting on species i, which includes gravitational and electromagnetic forces. The term RF

i is
the friction force caused by collisions with other species [32] while RT

i is the thermophoretic
force [33].
Following the procedure given in [32] we can combine the specific momentum balance,
equation (4.4), with the specific particle mass balance, equation (4.2), multiplied by ui.
Neglecting the viscosity term, the thermophoretic force and the inertial term ρiui∇ui, we
get the following form

ρi
∂ui

∂t
= −∇pi + Fi + RF

i (4.5)

Which includes only the most dominant terms [34]. This is the drift-diffusion equation for
species i that will be used for the derivation of self-consistent diffusion and the expression
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for the current density.
When equation (4.4) is summed over all species, we get the Navier-Stokes equation

∂ρu

∂t
+ ∇ · (ρuu) = −∇p + ∇ · π +

∑

i

ρiFi (4.6)

The equation of state is given by Dalton’s law of partial pressures and the perfect gas
law [25]

p =
∑

α

pα (4.7)

with1 pα ≈ nαkBTα, where kB is the Boltzmann constant. The second moment of the BTE
gives the energy balance which for species i reads

∂(ρiεi)

∂t
+ ∇ · (ρiεiui) + pi∇ · ui + ∇ · qi − τi : ∇ui = Qi (4.8)

where εi is the kinetic energy per particle of species i, Qi the energy gain or loss through
either elastic or inelastic collisions with other particles and the energy gain by electromag-
netic power coupling. τi : ∇ui is the viscous dissipation term [25], which is 0 for electrons.
Here,

τij = 2µ

(

Γij −
1

3
(∇ · u)δij

)

(4.9)

were µ is the dynamic viscosity [25],

Γij =
1

2
(∂ui/∂xj + ∂uj/∂xi) (4.10)

and δij is the Kronecker delta. It is assumed that the conductive heat flux satisfies Fourier’s
law [36]

qi = −λi∇Ti (4.11)

where λi is the thermal conductivity of the species.
We will assume that our plasma is a two-temperature plasma meaning that only two
balances of the type of equation (4.8) are needed; one for the electrons the other for all
the heavy particles. As will be explained in the next subsection, the microwave energy
supplied to the plasma is absorbed by the electrons. These on their turn will transfer (part
of) this energy to the heavy particles by means of elastic and inelastic collisions. Thus, in
contrast to the zeroth and first moment, we will not derive and use an equation that deals
with the energy balance of the sum of all species.
For electrons this means [25]

∂(ρeεe)

∂t
+ ∇ · (ρeεeue) + pe∇ · ue + ∇ · (−λe∇Te) = −Qel

eh − Qinel
eh + QOhm (4.12)

1Note that the sum of these pressures cannot be considered as the total pressure, because the equations
are defined in a species-specific frame. For the complete form used in the simulation see [35].
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where QOhm is the Ohmic heating term, caused by the electromagnetic field. The terms
Qel

eh and Qinel
eh give the energy that electrons lose to heavy particles in elastic and inelastic

collisions, respectively. The heavy particle energy balance is given by [25]

∂(ρhεh)

∂t
+ ∇ · (ρhεhuh) + ph∇ · uh + ∇ · (−λh∇Th) − τh : ∇uh = Qh + Qel

eh (4.13)

Note that in this equation, only the elastic part is added as a source term, since the inelastic
term is taken into account in the chemistry, i.e. when a species is converted into another,
the energy is adjusted for this as well. τh : ∇uh is the viscous dissipation term [25] of the
heavy particles, given by

τh : ∇uh = 2µ

(

∑

ij

ΓijΓij −
1

3
(∇ · u)2

)

. (4.14)

4.3.2 Time Dependence

There are several time scales that can be identified. Two important ones in this study are
the timescale in which the fluid behaviour is described and the one in which the motion
of electrons in the microwave fields takes place (ns). In this section, the first timescale
is considered to be time independent. The terms from the second timescale are simply
referred to as time dependent. The time dependent part is only important in the electron
momentum balance. Later in this section it is shown that this balance can be used to
find an expression for the complex electrical conductivity. Due to the low mass and the
consequently high frequency of momentum transfer, the electrons can follow the variations
in the electric field, while the heavy particles can not. In the energy balances we can
therefore neglect time dependence. For the heavy particles the reason is that due to the
large mass they are not sensitive to direct Ohmic heating. For the electrons the time
dependence in the energy balance can be neglected, due the small mass ratio me/mh

which makes the energy transfer very inefficient. This implies that the mean energy of
the electrons cannot follow the variation in the Ohmic heating. This also means that the
source term in equation (4.2) can be seen as constant in time, meaning that the mass
balances can be treated as steady state equations as well. So, summarising, only for the
force balance of the electrons the temporal term is important.
In order to analyse this time dependence we write the body force Fi in equation (4.5) as
the sum of an harmonic component F̃i and a time independent component F i [37]

Fi = F i + F̃i (4.15)

Inserting this into equation (4.5) provides two equations: one to balance the harmonic
variable forces with each others, the other to express the balance between time averaged
forces.
The time independent form reads

−∇pi + niqiE + RF
i = 0 (4.16)
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which is valid for all species (including the electrons). The harmonic force balance for the
electrons becomes

ρe
∂ũe

∂t
= −∇p̃e + R̃F

e + F̃e (4.17)

This can be simplified by the following steps:� As the driving force is harmonic, we can replace ∂ũe/∂t by jωũe.� The second term ∇p̃e = 0 since the electron pressure pe = nekTe only depends on
plasma properties ne and Te that are constant in time.� The magnitude of the magnetic component of the Lorentz force −e(ũe × B̃) is much
smaller than the electric one −eẼ, so that the driving force reads

F̃e = −eneẼ (4.18)� The velocity of the heavy particles is much smaller than that of the electrons so that
the friction term can be written as

R̃F
e = −νehnemeũe (4.19)

Substitution of (4.18) and (4.19) into (4.17) gives the following relation between the
complex amplitudes of the harmonic component of the electron velocity ue0 and that of
the E-field E0.

ue0 =
−eE0

me(νeh + jω)
(4.20)

If we assume that the current density is proportional to the electron velocity, i.e. that
the contribution of the velocity of other charged particles can be neglected, we find

j0 = −eneue0 = σE0 (4.21)

which shows that the current density is proportional to the strength of the driving electro-
magnetic field. In the proportionality the electrical conductivity σ is a complex quantity
and can be found by subsituting (4.21) into (4.20). This gives

σ =
ω2

pε0

νeh + jω
(4.22)

where we used the plasma frequency ωp, defined as

ω2
p =

e2ne

ε0me
(4.23)

Expression (4.22) is of key importance to realise the coupling between the fluid equations
on one hand and the electromagnetic equations on the other hand, via the expression of
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the relative permittivity (cf. Subsection 4.3.5).

Due to the decoupling of the harmonic and averaged forces we can solve the fluid
equation in a quasi steady state approximation. That is to say, the fluid equations do not
have to be followed within the period of the EM field. Moreover, the transport in space
can be simplified. Only for a limited set of the quantities, namely those described in an
equation containing a divergence, a full computation of the transport calculation is needed.
These are the specific mass equation (4.2) for electrons, the continuity equation (4.3) and
the Navier-Stokes equation (4.6) for the bulk and the two energy balances equation (4.12)
for the electrons and equation (4.13) for the heavy particles. Of these, the combination of
the continuity equation and the Navier-Stokes equation form a special couple. They are
solved in conjunction with each other, using the Semi Implicit Method for Pressure Linked
Equations (SIMPLE) [38]. This yields the pressure and velocity fields. When the bulk
velocity field is known, we can solve the velocity of the various components using the drift
diffusion equations given in [32], either with a self-consistent diffusion model or a simple
Fick type of diffusion (niui = −Di∇ni). In this study we use the self-consistent diffusion
model [32].

In the iterative procedure described in [38], the main structure is as follows. The Navier-
Stokes equation is solved first to obtain velocity corrections of the species, after which the
continuity equation is solved to find the pressure correction. After that, the drift-diffusion
equation (4.16) gives the final velocities of the species. The pressure field as well as the
electron density profile are generated in this procedure. From the spatial electron density
profile, a conductivity profile can be calculated. The conductivity field together with the
electric field calculated by the EM module, is then used to find the Ohmic dissipation
source terms on all cells QOhm in the electron energy balance. Then the electron energy
balance is calculated. All other terms that affect the transport properties are calculated as
well. Then, the Navier-Stokes and continuity equations are solved again and the procedure
repeats itself until convergence is reached.

Since all the fluid equations are derived from the BTE, they share a similar structure.
Therefore the various transport formulas are derived from an abstract form, the so-called
canonical transport equation or φ-equation. In the object oriented structure as used in
plasimo, this means that the various transport equations are derived classes from the
abstract base class that describes the general φ-equation. For a more thorough description
of the algorithm we refer to [25].

4.3.3 Fluid Boundary Conditions

Because the problem is cylindrically symmetric, it can be reduced to only two (radial and
axial) dimensions. The orientation of the simulation volume is as follows. The west side
of the simulation volume corresponds to the inlet of the tube (gas side), the east side with
the exhaust (pump side). The north side is the inner wall of the tube, whereas the south
side is the symmetry axis. The SIMPLE algorithm [38] that is used to solve the flow
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requires boundary conditions for each of the edges of the simulation volume. Because the
gases travel a distance much longer than the radius of the tube before they reach the area
surrounded by the resonator, a fully developed Poiseulle profile is assumed for the inlet
gas velocity. Together with the flow rate (5 sccs), this gives an absolute value for the gas
velocity at all radial positions of the inlet. At the pump side, the pressure (1000Pa) is
used as a boundary condition. The north side of the simulation uses the no-slip boundary
condition, thus the velocity of the gas in any direction is zero. At the south side, the
radial velocity is zero, as is the derivative of the axial velocity, since this is required by
the symmetry. The heavy particle temperature at the north wall and the inlet is set to
500K. The derivative of the heavy particle temperature at the symmetry axis and outlet is
set to zero. The electron heat flux through the wall is negligible and thus for the electron
temperature, all boundary conditions are set to a derivative of zero. We assume most of
the energy of the electrons is lost through collisions with the heavy particles in the plasma.
For our high pressure case this is a reasonable assumption, although it may be of influence
near the wall where the energy coupling occurs.

4.3.4 Chemistry, Composition and Transport Coefficients

Aside from the transport equations that describe the fluid behaviour, several additional
components are needed for a description of the problem. Part of these are the chemical
composition, its resulting transport coefficients and the chemistry between these species in
both the bulk as well as on the surface.

In plasimo it is possible to create an LTE model, in which the species densities are given
by the one-temperature Saha equation. For two-temperature plasmas this approximation
is no longer valid and another approach must be used, like in [39]. However, in this model
we use a collisional radiative model to get the species densities. As an example, this model
uses temperature dependent rates together with species densities of a previous iteration
to calculate creation or destruction of certain species. Since the Boltzmann Transport
Equations are then solved, energy, momentum and mass are preserved. From the resulting
species densities and the cross-sections for momentum transfer, one can calculate transport
properties. And, since these transport properties are required for calculating the Boltzmann
Transport Equations, an iterative procedure then creates a self-consistent set of species
densities and temperatures.

The transport properties for viscosity and thermal conductivity are calculated by us-
ing built-in functions that use cross-sections for momentum transfer from references [40]
and [41]. The transport properties are calculated spatially resolved and adjusted in each
iteration.

In a plasma of complex chemical composition the thermal conductivity from equation
(4.11) may depend heavily on the state of equilibrium departure, especially for those con-
ditions for which the reactive part of λ is important, like in molecular mixtures. However
in the current study of an atomic argon plasma, λ is supposed to be accurate on 10% [42].

As stated before, we will confine ourselves to a simple argon plasma for which the
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ionisation process by electron impact and the reverse process are considered.

Ar + e− ↔ Ar+ + 2e− (4.24)

Under the conditions of the plasma under investigation, the indirect ionisation rates are
much higher than the direct rate [5]. In the model however, we use both the direct and the
indirect processes for electron impact ionisation. The rate of the stepwise process is given
in an Arrhenius format by [5]

findirect = 6.79 · 10−17m−3s−1(Te [K])0.5 exp

(

− 12.06

kTe [eV]

)

(4.25)

The rate of the backwards process is found using detailed balancing [43]. The rate of the
direct process is given by [44]

fdirect = 2.8 · 10−16m−3s−1(Te [K])0.5 exp

(

− 15.759

kTe [eV]

)

(4.26)

Note that in the simulations a Maxwellian electron energy distribution is assumed, as the
ionisation degree is high enough in the plasma.

Since the direct and stepwise rates for electron-impact ionization affect the species
composition (and therefore the transport properties) we disturbed these rates to see what
the effect was. The effect of a 10% higher rate was an about 17% higher electron density
and a 6% higher electron temperature. Therefore it is important for these models to have
accurate reaction rates. The chance for argon ions that impinge on the wall to recombine
is set to 80% in the model. The results of the simulation do not depend strongly on this
parameter, an order of magnitude change only changes the results by a few percents.

4.3.5 Electromagnetic Power Coupling

The EM power coupling is based on the two Maxwell equations

∇× E + ∂tB = 0 (4.27)

−∇×H + J + ∂tD = 0 (4.28)

where E is the electric field, B the magnetic flux density, H the magnetic field, J the
current density and D the dielectric displacement. Note that these are all vectors. This is
completed with the constitutive relations for a non-magnetized substance (µr = 1)

B = µ0H (4.29)

D = ε0εrE (4.30)

and Ohm’s law
J = σE (4.31)

71



Chapter 4.

Assuming that the fields are all harmonic we can write E = E exp(jωt) and H = H exp(jωt)
where E and H are the complex field amplitude vectors1 Substitution of these expressions
into equation (4.27) and equation (4.28) gives

∇×E + jωµ0H = 0 (4.32)

∇× H − jωε0ε̂rE = 0 (4.33)

Here the complex relative permittivity has been defined as

ε̂r = εr +
σ

jωε0
(4.34)

in which σ is the complex electrical conductivity. The permittivity of the non-conducting
or lossless part of the plasma εr = 1 [45]. In Section 4.3, equation (4.22) is derived, which
gives the conductivity as a function of basic plasma properties.

σ =
ω2

pε0

νeh + jω

This can be used in combination with equation (4.34) to relate the complex relative per-
mittivity to these basic properties as well.

ε̂r = εRe
r − jεIm

r (4.35)

with

εRe
r = 1 −

ω2
p

ω2 + ν2
eh

(4.36)

and

εIm
r =

νeh

ω

(

ω2
p

ω2 + ν2
eh

)

(4.37)

Note that the real component of the complex permittivity in equation (4.36) results from
the imaginary part of the conductivity and from the permittivity of the lossless part of
the plasma. However, the imaginary component of the complex relative permittivity in
equation (4.37) results only from the real component of the conductivity.

Since the configuration exhibits cylindrical symmetry, the Maxwell equations can be
written in cylindrical coordinates. For both the magnetic and electric complex field am-
plitudes, three components are defined: radial (r), axial (z) and one component in the
azimuthal direction (φ). This gives six unknown scalar field components: Hz, Hr, Hφ, Ez,
Er and Eφ. In the small quartz tube of the setup either the transverse magnetic (TM)
or transverse electric (TE) rotationally symmetric fields can exist. Because of the geom-
etry in our setup, only the TM fields are excited. The number of unknown complex field

1Note that for convenience, we have used E instead of E0 for the amplitudes, unlike in the derivation
of equation (4.22), which is possible because we have used the calligraphic symbol E instead of E for the
fields themselves.
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components is then limited to three: Hφ, Er and Ez. This leaves only the following three
scalar Maxwell equations

jωµ0Hφ +∂zEr −∂rEz = 0 (4.38)

∂zHφ +jωε0ε̂rEr = 0 (4.39)

−r−1∂rrHφ+ jωε0ε̂rEz = 0 (4.40)

of which the first follows from equation (4.32) and the second and third from equa-
tion (4.33). Together with boundary conditions they define the entire EM problem.

For the discretisation and numerical evaluation of the derivatives in these three equa-
tions we follow the Yee algorithm [19]. Key to this algorithm is a smart choise for the
locations where the three field components are defined. The field components Hφ, Ez and
Er are defined at the nodal grid, north–south and east–west sub-grids, respectively as can
be seen in figure 4.2. A derivative of a field component is defined on a grid in between
two of its own grid points, in the direction of the derivative. As an example, the derivative
in the z-direction of the Er component is defined on a nodal point dENP

r (z, r)/dz and its
value is Er on the west of this nodal point EEW

r (z − dz/2, r) substracted from Er on the
east of the nodal point EEW

r (z + 1/2, r), divided by the distance dz between these points.
The Maxwell equation (4.38) is solved on the nodal grid, since Hφ is known there as well
as both derivatives. equation (4.39) is solved on the east–west sub-grid, since Er is known
there and the derivative of Hφ in the z-direction is defined at the east–west sub-grid also.
equation (4.40) is solved on the north–south sub-grid, since Ez is known there and the
derivative of Hφ in radial direction is defined on the north–south sub-grid as well.

Ez

Er

Ez

Er

Ηφ

r

z

Figure 4.2: Field components and their sub-grids. The Hφ component is defined on the nodal,
Er on the east–west and Ez on the north–south sub-grid.

The dissipated power is calculated by using the Poynting theorem [46] and depends on
the electric field amplitudes and the imaginary part of complex relative permittivity from
equation (4.36), and thus on the real part of the conductivity. It can be written as

Pdiss = −ωε0ε
Im
r (|Er|2 + |Ez|2) (4.41)
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Because the complex electic field amplitudes are known at the east–west and north–south
sub-grids, interpolation is needed to calculate the dissipated power at the nodal points.
The algorithm of the EM module is:� Calculate the complex relative permittivity from ωp and νeh� Interpolate the permittivity to the east–west and north–south sub-grids� Solve the discretized TM-field Maxwell equations to get the complex amplitude of

the E and H fields� Use the Poynting theorem and ε̂Im
r to get the power dissipation density P diss� Interpolate P diss to the nodal grid� Use the fluid and chemistry modules to calculate the flow and plasma characteristics� Calculate ωp and νeh to generate a new permittivity for the next iteration, until a

self-consistent solution has converged.

In this procedure, each of the Maxwell equations for every grid cell is put into a matrix. The
boundary conditions for the electromagnetic system are put into both this matrix and in the
source vector. Because this matrix is extremely large in case a reasonable amount of grid
points are used, only the non-zero elements are stored (sparse matrix). There is a minimal
number of gridpoints, which is determined by a condition similar to the Nyquist theorem:
The size of a grid cell needs to be smaller than a quarter of the resolved wavelength. The
maximum amount of grid points is determined by the memory of the simulation computer.
If the matrices require more memory storage than available, the usage of virtual memory
slows the simulation by several orders of magnitude and is therefore practically unusable.
This means for practical purposes that there is both a maximum and a minimum number
of grid cells in the simulation. During the solver step, different solvers can be used to
generate the solution vector for the field components [47]. Possibilities are amongst others
iterative solvers [48] which require a good initial guess for the first iterations, or fast direct
solvers like SuperLU [49] which was used in this study.

4.3.6 Electromagnetic Boundary Conditions

The boundary conditions of the electromagnetic problem can be seen in figure 4.3.
The simulation volume of the EM problem not only encompasses the plasma region but

also the quartz, air and resonator regions. This means that there are several transitions
between media within the simulated area itself. In a transition between two media in
the radial direction, the electric-field component perpendicular to the boundary (Er) is
discontinuous while the component along the boundary (Ez) is continuous. Because there
are no active magnetic media, the magnetic-field component (Hφ) is also unaffected by the
boundary.
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Air

Glass

Plasma
Inlet Outlet

Slit

Symmetry axis

Ez

ErΗφ
PEC

Figure 4.3: A sketch of the grid structure and the boundaries of the electromagnetic problem.
Only the plasma region is simulated in the fluid module while the entire region is simulated in
the EM module. Note that in practice a much more refined grid is used.

These transitions are incorporated in the model by defining the effective relative com-
plex permittivity at the north–south gridpoints located in this boundary as

ε̂r,eff = ε̂r,glass
RN − R

RN − RS
+ ε̂r,plasma

R − RS

RN − RS
(4.42)

where R is the radial position of the glass-plasma interface and defined on the north–south
grid while RN and RS are the radii on the nodal grid, north and south of the boundary point
respectively, as can be seen in figure 4.4. This means that the effective relative complex
permittivity changes at the boundary when the plasma properties change.

R

R
S

R
N

glass
plasma

Figure 4.4: The effective relative complex permittivity at the boundary between two media on
the north–south grid is calculated from permittivities of both media.

The west and east wall in the model are taken as totally reflecting as is also mentioned
in figure 4.3. This is electromagnetically equivalent to a perfect electrical conductor (PEC)
at those positions. In the simulations this means setting the field component along such
a virtual wall at 0. So for the east and west walls, Er = 0. When much of the wave is
absorbed in the plasma, these conditions do not matter much. However if this absorption
is not so pronounced, these conditions affect the behaviour of the waves strongly. If there
is still power left in the wave at the edges, it will be reflected.
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The boundary conditions at most of the north wall are those of a PEC as well, this time
oriented along the axial direction, so for most of the north wall Ez = 0. At the position of
the slit through which the power is supplied in the simulated volume, a different boundary
condition is applied.

The fields in the slit are described in terms of a superposition of incoming waves with
amplitudes An, and reflected waves with amplitudes Bn. The configuration with imploding
and exploding waves, is called the radial waveguide [50]. The Hankel functions H

(l)
k (z) [51]

are used in the descriptions of these inwards and outwards travelling waves [50].

Ez(r, z) =
∞
∑

n=0

Bnez;n(z)H
(2)
0 (κnr) +

∞
∑

n=0

Anez;n(z)H
(1)
0 (κnr) (4.43)

Er(r, z) =

∞
∑

n=0

Bner;n(z)H
(2)
1 (κnr) +

∞
∑

n=0

Aner;n(z)H
(1)
1 (κnr) (4.44)

Hφ(r, z) =
∞
∑

n=0

Bnhφ;n(z)H
(2)
1 (κnr) +

∞
∑

n=0

Anhφ;n(z)H
(1)
1 (κnr) (4.45)

The definitions of the normalized modal field distributions are

ez;n(z) = χn cos
(

nπz
b

)

1
−b

(4.46)

er;n(z) = χn sin
(

nπz
b

)

1
−b

nπ
bk0

κn

k0
(4.47)

hφ;n(z) = χn cos
(

nπz
b

)

1

jb
√

µ0/ǫ0

κn

k0
(4.48)

where z is the distance along the slit, so z = 0 is the west side of the slit and z = b is the
east side. Here, χn is defined as

χn =

{

1 if n = 0
2 if n 6= 0

(4.49)

The power flow in the radial direction at the slit is given by [46]

Pr =
1

2
Re(Sr) =

1

µ0πωb2r

(

|B0|2 − |A0|2
)

(4.50)

The result of this is that at the slit, the source term in the matrix equation BCslit, that
represents this boundary condition becomes

BCslit =
1

k0

1

rN − rS

1

b

∞
∑

n=0

Bnχn cos
(nπz

b

)

H
(2)
0 (κnr

N) +
1

k0

1

rN − rS

1

b
A0H

(1)
0 (κ0r

N) (4.51)

In the simulations, only the modes with n = 0 are enabled.
The last EM boundary condition is that on the south wall. Here a symmetry condition
gives a relation between Hφ and Ez.
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4.4 Results and Discussion

The results of a self-consistent simulation with 5 sccs Ar, 400W input power and a pressure
of 1000Pa at the outlet are given in this section, as well as several consistency checks of the
model. As described in the previous sections, the input data of the model is the following:� The rates for inelastic processes and wall chemistry to calculate source terms in the

Boltzmann Transport Equations.� The cross-sections for momentum transfer from [40, 41], to calculate the transport
coefficients.� The boundary conditions for the flow (pressure or velocities) and temperatures.� The boundary conditions of the EM configuration, like the slit and the total amount
of power that is put into the simulated volume.

The simulations performed on a workstation (Athlon FX-55 with 1 Gb) took depending
on the initial conditions from about three hours (initialized with values from a previous
simulation of slightly different power or pressure) to approximately one day to converge.
The grid size used in the simulations is 32 by 32, which we found to be of sufficient
resolution. The grid is stretched in the radial direction in such a way that there are more
points near the outer boundary of the plasma than in the center of the plasma. The benefit
of stretching is that more points are available at the wall, where large gradients exist in
some variables. This means that less grid points are needed to resolve a similar solution,
and simulation times can be reduced. In the graphical representation of these results,
the maximum value of the z-axis is always chosen to be very close to the maximum of
the represented grid variable. The lines in the graphs correspond to grid cell coordinate
isolines. So the intersection of two lines corresponds to a nodal point in the grid at the
corresponding z and r coordinates.

In figure 4.5 the Ohmic power dissipation density is given. Note that in each iteration,
a consistency check is done, the power that is calculated by substracting the amplitudes
of the incoming wave and the reflected wave in the slit (400W), is equal to the spatially
integrated dissipation profile (power density times the volume of a cell).

Radially, the wave clearly falls off rapidly and does not penetrate deep into the plasma.
The typical length at which the wave penetrates into the plasma radially is called the skin
depth, given by [45]

δ =

√

2

µ0σω
(4.52)

From the figure we can see that the skin depth is less than 1mm. The typical skin depth
at σ = 2500 Ω−1m−1 according to equation (4.52) is 0.5mm, so this agrees well with what
we see in figure 4.5. Note that the aspect ratio in the figure differs significantly from 1.
Diffusion coefficients are not direction dependent in the model and the distance between
two successive radial points is much shorter than between two successive points in the axial
direction. Because of this, we can regard the radial transport seperately.
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Also one can see maxima in the axial direction with a separation of about 6 cm, which
is half the wavelength (12.2 cm) of the microwaves. This behaviour can be expected if the
electron density is high enough, as the perfect electrical conductor (PEC) conditions at the
inlet and outlet induce a resonant behaviour in the axial direction.
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Figure 4.5: Ohmic power dissipation density profile for 400W. The structure of the waves can
be seen in the periodic peaks in the axial direction z. In the radial direction, the skin effect can
be seen as the profile falls off rapidly. Note that the aspect ratio between the axial and radial
direction differs significantly from 1.

Figure 4.6 shows the electron density. Here the variation can be seen in the axial direc-
tion, that corresponds more or less with that of the power dissipation density. In places with
a high electron density, the conductivity is higher and more power is dissipated. In turn,
at places where more power is dissipated, the electron temperature goes up and because
of that the reactivity increases. Because more ionisations take place, the electron density
increases there. The modulation depth in the electron density is less than the modulation
in the power profile. There are axial positions where the ohmic power dissipation is zero,
whereas the electron density is not. This is a result of the axial movement of the electrons
resulting from diffusion and convection in the plasma. Because again the aspect ratio of
the figure differs significantly from 1, the radial behaviour can be described locally. There
is a sink of electrons at the wall because of the neutralisation at the wall. On the other
hand, most of the energy is coupled in near the wall, which causes the electron temperature
there to rise and therefore the ionisation rate to become relatively high. Thus there is both
a large local production and destruction of electrons near or at the wall. This causes large
gradients of the electron density near the wall, while the profile flattens towards the center
as there is no source or sink of note in that place.
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Figure 4.6: Electron density. Large radial gradients occur near the wall since there is a sink
of electrons at the wall and a source from the higher ionisation rate that results from the power
that is coupled in along the skin depth near the wall. The axial profile is less pronounced than
the power input because of diffusion.

In figure 4.7 the real part of the complex relative permittivity from equation (4.36) is
shown. The real part of the conductivity, and thus a factor 1/ωε0 times the imaginary com-
ponent of the complex relative permittivity from equation (4.37), can be seen in figure 4.8.
The relative complex permittivity that is used in the Maxwell equations, is calculated from
these two real valued variables. The imaginary component results in the absorption of the
waves and thus the dissipation. The conductivity depends on amongst others the plasma
frequency and thus on the electron density according to equation (4.22) and (4.23). This
means that at a higher electron density, the conductivity and thus the attenuation of the
waves is also higher.

In figure 4.9, the electron temperature is shown. The axial electron temperature profile
shows a much smaller modulation (around 20%) than the electron density (an order of
magnitude) because of the power peaks in figure 4.5. This is because the reaction rates
vary exponentially with the temperature, and small fluctuations in temperature are enough
to cause a large effect in the rate. When comparing the electron temperature with the
heavy particle temperature in figure 4.10, we see that the plasma is clearly not in LTE.
The ratio Te/Th ≥ 4. If we look at the radial profile, we can see a rise in the electron
temperature at the wall. Because of the losses of electrons to the wall, the electron density
balance is disturbed. More electrons are created to compensate for this loss. A higher
electron temperature at the wall means a higher ionisation rate which takes care of this
extra electron creation.
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Figure 4.7: Real part of relative complex permittivity. This results from the imaginary part of
the complex conductivity and the relative permittivity of the medium (1).
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Figure 4.8: Real part of the conductivity. This results in the imaginary component of the
relative complex permittivity. This component is dependent on amongst others the electron
density.
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Figure 4.9: Electron temperature. The modulation in the axial direction is much less (20%)
than that in the electron density profile (order of magnitude). A small change in electron
temperature can cause a large change in reactivity.
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Figure 4.10: Heavy particle temperature. This temperature is about four times smaller than
the electron temperature.
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Figure 4.11 shows the flow velocity in the axial direction. An area of larger speeds can
be seen near the zones of the plasma with high Th when looking at the plot axially. This is
the result of the continuity equation. Since the zones in the axial profile with high Th cause
a drop in density (ideal gas law, with pressure more or less constant) and the continuity
equation requires that the product of density and velocity is constant, velocity rises. This
causes the velocity profile to follow the heavy particle temperature from figure 4.10. The
radial profile resembles a Poiseulle profile, where the no-slip condition at the wall can be
easily seen. Velocities in the other directions (radial and circumferential) are simulated
as well but are much (an order or more) smaller than those in the axial direction and are
therefore not shown. Note that the final velocity of the gas stays high at the outlet, because
it has been heated up.
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Figure 4.11: Flow velocity in the axial direction. A Poiseulle profile can be seen. The continu-
ity equation requires that the product of density and speed remains constant. Since the density
goes down in the hot zones, the velocity profile resembles the heavy particle temperature profile.

4.4.1 Consistency Check, Grid Size

Here we look at the effect of changing the number of grid points in the simulated area,
applied on the power coupling that results from the EM structure like shown in figure 4.5.
Grid sizes below 16 by 16 gave serious errors, see figure 4.12 and even lower grid sizes gave
an incorrect solution as can be seen in figure 4.13. Spatial profiles with these large grid
cells were very different than with the higher number of grid cells, although the spatially
averaged electron density and temperatures followed the same trends.

A grid size of 64 by 64 caused the memory footprint of the matrices to become too large
for our simulation computer. Preliminary results for calculations of such grid sizes showed
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Figure 4.12: Ohmic power dissipation with 16 by 16 grid. Large inaccuracies can be seen
because of the coarseness of the grid.
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Figure 4.13: Ohmic power dissipation with 8 by 8 grid. The solution does no longer resemble
the proper one in the axial direction when cells are larger than 1/4 of the wavelength of the
microwaves.
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a similar behaviour as for 32 by 32, in the future we will look at how to optimize the EM
calculation so the simulation is more suitable for a higher number of grid points.

4.4.2 Consistency Check, Power and Conductivity

The input power in the simulation is varied in order to see the behaviour of the EM wave
in the Ohmic power dissipation profile.

At lower powers, the electron density goes down and thus the electrical conductivity
goes down as well. As seen before in figure 4.6, at high conductivity a PEC-like behaviour
results as there are many electrons to shield off the fields and a typical wave-like structure
can be seen on the edges at the skin depth. At lower powers and thus lower conductivities
like in figures 4.14 (1W) and 4.15 (5W), the waves penetrate much deeper into the plasma,
as expected. Note that both of these cases are purely academical and only used to test
the behaviour of the EM module at low conductivities. The physics at these low powers
may be different so no other conclusions can be made from the simulation results. For
example, since the electron density is so low the effectiveness of the stepwise ionisation
process declines rapidly, because the average time for an excited atom to fall back to its
ground state becomes shorter than the average time it takes before the next electron hits
the atom. Also, the electron energy distribution function may no longer behave Maxwellian
with this few electrons.
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Figure 4.14: Power input profile with 1W input. Note that this is a purely academical test
case to determine the model behaviour at low conductivities.
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Figure 4.15: Power input profile with 5W input. Note that this is a purely academical test
case to determine the model behaviour at low conductivities.

4.4.3 Consistency Check

Disabling the direct ionisation process in the simulations of 400W did not significantly
affect the results (less than 20%). This means that the dominant process is the stepwise
ionisation process as we expected [5]. However, at lower powers this is no longer the case.

The assumption that the flow inside the tube is laminar is verified using results of
the simulation. The Reynolds number Re = ρvsL/µ < 103, which satisfies the criterion
Re ≪ 2300 [52].

Several other consistency checks, like mass conservation are automatically taken care
of by the model. It always turned out that the mass flow on the inlet is the same as that
on the outlet.

4.5 Conclusion

The electromagnetic coupling module shows behaviour that is physically sound. Self-
consistent simulations performed for an argon chemistry show that stepwise ionisation is
the dominant process. The model will be used in the future to perform parameter studies
and expanded by adding different chemistries like oxygen and SiCl4, so the PCVD process
can ultimately be simulated in order to gain more insight. Because of the modular structure
of the plasimo toolkit, the main changes that are needed to accomplish this are adding
cross-sections for momentum transfer (for the transport properties) and for ionisation (di-
rect and indirect) or reaction rates and species properties in the inputfile. Work will also
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be performed on the deposition at the wall. The flow and EM modules can be re-used in
those simulations. We do expect some difficulties when adding electronegative species, since
electrons are no longer the only negative charge carriers, which may affect the EM coupling.

Note that this chapter also appeared in a slightly modified form in J.Phys.D: Appl.Phys.39
(2006) pp2553–2564.
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5

Argon Microwave Plasma Confinement

Abstract. A numerical model of a microwave induced (MIP) plasma using the plasimo

toolkit [1] has been improved. This model includes an interplay between a finite rate
two-temperature argon chemistry, flow and energy coupling. The electromagnetic (EM)
energy coupling module solves the differential form of the frequency domain Maxwell
equations in discretised form. One of the shortcomings of the previous version of this
model was the leaking of EM waves outside of the resonator. The EM module in this
model is extended to include the effect of chokes, which are meant to confine the waves
in the resonator. Because of several optimisations, the simulated region can be larger.
Both of these changes allow a more realistic simulation.



Chapter 5.

5.1 Introduction

Plasma physics is a diverse field of science with many possible applications. Large variations
in a multitude of parameters exist. For example in the size of the plasma, the pressure,
temperatures, chemistry and power coupling. One of the ways to couple power into a
plasma is by means of microwaves. The geometric configuration offers a lot of possibilities
in the shaping of the waves and thus the plasma. There can be plasmas with propagating
waves based on self-guiding, cavities and torches. Manipulation of the waves is possible by
using properties of dielectrics or by designing geometric features like microwave entrance
slits and chokes. This flexibility offers many possibilities. A plasma with parameters
necessary for the application can be created by designing a configuration which guides the
microwave power in a predetermined way.

One of these applications is one of the production steps in the creation of glass fibres for
optical communication. A resonator is used to supply energy to the plasma. In Chapter 4,
we described a model that can be used in the simulation of such a resonator in the plasma.
In this chapter we are interested in the addition of the chokes, which are meant to confine
the active part of the plasma within a certain region. Just as in the previous study, we
use the same finite-rate Maxwellian argon chemistry. For the electromagnetic part of the
simulation, the Maxwell equations in the differential form for the TM mode in the frequency
domain are discretised on a cylindrical grid. These discretised equations for all cells in the
simulation are put into one sparse matrix. The chokes and slit imply special boundary
conditions in the domain, which are described as a superposition of an imploding and
exploding wave in a radial waveguide. Special attention was given to the numerical solvers
used in the model and other optimisation possibilities. The results of the simulations show
that the waves are partly confined by the chokes. The magnitude of this effect depends on
the precise configuration. For the model description we treat only the most relevant parts
and refer to Chapter 4 for a more complete derivation.

5.2 Model Description

The model iteratively calculates a self-consistent steady-state solution of the equations for
the chemistry, flow and the electromagnetic coupling. Because such a system can be nu-
merically unstable, underrelaxation is applied to some of the variables.

The chemistry and flow modules are first described briefly. After that, we will focus on
the EM coupling, with special attention on the addition of the chokes. In Figure 5.1 the
simulated situation can be seen.

5.2.1 Chemistry and Transport

The simulated volume is discretised and on each cell. We use a control volume method
to solve continuity equations [2] for mass, momentum and energy. These are derived in
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Figure 5.1: The simulated situation.

Chapter 4 and given by
∂ni

∂t
+ ∇ · (niui) = Si (5.1)

where ni is the density of species i, and ui the velocity of species i. The source term Si is the
net production of species i by chemical and collisional-radiative processes. The chemical
part of Si is also denoted by its partly linearised form P − niD, where P is the production
term and niD the destruction term. These terms are found by using the net stochiometry
and reaction rates. Reaction rates are found by using the reaction rate coefficient k(T )
and the densities of the reactants.

∂ρiui

∂t
+ ∇ · (ρiuiui) = −∇pi + ∇ · πi + uimiSi + Fi + RT

i + RF
i (5.2)

where πi is the viscosity tensor and pi the partial pressure of species i, Fi the body force
acting on species i, which includes gravitational and electromagnetic forces. The term RF

i is
the friction force caused by collisions with other species [3] while RT

i is the thermophoretic
force [4].

∂(ρeεe)

∂t
+ ∇ · (ρeεeue) + pe∇ · ue + ∇ · (−λe∇Te) = −Qel

eh − Qinel
eh + QOhm (5.3)

where QOhm is the Ohmic heating term, caused by the electromagnetic field. The terms
Qel

eh and Qinel
eh give the energy that electrons lose to heavy particles in elastic and inelastic

collisions, respectively. The heavy particle energy balance is given by [5]

∂(ρhεh)

∂t
+ ∇ · (ρhεhuh) + ph∇ · uh + ∇ · (−λh∇Th) − τh : ∇uh = Qh + Qel

eh (5.4)

Note that in this equation, only the elastic part is added as a source term, since the inelastic
term is taken into account in the chemistry. τh : ∇uh is the viscous dissipation term [5] of
the heavy particles, given by

τh : ∇uh = 2µ

(

∑

ij

ΓijΓij −
1

3
(∇ · u)2

)

. (5.5)
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We will confine ourselves to an argon plasma for which the ionisation process by electron
impact and the reverse process are considered.

Ar + e− ↔ Ar+ + 2e− (5.6)

Both the direct and the step-wise processes for electron impact ionisation are considered.
The rate coefficients of the processes are given in an Arrhenius format. For the step-wise
process we use [6],

k(T )indirect = 6.79 · 10−17m−3s−1(Te [K])0.5 exp

(

− 12.06

kBTe [eV]

)

(5.7)

The rate coefficient of the direct process is given by [7],

k(T )direct = 2.8 · 10−16m−3s−1(Te [K])0.5 exp

(

− 15.759

kBTe [eV]

)

(5.8)

The rate coefficients of the backwards processes are found using detailed balancing [8] [9].
Note that in the simulations a Maxwellian electron energy distribution is used, as the
ionisation degree is assumed to be high enough in the plasma.

The chance for argon ions that impinge on the wall to recombine is set to 80% in the
model. the validity of this assumption is discussed in Chapter 4.

Diffusion and convection are both taken into account in the simulation. The SIMPLE
algorithm [2], is used to solve the bulk flow in the plasma. Before convergence of the
model, during iteration there can be slight differences between the pressure that is imposed
by the bulk flow PSIMPLE and the pressure from the species densities and temperatures
PCHEM =

∑N
0 nikBTi. To correct these differences, the density of the most abundant

particle can be adjusted slightly or a small relative adjustment can be performed on all
species if no majority species exists.

The directions of the wind are used to designate the geometry of the configuration. The
symmetry axis is the south side, the maximum in the radial coordinate is the north side,
the west side is the inlet or gas side, and the east side is the outlet or pump side.

A fully developed Poiseulle profile is assumed for the inlet gas velocity. Together with
the flow rate (5 sccs) and the fixed temperature of the heavy particles at the inlet, this gives
an absolute value for the gas velocity at all radial positions of the inlet. At the pump side,
the pressure (1000Pa) is used as a boundary condition. The north side of the simulation
uses the no-slip boundary condition, thus the velocity of the gas in any direction is zero.
At the south side, the radial velocity is zero. The derivative of the axial velocity, electron
density and temperatures are zero as well as a result of the axial symmetry. The heavy
particle temperature at the north wall and the inlet is set to 500K. Room temperature is
not chosen as it is assumed that the plasma heats the wall slightly. The derivative of the
heavy particle temperature at the outlet is set to zero. The electron heat flux through the
wall is negligible and thus for the electron temperature, all boundary conditions are set to
a derivative of zero.
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5.3 Electromagnetic Incoupling

In this section, we derive the absorbed electromagnetic (EM) power in the plasma. A more
thorough derivation is found in Chapter 4. This coupling happens through high-frequency
alternating fields. The electrons oscillate on this field, and through collisions this directed
motion is transformed in amongst others heating of the plasma and the creation of different
species through electron impact. The modelled configuration is shown in Figure 5.2. The

Air

Glass

Plasma
Inlet Outlet

Slit

Symmetry axis

Metal Choke Ez

ErΗφ

Figure 5.2: The simulated electromagnetic configuration.

electromagnetic power coupling is based on the two Maxwell equations

∇× E + ∂tB = 0 (5.9)

−∇×H + J + ∂tD = 0 (5.10)

where E is the electric field, B the magnetic flux density, H the magnetic field, J the
current density and D the dielectric displacement. Note that these are all vectors. This is
completed with the constitutive relations for a non-magnetized substance (µr = 1)

B = µ0H (5.11)

D = ε0εrE (5.12)

and Ohm’s law
J = σE (5.13)

Assuming that the fields are all harmonic, we can write E = E exp(jωt) and H = H exp(jωt)
where E and H are the complex field amplitude vectors. Substitution of these expressions
into Equation (5.9) and Equation (5.10) gives

∇×E + jωµ0H = 0 (5.14)

∇× H − jωε0ε̂rE = 0 (5.15)
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Here the complex relative permittivity has been defined as

ε̂r = εr +
σ

jωε0

(5.16)

in which σ is the complex electrical conductivity. The permittivity of the non-conducting
or lossless part of the plasma εr = 1 [10]. The conductivity as a function of basic plasma
properties is given by (cf. Chapter 4),

σ =
ω2

pε0

νeh + jω

This can be used in combination with Equation (5.16), to relate the complex relative
permittivity to these basic properties as well. We have

ε̂r = εRe
r − jεIm

r (5.17)

with

εRe
r = 1 −

ω2
p

ω2 + ν2
eh

(5.18)

and

εIm
r =

νeh

ω

(

ω2
p

ω2 + ν2
eh

)

(5.19)

Since the configuration exhibits rotational symmetry, it is useful to rewrite the Maxwell
equations in cylindrical coordinates. For both the magnetic and electric complex field
amplitudes, three components are defined: radial (r), axial (z) and azimuthal direction
(φ). This gives six unknown scalar field components: Hz, Hr, Hφ, Ez, Er and Eφ. In the
small quartz tube of the setup either the transverse magnetic (TM) or transverse electric
(TE) rotationally symmetric fields can exist. Because of the geometry in our setup, only the
TM fields are excited. The number of unknown complex field components is then limited
to three: Hφ, Er and Ez. This leaves only the following three scalar Maxwell equations

jωµ0Hφ + ∂zEr − ∂rEz = 0 (5.20)

∂zHφ + jωε0ε̂rEr = 0 (5.21)

−r−1∂rrHφ + jωε0ε̂rEz = 0 (5.22)

of which the first follows from Equation (5.14), and the second and third from Equa-
tion (5.15). Together with boundary conditions they define the entire EM problem.

For the discretisation and numerical evaluation of the derivatives in these three equa-
tions we follow the Yee algorithm [11]. Key to this algorithm is a smart choise for the
locations where the three field components are defined. The field components Hφ, Ez and
Er are defined at the nodal grid, north–south and east–west sub-grids, respectively as can
be seen in Figure 5.3. A derivative of a field component is defined on a grid in between
two of its own grid points, in the direction of the derivative. As an example, the derivative
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in the z-direction of the Er component is defined on a nodal point dENP
r (z, r)/dz and its

value is Er on the west of this nodal point EEW
r (z − 1/2, r) substracted from Er on the

east of the nodal point EEW
r (z + 1/2, r), divided by the distance dz between these points.

The Maxwell Equation (5.20), is solved on the nodal grid, since Hφ is known there as well
as both derivatives. Equation (5.21) is solved on the east–west sub-grid, since Er is known
there and the derivative of Hφ in the z-direction is defined at the east–west sub-grid also.
Equation (5.22) is solved on the north–south sub-grid since Ez is known there, and the
derivative of Hφ in radial direction is defined on the north–south sub-grid as well.

Ez

Er

Ez

Er

Ηφ

Figure 5.3: Field components and their sub-grids. The Hφ component is defined on the nodal,
Er on the east–west and Ez on the north–south sub-grid.

The dissipated power is calculated by using the Poynting theorem [12], and depends on
the electric field amplitudes and the imaginary part of complex relative permittivity from
Equation (5.18), and thus on the real part of the conductivity. It can be written as

Pdiss = −ωε0ε
Im
r (|Er|2 + |Ez|2) (5.23)

Because the complex electic field amplitudes are known at the east–west and north–south
sub-grids, interpolation is needed to calculate the dissipated power at the nodal points.

As can be seen in Figure 5.2, the simulation volume of the EM problem can encompass
the plasma region and one or several other regions in the radial direction. This means
that there are transitions between media within the simulated area itself. In a transition
between two media in the radial direction, the electric-field component perpendicular to
the boundary (Er) is discontinuous while the component along the boundary (Ez) is con-
tinuous. Because there are no active magnetic media, the magnetic-field component (Hφ)
is unaffected by the boundary.

These transitions are incorporated in the model by defining the effective relative com-
plex permittivity at the north–south gridpoints located in this boundary as Chapter 4,

ε̂r,eff = ε̂r,glass
RN − R

RN − RS
+ ε̂r,plasma

R − RS

RN − RS
(5.24)
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where R is the radial position of the glass-plasma interface and defined on the north–south
grid while RN and RS are the radii on the nodal grid, north and south of the boundary
point respectively. In the simulations performed, we have used only an inner plasma and
an outer air region. The effect of additional regions is subject for further study.

5.3.1 Boundary Conditions

In our previous study, the reflecting boundary conditions on the east and west side of the
simulation were a limitation of the model. In this study, we investigate the effect of chokes
at the north wall, that limit the amplitide of the waves arriving at the east and west walls.

The west and east wall in the model are still taken as totally reflecting. This is elec-
tromagnetically equivalent to a perfect electrical conductor (PEC) at those positions, as
can be seen in Figure 5.2. In the simulations this means setting the field component along
such a virtual wall at 0. So for the east and west walls, Er = 0. When much of the wave is
absorbed in the plasma, these conditions do not matter much. However if this absorption
is not so pronounced, these conditions affect the behaviour of the waves strongly. If there
is still power left in the wave at the edges, it will be reflected.

The boundary conditions at most of the north wall are those of a PEC as well, this time
oriented along the axial direction, so for most of the north wall Ez = 0. At the position
of the slit through which the power is supplied in the simulated volume, and at the chokes
which are meant to confine the waves, a different boundary condition is applied. These
boundary conditions are both described in the next subsection.

5.3.2 Microwave Entrance Slit and Chokes

In the EM part of the simulations there are three places on the north wall of the simulated
area which do not have a PEC condition. These two chokes and one slit are seen in
Figure 5.2. The chokes are basically small holes with a depth (in the r-direction) of a length
equivalent to λ/4 of the EM waves that will be confined. The electric field component in
the z-direction at the top of this hole is 0 (i.e. the PEC condition is shifted up by a
quarter of the wavelength). Because of this, standing waves have a maximum amplitude of
the electric field, exactly where the (PEC) resonator wall would be situated if there were
no choke. This means that waves travelling from the slit to the east or west directions
encounter a sharp transition of the E-field (from 0 to the maximum value). The effect
of a sharp transition is that the waves are partially reflected back. Thus, the waves are
“captured” between the two chokes. The effect can be compared to a metallic wall for EM
waves, but with the difference that gas can flow through and out of the plasma region.
However, the usage of chokes may still enable part of the waves to leak out.

The fields in slit and chokes are described in terms of a superposition of incoming waves
with amplitudes An, and reflected waves with amplitudes Bn. This configuration with
imploding and exploding waves, is that of a radial waveguide [13]. The Hankel functions

H
(l)
k (z) [14], are used in the descriptions of these inwards and outwards travelling waves [13].
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An analogy in cartesian coordinates would be a wave described by the superposition of
Fourier components for waves travelling to the left and the right.

Ez(r, z) =
∞
∑

n=0

Bnez;n(z)H
(2)
0 (κnr) +

∞
∑

n=0

Anez;n(z)H
(1)
0 (κnr) (5.25)

Er(r, z) =

∞
∑

n=0

Bner;n(z)H
(2)
1 (κnr) +

∞
∑

n=0

Aner;n(z)H
(1)
1 (κnr) (5.26)

Hφ(r, z) =
∞
∑

n=0

Bnhφ;n(z)H
(2)
1 (κnr) +

∞
∑

n=0

Anhφ;n(z)H
(1)
1 (κnr) (5.27)

The definitions of the normalized modal field distributions are

ez;n(z) = χn cos
(

nπz
b

)

1
−b

(5.28)

er;n(z) = χn sin
(

nπz
b

)

1
−b

nπ
bk0

κn

k0
(5.29)

hφ;n(z) = χn cos
(

nπz
b

)

1

jb
√

µ0/ǫ0

κn

k0
(5.30)

where z is the distance along the slit, so z = 0 is the west side of the slit and z = b is the
east side. Here, χn is defined as

χn =

{

1 if n = 0
2 if n 6= 0

(5.31)

For the slit, an additional equation is needed to complete the system. The power flow in
the radial direction at the slit is given by [12],

Pr =
1

2
Re(Sr) =

1

µ0πωb2r

(

|B0|2 − |A0|2
)

(5.32)

The result of this is that at the slit, the source term in the matrix equation BCslit, that
represents this boundary condition becomes

BCslit =
1

k0

1

rN − rS

1

b

∞
∑

n=0

Bnχn cos
(nπz

b

)

H
(2)
0 (κnr

N) +
1

k0

1

rN − rS

1

b
A0H

(1)
0 (κ0r

N) (5.33)

The choke also needs additional equations to complete the system. To find the solution
for the choke, assume that Rchoke is the radial position of the top of the choke. This is
usually a distance of λ/4 north to the position where the inner resonator wall would be
(RN) if the choke were not present.

Because the top of the choke is metallic, the electric field along it Ez(R
choke, zchoke) = 0

at this position. Therefore, An and Bn can be related to each other by

An = −Bn
H

(2)
0 (κnRchoke)

H
(1)
0 (κnRchoke)

(5.34)
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To find the boundary condition for Ez at the choke, this equation is substituted in Equation
(5.25).

The result of this is that at the choke, the source term in the matrix equation BCchoke,
that represents this boundary condition becomes

BCchoke =
1

k0

1

rN − rS

1

b

∞
∑

n=0

Bnχn cos
(nπz

b

)

H
(2)
0 (κnrN) +

1

k0

1

rN − rS

1

b
A0H

(1)
0 (κ0r

N)

(5.35)
In the simulations, only the modes with n = 0 are enabled. The effect of the higher

order modes is subject of a further study but from preliminary results it is expected to
have only a marginal influence.

5.3.3 Numerical Issues

When testing the simulation, the EM part of the problem proved to be the bottleneck by
far, this part of the calculation used orders of magnitude more computing time than the
flow and simple chemistry. In the solution of the Maxwell equations, a matrix is built that
consists of complex numbers with double precision in real and imaginary components. To
solve the matrix, several internal or external (sparse) matrix solvers are available, ranging
from direct methods like SuperLU [15], to iterative methods [16]. The iterative methods
are generally much faster, if a good starting condition can be found and enough iterations
are allowed. This still leaves the problem of finding a good starting condition for the first
iteration. Ideally, a fast direct method should be used for the first iteration, and itera-
tive methods for the subsequent iterations. However, the direct SuperLU [15] method was
found to be so fast that we did not need to do this.

The pre-ordering of the matrix did affect the memory usage and speed of the SuperLU
matrix solver. By changing this, a simulation that initially took 600 megabytes of memory
to solve took less than 150 megabytes with a different pre-ordering. SuperLU is already
one of the direct solvers with a relatively low memory usage [17]. The reduction in memory
usage allows simulations with more grid cells. Note that there is at least one lower limit to
the grid size, defined by the Nyquist theorem which demands that the minimum cell length
should be smaller than a quarter of the wavelength of the microwaves. So a reduction in
memory usage per cell allowed the simulation of a larger simulated volume (more cells) for
that frequency.

We were mainly interested in the speed-up that enabled doing many parameter stud-
ies. The chemistry and flow are relaxed with relaxation factors, so they change relatively
slowly during iteration. The EM calculation is done exact on each iteration. Because the
conductivity and permittivity were indirectly relaxed, we implemented a skip factor in the
EM calculation with the following implementation: The EM calculation is calculated each
iteration step for the first few iterations, but after that the value of the fields stay con-
stant for every few iterations. This is to avoid recalculating the Maxwell equations. The
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assumption is that because of the relaxation of parameters like the electron density, the
permittivity and conductivity do not chance much from one iteration to the next. By doing
this skipping, the flow and chemistry should get enough iterations to react to a change in
the EM module. However if this skip factor is too large for the set of URFs, a self-consistent
solution was harder to obtain and more iterations are needed. With the right choise of
URFs and skip factor, the simulation was sped up by several orders of magnitude.

5.4 Simulations

The simulations are done on a grid of 61 interior plasma cells in the axial direction and 16
cells in the plasma region in the radial direction. No stretching was applied in the radial
direction to keep the spacing uniform in boundary layers. Note that the electromagnetic
grid extends further than this in the radial direction (see Figure 5.2). The radial point
density in the plasma region and the physical thicknesses determine the grid extension of
the electromagnetic region over the plasma region. The width of the simulated region is
60 cm, the radius of the plasma region is 7.5 mm and the radius of the inner side of the
resonator is 27.5 mm with a glass region of 20 mm separating the inner side of the resonator
from the plasma. In the interface these parameters, and additional regions can be changed
easily. A reference simulation is performed without chokes for a power of 400 W. The
ohmic power dissipation profile of this steady-state fully self-consistent simulation can be
seen in Figure 5.4.
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Figure 5.4: Ohmic power dissipation profile for a resonator without chokes at 400 W. The
east and west walls are PECs.

The dissipation profile of a simulation with both chokes at a depth of about 1/4 · λ
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can be seen in Figure 5.5. In this figure one can see the working of the chokes confine the
waves. However, the waves still partly leak out of the area between the chokes. This means
that the reflecting boundaries can still influence the simulation.
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Figure 5.5: Ohmic power dissipation profile for a resonator with two chokes at 400 W. The
chokes are located at z = 22.5 cm and z = 37.5 cm.

The dissipation profile of a simulation with one choke on the left side can be seen in
Figure 5.6. It is clear that the side of the choke receives less power from the microwaves.
On the side without the choke, the EM waves can pass unhindered. However, it then hits
the reflecting boundary. If this boundary was further away, or if the power of the EM
waves would be lower, the waves might be extinguished before reaching this EM wall. The
dissipation profile of a simulation with one choke at a reduced power of 40 W can be seen
in Figure 5.7. In this figure we can see that the power flow through the side without the
choke is less than in the previous simulation. Still, the waves have not been extinguished
yet. At much lower powers than this, the plasma may extinguish however. The choke does
seem to work better at this power in the simulation. The profiles of the electron density for
the simulation with one choke at 400 W can be seen in Figure 5.8 and that of the electron
temperature in Figure 5.9. The profiles of the electron density for the simulation with
one choke at 40 W can be seen in Figure 5.10, and that of the electron temperature in
Figure 5.11. When comparing the electron density levels, it is seen that they scale with
the power. The electron temperature stays at around the same level. Of course the spatial
profiles are still different, as the ohmic power dissipation profile are different as well.
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Figure 5.6: Ohmic power dissipation profile for a resonator with one choke at 400 W. The
choke is located at z = 22.5 cm.
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Figure 5.7: Ohmic power dissipation profile for a resonator with one choke at 40 W. The
choke is located at z = 22.5 cm.
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Figure 5.8: Electron density profile for a resonator with one choke at 400 W. The choke is
located at z = 22.5 cm.
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Figure 5.9: Electron temperature profile for a resonator with one choke at 400 W. The choke
is located at z = 22.5 cm.
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Figure 5.10: Electron density profile for a resonator with one choke at 40 W. The choke is
located at z = 22.5 cm.
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Figure 5.11: Electron temperature profile for a resonator with one choke at 40 W. The choke
is located at z = 22.5 cm.
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5.5 Conclusions and Discussion

The electromagnetic coupling module shows that the waves are partially confined by the
chokes. However, the part that leaks through still affects the solution by displaying standing
wave patterns. This is qualitatively the physical behaviour that the experimental setup
shows as well. The simulation with one choke shows that waves are mainly confined in one
direction. We expect that a guided plasma device like a surfatron could be simulated in
such a way. An improvement to the module in the future would be to implement absorbing
boundary conditions (ABC) in the finite differencing frequency domain. We will also look
into the usage of this module with more complex chemistry in Chapter 9 in which case
such ABC may not be necessary.
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6

Simple Argon Surfatron Model

Abstract. A fully self-consistent simulation model of an argon surfatron plasma in-
cluding convection and diffusion in two dimensions has been constructed. The elec-
tromagnetic coupling in this model is calculated by using a one dimensional approach,
using radially averaged plasma properties. The linear absorption coefficient that is used
in this approach is found by using a solution of the dispersion relation for the interface
between the plasma and a surrounding vacuum. This approximation trades accuracy
for a lower calculation time per iteration compared to techniques described in previous
chapters. When comparing the model results to preliminary data of experiments, the
electron temperature of 1 eV agrees within 10%. The radial electron density profile at
the column start varies from 0 at the wall to ne = 6 · 1019m−3 in the center. The
radially integrated experimentally measured electron density at the column start agrees
well with ne = 3.5 · 1019m−3. However, the simulated plasma column is longer than
what is found experimentally.



Chapter 6.

6.1 Introduction

An important way to couple energy to a plasma is that of using electromagnetic (EM)
waves. A guiding structure or resonator can be used to shape the wave in a specific way.
In certain configurations, when the plasma itself forms part of the guiding structure, the
combination of EM waves and plasma can be seen as a self-guiding system. On one hand
the EM waves travel along the plasma using it as a guiding structure and on the other
hand, power from the waves sustains the plasma. The length along which the waves travel
can be much longer than the EM wavelength.

Surfatron or surfaguide plasmas are examples of these self-guided electromagnetic pow-
ered plasmas. Usually a launcher around a tube confining the plasma transmits EM waves.
The plasma guides the wave along the tube, and the wave sustains the plasma.

In the case where only two media meet, the wave has its maximum fields precisely at
the interface and the intensity will fall off radially in both directions. This exponential
radial decay which is called an evanescent wave, stands in contrast with Figure 6.1 where
the glass thickness is not zero. The exact shape of this radial decay depends on the permit-
tivity of the media involved and the homogeneity of this permittivity. In the case where
two subsequent interfaces are present, for example plasma-glass and glass-air, the situation
is more complicated which is illustrated in Figure 6.1.

In the axial direction, the wave decreases in power as the electrons in the plasma dissipate

|Ez|

|Er|

|Er|

|Er|

Radius

intensity
Field

GlassPlasma Air

Figure 6.1: Sketch of the radial intensity distribution of two components of the electric field
in a self-guided plasma. Note the continuity at the boundaries of the Ez component.

this energy by a damped oscillatory motion. The damping results from collisions with
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heavy particles which randomise the motion.

Some of the energy of the heavy particles is lost at the walls. In order to maintain
the plasma, this energy loss needs to be compensated for by the energy coupled to the
electrons. Due to this power dissipation, the energy stored in the wave will decrease ax-
ially. At some point, the waves are no longer guided. This is the end of the plasma column.

Depending on the frequency of the applied fields and the diameter of the tube, one or
several modes may be possible that differ in the azimuthal direction. In this chapter we
only regard the so-called m = 0 cylindrically symmetric mode.

The type of launcher does not matter for the principles described above. In practical ap-
plications however, the amount of power in a plasma produced with a surfaguide launcher
can be much higher than in one produced with a surfatron. The methods of tuning can also
be different. In our simulation we make no distinction between a surfatron and a surfaguide.

In this chapter we intend to create an electromagnetic module for our fluid model plasimo,
that has a low computational overhead. This model will be based on first principles or ap-
proximations thereof. We will compare the results of this model with information from an
experimental setup, in order to understand the differences.

This chapter is structured as follows. First, we describe the model to simulate a surfatron
or surfaguide plasma in section 6.2. The two-dimensional chemistry and flow modules of
this model are treated first in section 6.3. After that, we will focus on the one-dimensional
electromagnetic power coupling module in section 6.4. Finally, the results of the simula-
tions are given and discussed in sections 6.6 and 6.7.

6.2 General Structure of the Model

Schematically, the simulated situation is depicted in Figure 6.2. The launcher is located
around a glass tube and sends electromagnetic waves inwards and along the tube. These
waves travel near the outer edge (radially) of the plasma, going away from the launcher
in both axial directions. Because of the shape of the launcher, more power can be sent to
one axial direction than the other. In this study, the preferential EM direction is pointed
towards the pump side (note the difference with the setup from Chapter 3). The directing
of the EM wave is not perfect so a significant plasma column can still be present on the
opposite direction. In this model, we only deal with the preferential direction, located on
the outlet side immediately after the launcher. This region is assigned as the simulated
area in Figure 6.2.

A self-consistent two-dimensional fluid model using control volumes, including convec-
tion and diffusion [1] is used to simulate a surfatron or surfaguide argon plasma. Like in
the other studies we deal with three aspects. First of all the two-dimensional fluid model
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Figure 6.2: Representation of the surfatron setup. A launcher around a glass tube sends
electromagnetic waves along the tube. A self-guiding configuration between plasma and EM
waves results. The simulated area encompasses only part of the setup.

and zero-dimensional chemistry which are also described in chapters 2, 4 and 5. The third
aspect is the one-dimensional (axial) EM module for the energy coupling. This module is
based on ideas from one-dimensional models found in literature [2] [3].

6.3 Chemistry and Transport

The inelastic chemistry can be described by means of rate coefficients. We will confine
ourselves to an argon plasma for which the ionisation process by electron impact is given
by

Ar + e− → Ar+ + 2e− (6.1)

Both the direct and the stepwise processes for electron impact ionisation are considered.
The rate coefficients of the processes are given in an Arrhenius format. For the stepwise
process we use a rate coefficient found by using a collisional radiative model (CRM) [4]

kindirect = 6.79 · 10−17m−3s−1(Te [K])0.5 exp

(

− 12.06

kBTe [eV]

)

(6.2)

while the rate coefficient of the direct process is given by [5]

kdirect = 2.8 · 10−16m−3s−1(Te [K])0.5 exp

(

− 15.759

kBTe [eV]

)

(6.3)

The rate coefficient of the backwards processes can be found using detailed balancing
(DB) [6] [7]. Note that in the simulations a Maxwellian electron energy distribution is
used.

Like in Chapter 4 the chance for argon ions that impinge on the wall to recombine is
set to 80% in the model Chapter 4. This introduces a sink of Ar+ at the wall. The effective
transport rate to the wall is larger than the volumetric backward reactions. This implies
that the role of backward processes of reaction 6.2 and reaction 6.3 are limited.

The SIMPLE algorithm [8] is used to solve the Navier-Stokes equations for the bulk flow
in the plasma in the radial and axial dimensions. Two dimensional diffusion and convection
are both taken into account in the simulation. The diffusion is taken into account by the
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use of a self-consistent friction model for multi-component mixtures [9]. The constitution
of the plasma at each cell determines the transport coefficients (cf. Chapter 4) [10]. We
refer to Chapter 2 and 4 for a more thorough description of the transport.

6.4 Surfatron EM Coupling

The description of the wave-plasma coupling is based on a one-dimensional model as pub-
lished in [3]. The principle can be explained in the following steps. The axial direction is

Pin

Slab
Symmetry axis

Travelling surface wave

ne

Cell

Figure 6.3: Principle of the electromagnetic coupling in the simulated area. A wave with
power Pin travels alongside the tube. The plasma is divided into cylindrical slabs. Each slab
takes part of the power, depending on the plasma properties of the slab. The remainder of the
power travels further towards the next slab, until the criterium for the column end is met. The
plasma properties of the two-dimensional fluid model are averaged radially in order to solve
the one dimensional problem of the power absorption in the axial direction. Thus, each slab
consists of several cells in the radial direction. Once the power absorbed in a slab is calculated,
it is divided uniformly over the cells (weighted with volume) in this slab.

divided in several slabs as can be seen in Figure 6.3, corresponding with the fluid model cell
width in this direction. In the radial direction, properties important for wave propagation
are averaged in the slab volume.

The value of the input power P (0) is specified by the user. In the first slab, a portion
of this power is absorbed that can be calculated from the length of the slab and the linear
absorption coefficient α. This linear absorption coefficient α is calculated from radially
averaged plasma properties of the slab. The power in the wave that flows towards the next
slab is somewhat lower. Note that the power in a slab can be related to the square of the
waves electric field there.

The model continues distributing power over the slabs until the criterion for the end of the
column is met. In this model, the criterium is that the radially averaged plasma frequency
is equal to the critical frequency. When ωp > ωcrit the wave propagates in the plasma.

Here ωp =
√

neq2
e

ǫ0me
and ωcrit = ω

√
1 + εmedium where the angular frequency ω = 2πf with
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f = 2.45GHz. The power in the radial direction is distributed uniformly. This gives a
contribution to the source term for the electron energy balance.

The power traveling along the column at the axial position z is given by

P (z) = P (0) exp

(

−2

∫ z

0

α(z)dz

)

(6.4)

where the power P (0) is the input power of the model.

The linear absorption coefficient α plays an important role in the model. In [11], this
absorption coefficient is approximated by the expression α = Fνeh/(ne − nD), were the fit
factor F ≈ 3.7 · 10−8cm−4s is measured for a specific tube [11]. We use a more theoret-
ical approach by using the dispersion relation of a fast surface wave in a vacuum-plasma
interface [12] and we will compare the results of the simulation with an experiment. The
dispersion relation follows from the wave equation. The plasma of course influences this
wave equation in turn. Note that the losses to the wall are compensated by the energy
taken from the wave in each slab.

For an m = 0 mode, the field components of the TM wave can be expressed in the Ez

component, which may be written as [13]

Ez(r, z, t) = F (r) exp(jωt− γz) (6.5)

where j =
√
−1, γ = α + jβ the complex propagation constant, β = 2π/λ the wavenumber

of the surface wave and α the damping coefficient. Note that the real part of γ contains
α, so when we have a solution for γ we can also find α. The radial behaviour of the Ez

component is described in the following differential equation [14]

d2Ez

dr2
+

(

1

r
+

γ2

k2
m(r)

dǫm(r)/dr

ǫm(r)

)

dEz

dr
+ k2

m(r)Ez = 0 (6.6)

here, ǫm is the dielectric permittivity of the medium m (see below) while the wave number
k2

m = k2
0ǫm(r) + γ2 in which k0 = ω/c is the vacuum wavenumber. If we assume that all

media are homogeneous, the solution for F (r) consists of superpositions of Bessel functions

of the first and third kind, denoted by J0 and H
(1)
0 [15] which were also used in Chapter 2.

For a configuration with a plasma (m = p) with radius r = a surrounded by glass (m = g)
with outer radius r = b, inside a vacuum (m = v), bounded by a metal cylinder at r = d
like in Figure 6.4, the solution of Equation 6.6 leads to

F (r) = AJ0(kpr) r ≤ a (6.7)

F (r) = BJ0(kgr) + CH
(1)
0 (kgr) a < r ≤ b (6.8)

F (r) = D

(

J0(kvr) −
J0(kvd)

H
(1)
0 (kvd)

H
(1)
0 (kvr)

)

b < r ≤ d (6.9)

(6.10)
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Vacuum or air

Metal or infinity

Figure 6.4: Radial configuration of the surfatron. The components Ez and Hφ of the EM
waves are continuous on the boundaries between two media. This gives an equation for the
dispersion relation, which can be used to get an expression for the linear absorption coefficient
α in the axial direction.

Because the Ez and Hφ components are continuous at each boundary, we get a linear
system of equations for A, B, C and D. The determinant of this system that give non-
trivial solutions for pairs (ωp, γ) give the so-called dispersion relation. When the thickness
of the tube equals dtube = b − a and we do not have a surrounding metal d → ∞, the
dispersion relation becomes [16]

xp

ǫ

I0(xpa)

I1(xpa)
+ xv

a

a + dtube

K0(xv(a + dtube))

K1(xv(a + dtube))
=

x2
ga

ǫr

ln

(

a + dtube

a

)

(6.11)

where

xp =
√

k2
z − (ω2/c2)ǫp (6.12)

xv =
√

k2
z − (ω2/c2) (6.13)

xg =
√

−k2
z + (ω2/c2)ǫg (6.14)

(6.15)

The permittivity in the plasma is given by (Chapter 2) ǫp = 1 − ω2
p

ω(ω+νeh)
. Kn and Jm are

the modified Bessel functions [15]. The problem is then simplified [16] by taking the limit
of an infinitely small glass tube dtube → 0. After some further simplifications [16], the
expressions for the damping coefficient α are given as:

For ω > νeh;

α = a−1

νeh

2ω
ω
ωp

| ln
(

ωR
c

Γ
2

ω
ωp

)

|
(6.16)
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and for νeh > ω;

α = a−1

√

νeh

2ω
ω
ωp

| ln
(

ωR
c

Γ
2

ω
ωp

√

νeh

ω

)

|
(6.17)

Here Γ = 1.781 . . . is the Euler constant. We refer to [16] for the complete procedure that
was used to obtain these equations.

There are four important simplifications in this model.

The first one is that due to the assumption that the tube thickness is zero and the outer
medium is vacuum, only a single interface is assumed, namely a vacuum-plasma interface.
Whereas in reality, both an air-glass and a glass-plasma interface exist.

The second assumption in the electromagnetic part is that the plasma properties are uni-
formly distributed and averaged in the radial direction.

The third assumption is that we divide the power density uniformly. However we have
combined this model in the past with a skin-depth formula, where the penetration depth
depends on the local conductivity of each plasma cell [17], see also Chapter 4.

δ =

√

2

µ0σω
(6.18)

This skin-depth model proved to be less stable numerically than the current uniform power
density implementation. The choice of the radial distribution function and the effect of
this distribution on the fluid model is left for a future study.

The fourth assumption is the criterium that we use for the column end. We use the
critical frequency, which is related to the critical electron density, as a cut-off criterion. As

long as ωp > ωcrit the wave propagates. Here ωp =
√

neq2
e

ǫ0me
and ωcrit = ω

√
1 + εmedium where

the angular frequency ω = 2πf with f = 2.45GHz.
As the wave travels along the plasma, the electron density along the column drops. This
implies that the plasma frequency drops as well. When the plasma frequency reaches the
critical frequency, the surface wave is no longer guided and part of its energy is absorbed
at the plasma end, some may be reflected or radiate into the surroundings.

Like mentioned above, the end of the column may give trouble as it is unstable numerically.
Several measures were taken like rewriting the algorithm in an implicit form. During iter-
ation, a sharp peak exists at the end of the column and gives rise to additional numerical
instabilities which we have damped.

The implementation algorithm of the electromagnetic part of the model can be explained
in the following steps.
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Simple Argon Surfatron Model� Divide the volume into slabs, iterate from the west (inlet) slab to the right (outlet).� Average the νeh and ωp over the radius, then calculate α for the volume of a slab.

α =
P

cell α∆Vcell

πR2∆z� Absorbed power is given by an implicitly formulated relation which gives the same
result as Equation 6.4 when the absorption per slab is relatively small, Pabsorb =
P 2α∆z

1+α∆z
. It does give a deviation for large relative absorption, like in the last slab,

but is more stable numerically.� The absorbed power density in the slab is distributed uniformly on each grid cell
radially.� The two-dimensional fluid and chemistry modules calculate the plasma properties for
the next iteration.

6.5 Settings and Boundary Conditions

The settings and boundary conditions are such that the model resembles the experimental
settings as in [18] [19].� At the pump side, a pressure of 1000Pa is used as a boundary condition.� The heavy particle temperature at the wall is set at 300K.� The flow rate is set to 5 sccs and a fully developed Poiseulle profile is assumed for

the inlet gas velocity. Together with the fixed temperature of the heavy particles at
the inlet, this gives an absolute value for the gas velocity at all radial positions of the
inlet.� We assume that 20W is coupled to the part of the plasma which corresponds to the
simulated region. This is based on the following considerations. In the experiment,
the power supplied to the entire setup is typically 22.5W1. The system encompasses
the waveguides, launcher, plasma and the ambient air. Since the simulated part of
the column in Figure 6.2 is smaller, P (0) should also be smaller than the input power
of the entire system. There will be losses in the cables and in radiated power that
is absorbed elsewhere. The energy that is spent on the initial ionisation front is not
included in the simulated region either, since the latter is upstream on the edge of
the backwards column. For all these reasons, the input power of the model is lower
than in the experiment.

1Note that there is much uncertainty in how much is actually coupled to the plasma in the experimental
setup.
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The north side of the simulation uses the no-slip boundary condition, thus the velocity of
the gas in any direction is zero. At the south side (the symmetry axis), the radial velocity
is zero. The derivative of the axial velocity, electron density and temperatures are zero as
well as a result of the axial symmetry. The derivative of the heavy particle temperature at
the outlet is set to zero. The electron heat flux through the wall is negligible and thus for
the electron temperature, all boundary conditions are set to a derivative of zero.

Preliminary results from measurements with one of our setups [19] at p = 9.9mbar
and P = 22.5W show a radially averaged electron density at the start of the column
of ne = 3.5 · 1019m−3 and a column length of 46 cm. Note that the inner radius of the tube
is 3mm (not 6mm [18]).

6.6 Results

First of all, we look at the results of a simulation corresponding to an experimental setting
near 22.5W. Because we do not know the losses or the amount of power dissipated in the
back-column, the model power is set to 20W. This means that we are likely over-estimating
the power.

The profile of the ohmic power dissipation density is shown in Figure 6.6. The end of
the column can be seen in this figure, where the dissipated power density becomes zero.

Due to the chemistry in this plasma, the recombining part is negligible to the active zone
of the plasma. As the radius is small compared to the axial length, the wall recombination
extinguishes the plasma almost immediately once the power dissipation ends.

Figure 6.8 shows that the radial electron density at the column start goes from 0
at the wall to ne = 6 · 1019m−3 at the radial center. Because the experiment gives a
radially averaged value, while in fact there is a parabolic profile, our model is in reasonable
agreement with the ne = 3.5 · 1019m−3 from the measurements.

The simulated column is longer than in the experiment however. There can be several
explanations for this. The electromagnetic model could be too simple, the column end-
criterion wrong, the losses underestimated and/or the experimental losses higher. We can
elaborate on this as follows.� Instead of taking two interfaces, we have assumed that the glass region is infinitely

thin.� We have used only an approximation of the solution of the dispersion relation.� We assumed that the radial properties of the column are uniform, while we can see in
the fluid model that they are not. There is clearly a variation in the radial direction.� The power coupling is assumed radially constant as well. If the power coupling
happens more near the inner wall of the tube, which is expected if we have a skin-like
profile radially, the effective loss rate at the wall will be higher as well. Therefore,
the column would be shorter if this effect is taken into account.
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Simple Argon Surfatron Model� We have used the critical electron density as the criterium for the column-end, while
we can see in the experiment that the column starts to extinguish before this crit-
icaldensity is reached. In Figure 6.5 [20] we can see that the cut-off occurs at the
critical density, but that just before it is reached, a sudden drop in the electron
density takes place. This figure can explain the discrepancy between the column
lengths.� On the experimental side, we only know what the energy is that is coupled into the
entire system. Cable losses, or electromagnetic waves that are broadcast beyond the
surfatron or in the ambient air [21] are not measured.� Also, we do not know exactly which part of the energy goes downstream and which
part goes upstream.

ne

z zz
end end

ne

n1

measured

crit

sim

Figure 6.5: Schematic representation of the cut-off criterium in the model of ncrit
e gives a

simulated column length zend
sim that is longer than the measured length zend

measured. Note this figure
is not to scale. The model would improve if we could include an expression for the cut-off
criterium of the experiment n1 [20] (or measure it).

Figure 6.7, gives the profile for the electron temperature. In the radial direction, the
temperature hardly changes because electrons are not effectively cooled at the wall and
the power absorption is radially uniform. The electron temperature in the active zone of
the plasma Te ≈ 0.9eV is 10% lower than what we found from measurements. Because
the temperature has an exponential influence on the reaction rate coefficients, this can be
significant. Because a lower temperature means that the losses per slab are lower than in
the experiment, the amount of power coupled in each slab is lower as well. This ultimately
means that the simulated column length is longer than what would have resulted with a
higher electron temperature. In our model, most losses may come from elastic collisions,
while inelastic losses may be just as important, this may explain the slightly lower electron
temperature. Once the column ends we see a drop to 5000K and then some numerical
artifacts.

When the pressure in the model is increased, the column length decreases. When the
input power (at z = 0) in the model is increased, the column length increases and the
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Figure 6.6: Ohmic power density profile. The power of the wave diminishes the further away
from the launcher which is located at the west boundary. The radial profile is flat in this
case. At the critical density, the wave cuts out. The linear absorption in the axial direction is
determined by the damping coefficient α
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Figure 6.7: The electron temperature profile. Because the electron temperature is lower than
what we know from experiments [19], losses in each slab are lower so that the column becomes
longer. Introducing more losses would thus likely increase the electron temperature and shorten
the column.
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Figure 6.8: The electron density profile, which is equal to the Ar+ profile since our cells are
much larger than the Debye length. The cut-off at the critical electron density can be seen in
this figure at the spot where the column ends. In measurements, the column ends at a higher
electron density. The column length would decrease in the simulation if we change the end
criterium to a higher electron density, but may still be high.
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electron density increases as well. Qualitatively this is the same behaviour as we see in the
experiment.

6.7 Discussion

In comparison with an earlier approach, which solves the Maxwell equations self-consistently
with the plasma properties on a two-dimensional grid, this surfatron approach is much less
computationally intensive per iteration and easier to implement. This would enable the use
of more complex chemistries while still keeping computation times reasonable. However,
the criterium at the end of the column can be unstable, therefore more iterations may be
needed. The simulated plasma column still displays a qualitative behaviour that is simi-
lar to the experiments. The recommendations that we make to improve the quantitative
behaviour of this model are:� Increase the losses to the wall by making the chemistry description more complete,

adding previously neglected species and perhaps even adding radiation escape. This
would increase the absorption in each slab, and therefore decrease the column length.� Change the criterium for the end of the column. This might be done by measuring
the electron density right before the column ends and using that in the model, or by
finding an approximate expression for n1 in figure 6.5.� The dispersion equation of the three media should be used by the program instead
of taking an infinitely thin tube thickness. Also the medium outside the tube should
be slightly dissipative air instead of vacuum.� Solve the dispersion relation instead of only using an analytical approximation.� Incorporate the radial dependence of transport properties and of the dissipated power
density. Use a different weighting, where the importance of cells in the radial direction
can change depending on for example the intensity of the external electric field. A
first implementation of this has been tried guided by the expressions of the skin depth
from Chapter 2. In this approach, the end of the column is harder to simulate stably,
though.

There are many different methods to simulate microwave induced plasmas, which can
have trade-off between accuracy, numerical stability and numerical intensiveness. This
model is less accurate and less stable than other methods we have investigated, but takes
less calculation time. It does offer a different perspective on the electromagnetic coupling
compared to our resonator simulations.
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7

Oxygen Chemistry

Abstract. In this section we explore the theoretical description that is needed to
define an oxygen chemistry description. Such a description consists of both the species
considered, and the reactions between those species.



Chapter 7.

7.1 Introduction

The set of mass, force and energy balances are the basis for the description of the transport
phenomena in any plasma simulation model. In Chapter 2 it was shown how these balances
can be derived from the BTE, using the moment-method (cf. Section 2.2). The BTE deals
with the description of a species and gives the evolution of density of that species in the 6
dimensional phase-space.

A species is a particle-type, reflecting a collection of particles that may differ in kinetic
energy but that are internally the same, i.e. they are in the same internal quantum me-
chanical state. Thus, atoms composed of the same isotope but that differ from each other
in stage of ionization or even excited states, are considered as different species. This would
imply that when we, for instance, have to give a description of an argon plasma, we should,
in principle construct balances of mass, force and energy for all excited argon atoms and
ions. This is of course not very practical and techniques have to be employed to reduce
the number of relevant species.

One criterion that makes a particular species important enough to implement its mass,
momentum and/or energy balances in the set of basic transport equations, is given by its
contribution to the density distribution. If a species represent a considerable fraction of the
density of the plasma it will contribute to the set of transport equations. These so-called
Principal Density Reservoirs (PDRs) are also characterized by the fact that the frequency
of chemical conversion (to other species) is relatively low (on the order of the transport
frequency or lower). The PDRs are so-to-say transport sensitive (TS). For species with low
densities the chemical frequencies are, in general, much higher. The transport is relatively
unimportant and their density is determined by the local values of the PDRs and the local
chemical reactions. These species are denoted by the Local Chemistry (LC) species. The
main task of the LC is to facilitate the conversion from one PDR to another. For instance,
the PDR in the argon plasma described in Chapters 4, 5, and 6 are the ground state of the
atom Ar and the ion Ar+. The excited states Ar∗ are LC levels and their role is to facilitate
the conversion from Ar to Ar+ and vice versa. For this task, a collisional radiative model
(CRM) has been employed [1] [2].

An oxygen plasma is much more complicated to describe than the argon plasmas treated
so far. Apart form the atomic species, we also have to deal with molecular species. The
species of an oxygen plasmas can be ordered in various systems. Figure 7.1 shows, that
systems can be made for atomic (O), diatomic (O2) and triatomic (O3) compounds or
for neutral, positive (O+, O+

2 ) and negative (O−, O−

2 ) species, and so on. This complex
chemistry makes the division between TS and LC species less evident than in the case for
argon. In Chapter 8 we will present the dedicated model PyRate that will facilitate this
task. But before we can use PyRate, we have to order the large amount of species and
discuss the conversion rates between them. That is main aim of this chapter.

The place in the BTE where these conversion reactions are dealt with on an elementary
level is the right-hand side of Equation 2.1. This deals with the change of the 6D distribu-
tion function of the species in question, as a result of radiative transitions and collisions.
We can distinguish between elastic and inelastic collisions. As stated before, the inelastic
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collisions describe how a species disappears by being converted into another species; that
is, how the density in phase space of the particular is reduced by the conversion into an-
other species. The elastic collisions are of importance for the computation of the transfer
of momentum and energy between the species.

This chapter deals with the ordering of species of oxygen plasmas, the conversion be-
tween these species and the plasma properties based on elastic collisions. It is the basis of
the two next Chapters 8 and 9.

This chapter is organised as follows. First of all, the species that are present in the
system are described in Section 7.2. Following that, the processes that occur in a plasma
with these species are described in Section 7.3. The transport properties are looked into
in Section 7.4 and conclusions are drawn in Section 7.5.

7.2 Oxygen Species

An overview of the oxygen species that are taken into account in the chemistry description
is given in figure 7.1. In this figure, several systems can be identified, most importantly the
atomic and the molecular oxygen systems. These two systems are interconnected by many
processes. Without a detailed analysis, it can not be said whether the effective conversions
between the species within one system can be described in isolation from other systems.
Another system could be the ozone system. The atomic and the molecular systems are
described both in their structure as well as in their processes.

7.2.1 Atomic Oxygen

To describe the atomic system, the electronic configuration is needed. In the ground state
3P2, the electrons are arranged as 1s22s22p4 with 2 electrons in the inner and 6 in the outer
shell. An energy level diagram of the oxygen atom can be seen in Figure 7.2.

Table 7.1 gives the electron orbital configuration (where (He) stands for 1s2), the term
symbol, the degeneracy and the energy of the first few levels of atomic oxygen. Note that
the first three lowest levels are no more than 0.03 eV apart from each other. Therefore
they will be treated as one 3P level with a degeneracy g = 9 and an energy rounded down
to 0 eV.

Single charged atomic ions can also play a role in the plasmas under study. Multiply
charged species are not taken into account, since high energies are required to form them.
They will therefore not easily be created in a plasma with electron temperatures between
1 and 2 eV.

7.2.2 Molecular Oxygen

In order to investigate the diatomic molecular oxygen molecule O2, the physical structure
of the molecule is described first. After that, a sketch of the energy level scheme of this
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Figure 7.1: A sketch of the energy levels of the atomic, molecular and ionic states that could
be relevant for our plasma model. The number just above the level denotes the energy distance
between that level and the atomic ground level O3P.

Table 7.1: Configurations in the atomic oxygen system.

Configuration Term g Energy level (eV)
O+ 4S3/2 Limit 4 13.618054

Continuum - ≥ 9.1460906
(He) 2s22p4 1S0 1 4.1897460
(He) 2s22p4 1D2 5 1.9673640
(He) 2s22p4 3P0 1 0.0281416
(He) 2s22p4 3P1 3 0.0196224
(He) 2s22p4 3P2 5 0.0
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Figure 7.2: Atomic oxygen energy diagram. Some of the optically allowed transitions from the
ground state with a high transition probability are marked. Only the two lower thick levels 3P
and 1D are considered in our model.

molecule is given.
The helium-like inner shell of the two atoms in the molecular system is considered to be

relatively undisturbed by the outer shells. Since there are eight electrons per oxygen atom
of which 2 are in the inner shell, the molecule has 6 electrons per atom that contribute to
the molecular system. Electrons in a molecule are restricted to certain orbitals. In each
unique orbital, there can be a maximum of two electrons with opposing spin. These orbitals
are analogous to those of the atom, with the difference that there is an extra contribution
to the wave function due to the overlap of the electron orbits.

If this overlap-contribution is positive, it means that there is an added chance of finding
electrons in between the atomic cores. In other words, the electrons spend more time
between the atomic cores compared to the case for two seperate atoms. Because the
positive atomic cores get attracted by this more negative charge in between them, their
distance decreases. This type of orbital is called bonding and has a lower energy than the
combination of two seperate atomic orbitals. In other cases, the overlap contribution of
the electron wave function is negative and the electrons spend more time on the opposite
side of the bond between the cores. In that case, the positive cores are attracted more to
the negative sides which is now away from the center. Thus, the cores are further away
from each other. This type of orbital is called an antibonding. It has a higher energy than
that of the system of two seperate atoms. So having electrons in such an orbital makes a
molecule more unstable.

In a molecule like oxygen, the outer shells have several overlapping orbitals, and the
stability of a certain configuration depends on the population of electrons in each of them.
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As long as there are more electrons in bonding than in antibonding orbitals, the molecular
system has an energy below that of the system of seperate atoms and will thus be stable.
This principle can be used to see whether certain excited states exist and to calculate what
the energy difference between the ground state and an excited or dissociated state is.

The orbitals can be of different types, analogous to the quantum number l = s, p, d, . . . in
the atomic case. To distinguish these types, the molecule is viewed along the internuclear
axis, designated as the z-axis. Figure 7.3 illustrates the possibilities relevant to oxygen
when combining atomic orbitals to molecular ones. A σ-orbital looks like an s atomic or-
bital when viewed along the z-axis, that is, a sphere. The π-orbital when viewed along the
z-axis looks like two lobes, just as in the p-orbital for the atomic case. When two atomic
s-orbitals come together, the molecular configuration can only be in a σ orbital. When
two atomic p-orbitals come together, it depends on how the lobes are oriented, in the z, x
or y direction. These atomic orbitals are designated by pz, px or py, respectively. When
two pz-orbitals are combined, the molecular orbital looks like a sphere when viewed along
the z-axis. So two atomic pz-orbitals, form a molecular σ-orbital. When the atomic lobes
are oriented perpendicular to the axis, the molecular orbital has two lobes when viewed
along the z-axis. So by combining two atomic px-orbitals, we get a molecular πx-orbital.
And when we combine two atomic py orbitals, we get a molecular πy-orbital. Because the
orientation is often left out and the energy of the πx- and πy-orbital are the same, these
orbitals are also referred to as the (two) π-orbitals.

In the diatomic case with two similar atom cores, like in O2, there is a further classifi-
cation that can be made. When the wave function of the orbital is mirrored through the
center of mass point and the same wave function results, it is “gerade” and a subscript g is
added. When the wave function is antisymmetric, it is called “ungerade” and a subscript u

is added. In the σ orbitals in oxygen, the gerade ones are bonding and the ungerade ones
are antibonding, however this is opposite for the π orbitals.

The designation of an orbital also contains an index-number before the σ or π. These
are not related to quantum numbers. In each shell (referred to with the principal quantum
number n), this numbering starts at 1. The index number is incremented by 1 when an
orbital designation would result which is already in use.

In figure 7.4 the electron occupation in the orbitals of the molecular ground state of
oxygen are shown, with the energy of the shells of the atomic system on the sides. The
arrows correspond with the spin direction of the electrons.

Each configuration has a term symbol. The term symbols for linear molecules, like O2,
are constructed in a similar way as atoms, 2Σ+1Λparity which consists of:� the component of total orbital angular momentum along the internuclear axis Λ~.

The term symbols for |Λ| = 0, 1, 2, . . . are Σ, Π, ∆, . . . respectively. These are the
analogous greek letters to the latin alphabet term symbols S, P, D, . . . that are used
in the atomic case.� A superscript number 2Σ + 1 to give the multiplicity for the component of the total
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Figure 7.4: Schematic representation of the oxygen orbital energies. The possible molecular
orbitals are given in the center; the atomic orbitals from which they originate are depicted on
the left and right hand side. To designate whether a molecular orbital is occupied, an arrow is
used. Its direction corresponds to the spin of the occupying electron. The occupation given in
this picture corresponds to the ground state 3Σ−

g . Because the electrons in the 1πg,x and 1πg,y

orbitals do not have opposing spin, the oxygen in the ground state has a non-zero total spin; i.e.
it is triplet. Configurations corresponding to electronic excited states of the oxygen molecule are
given in Figure 7.5.
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Table 7.2: Configurations in the molecular oxygen system.

Term g Energy level (eV)
O+

2 X2Πg 2 13.618054
B3Σ−

u 1 6.1202
A3Σ+

u 1 4.4278
b1Σ+

g 1 1.6266
a1∆g 2 0.9772

X3Σ−
g 1 0.0

spin angular momentum Σ along the internuclear axis z. So for Σ = 0, this internu-
clear component is zero and the multiplicity is 2 · 0 + 1 = 1, which is a singlet. And
in case Σ = 1, 2 · 1 + 1 = 3, which is a triplet.� A subscript for the overall parity that can be gerade (g) or ungerade (u). For several
electrons the parity of the combination is calculated by using the rules g · g = g,
u · u = g and g · u = u.� For Λ = 0, so Σ terms, a superscript + or − denotes the behaviour of the total
wavefunction under reflection in a plane containing the z-axis.

For the ground state of O2, the two 1πg electrons occupy different orbitals with parallel
spins and Λ = 0, this gives a term symbol 3Σ. The overall parity of a closed shell is g.
Together with the two 1πg electrons, the total parity is thus g · g · g = g. The ground state
of molecular oxygen has two perpendicular (x and y) half-filled 1πg orbitals. If the mirror
plane is aligned with one of these, the other one changes sign. Because + · − = −, the
overall parity is −.

The ground state is also known as the X state. So the complete term symbol for ground
state molecular oxygen is X3Σ−

g .
The first two excited states of oxygen, which are singlets, are also known as the a and

b states. When this designation is prefixed to the term symbol, a1∆g (0.9772 eV) and
b1Σ+

g (1.6266 eV) result. There is also a c state but when excited from the ground state
according to the Franck-Condon principle (cf. Figure 7.6), it automatically dissociates into
two ground state atoms.

Higher excited states are the triplets A3Σ+
u (4.4278 eV) and B3Σ−

u (6.1202 eV).
In the molecular ground state, the lowest orbitals are filled, while in excited systems

electrons either go to a higher orbital or are configured in a different way in degenerate
orbitals of the same energy so that their interaction gives a higher energy. There can never
be more than one electron in the same orbital with the same spin because of the Pauli
exclusion principle. In the second shells of the oxygen molecule the σ orbital can contain
at most one electron pair where the electrons have an opposite spin. Because there are
two degenerate π orbitals, either composed of two px or two py atomic orbitals and their
corresponding overlap, this energy level can contain two electron pairs.
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Figure 7.5: Schematic representation of the oxygen molecular orbitals. The electron occupation
of the orbitals for the electronic ground state X3Σ−

g , the singlet oxygen states a1∆g, the singlet
b1Σ+

g and the excited triplet states A3Σ+
u and B3Σ−

u are shown together with the (excitation)
energy of these configurations.

In the ground state of oxygen the 12 electrons of the second shell are arranged in the
following way: 2 are in the 1σg bonding orbital, 2 are in the 1σu antibonding orbital. 2
are in the 2σg bonding orbital, 4 are in the bonding degenerate 1πu orbitals. 2 with the
same spin are in the degenerate 1πg antibonding orbitals. We stress the fact that unless
otherwise noted the pairs have opposite spin.

In most naturally occurring compounds, the ground state is a singlet state with total
molecular spin S = 0. However, the oxygen molecule is an exception to this. Because the
last two electrons in the degenerate 1πg orbitals have the same spin direction of magnitude
1/2, the total spin of the molecular ground state S = 1. This means that the molecular
ground state has three possible orientations of the spin under an external magnetic field,
mS = −1, 0, 1. So the ground state of molecular oxygen is a triplet. Because the total spin
quantum number S needs to be conserved in a chemical reaction, the oxygen molecular
ground state is not very reactive when combined with singlet states of other compounds.
An intermediate state needs to be formed in order to make the reaction occur, the formation
of this intermediate state is an energy barrier in the reaction.

The first and second excited electronic levels of the oxygen molecule, the a and b states,
have the spins of the highest orbitals opposed, so the total molecular spin S = 0. They
are thus in singlet states. These singlets are much more reactive than the triplet ground
state (and can therefore be very dangerous to organic matter). The optical transition
from singlet oxygen a state to the ground state is forbidden (lifetime 72 minutes). On the
other hand, electron excitations are perfectly possible and the excitation energy from the
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ground state to these singlet states is relatively low. Because of these three reasons it is
very important to take this species into account as a metastable in a plasma. Its existence
effectively speeds up many reactions. Since the b state falls back to the a state relatively
quickly, we will mainly focus on the a state.

In the diatomic molecule O2 the scheme of the energy levels is important in order to
understand the conversion between these levels. This energy scheme generally consists of
three contributions, the electronic energy levels, the vibrational and rotational levels. This
scheme for the oxygen molecule can be seen in figure 7.6 where the energy levels are plotted
against the separation of the atoms in the molecule. A similar picture, which also shows
the positively and negatively singly charged molecular ions can be seen in figure 7.6. The
vibrational levels form a substructure within the electronic structure. It is important to
take this substructure into account in the model, for example in the contribution to the
heat capacities Cp and Cv. This structure also forms a ladder between the electronic energy
levels, enabling stepwise processes.

The energy levels of the vibrational system are described as a superposition on the
electronic energy level by the following equation

Ev = (v + 1/2)~ω (7.1)

where v = 0, 1, 2, . . . With ω = 1580.361 cm−1 for the oxygen ground state neutral molecule.
And for the rotational levels as

EJ = hcBJ(J + 1) (7.2)

where J = 0, 1, 2, . . . With B = 1.44566 cm−1 for the oxygen ground state neutral molecule.
In figure 7.6 one can also see an electronic state above the dissociation energy of the

lower system. When the molecule with this electronic configuration is dissociated, the
atoms that are formed will not both be in their ground state. One atom will be in the 3P
and one in the 1D state.

Apart from the electronic and ro-vibrationally excited states, the molecule can also
become ionised by electron impact. An electron can either be knocked out of one of the
shells by the impact, leaving a positively charged ion. Or an electron can fall from a free
state into a bound state, and attach to the molecule which forms a negatively charged
ion. In our case we only regard singly charged molecular ions as the energies for double
and higher ionisation are too high to be of much concern in our plasma. In other plasmas
multiple ionisation can be important [4].

7.3 Processes in the Oxygen System

In this section, the processes that occur between species in the oxygen plasma are described.
For these processes, it is assumed that the temperature of the electrons is higher than that
of the heavy particles. Also, the energies of both types of particles are distributed according
to a Maxwellian function dependent on its temperature.
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Figure 7.6: Oxygen molecular potential diagram for ground states, excited states and ions [3].
The energy axis has O3P at zero. When excited from the ground state X3Σ−

g , even some of the
stable states like B3Σ−

u may dissociate (Franck-Condon principle).
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An overview of the most relevant electron induced transitions is given in figure 7.7.

Besides electron collisions, heavy particle collisions can also be important for the plasma
chemistry. Those collisions can be classified in terms of many different types [3] [5].

Energies of the electrons are distributed according to a Maxwellian function around the
electron temperature. A typical electron temperature range in plasmas under study stays
between 0.5 eV and 2 eV, this means that a very low fraction of the electrons will have
energies above 10 eV or below 0.1 eV.

 1e-14

 1e-13

 1e-12

 1e-11

 1  10  100  1000

xs
ec

[m
2 ]

E[eV]

Elastic

O+

1D

1S

3s 3S0

2s2p5 3P0

3p 3P
3s’ 3D0

3p 5P

Figure 7.8: Cross sections of electron induced processes for the oxygen atom in its ground
level.

The cross sections of the processes for electron impact on the neutral ground level of
the oxygen atom are given in figure 7.8 [6]. A complete electron impact cross section set
for atomic ions or excited atoms is not available so some parameters need to be estimated
by means of educated guesses. The cross sections of the processes for electron impact on
the neutral ground state oxygen molecule are given in figure 7.9 [6] [8]. To describe the
electron impact chemistry of the oxygen plasma fully, such a cross section set is also needed
for the excited electronic levels of the oxygen molecule and for the ions. However because
of experimental difficulty in obtaining large enough quantities of these excited states, such
data is very scarce and the only measurements we could find of such nature are [9] and [10].
The educated guesses are often based on calculations [11], sometimes in combination with
swarm experiments [12] or energy shifting of the neutral ground state system [3]. One may
also estimate by simply taking the already convoluted set, and lowering the exponential
threshold term in the Arrhenius fit. Finally, rovibrational contributions are neglected for
electronically excited states [7].
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7.3.1 Reaction Rates

In order to get the reaction rates in our plasma as a temperature dependent quantity,
the following process is followed. For an electron-impact process the rate coefficient k(T )
averaged over an EEDF f(ǫ) is given by

k(Te) =

∫

∞

0

σ(ǫ)
√

2ǫ/µf(ǫ)dǫ (7.3)

where µ is the reduced mass. If the energy distribution is Maxwellian,

f(ǫ) =
2√
π

1

kTe

√

ǫ

kTe
exp

( −ǫ

kTe

)

(7.4)

the dependence of the reaction rate on the temperature can be fitted with the so-called
Arrhenius formula.

k(Te) = C · TTexp
e · exp

(−Eeff

kTe

)

(7.5)

This reduces the description of the temperature dependence to the coefficients C, TExp
and Eeff . Of course this fitting procedure needs to take the temperature range into account.
Therefore, the range over which such fit is valid should always be added. For the heavy
particle reactions, other forms than the Arrhenius one are used.

The backwards reaction rate coefficient can be calculated by using the principle of
detailed balancing [13] [14] which states that for the rate coefficient of the forward kf and
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Table 7.3: Electron induced transitions of oxygen atomic species. The index number of the
cross sections correspond with the index number of the rate coefficients of the elaborate model
in Chapter 8.

σ Process
σ14 e + O3P ⇒ e + O1D

e + O3P ⇒ e + O1S
σ4 e + O3P ⇒ e + O+

e + O1D ⇒ e + O1S
σ17 e + O1D ⇒ e + O+

e + O1S ⇒ e + O+

backward kb reaction corresponding to the balance

AB ↔ A + B (7.6)

the rates coefficients are related to each other by

nAB,eqkf = nA,eqnB,eqkb (7.7)

Here, the equilibrium densities are given by the Guldberg-Waage and Saha balance equation

nA,eqnB,eq

nAB,eq
=

QAQB

QAB
(2πµkT/h2)3/2e−E/kT (7.8)

which gives

kb = kf
QAB

QAQB

(2πµkT/h2)−3/2eE/kT (7.9)

where µ is the reduced mass in the system and Q are the partition sums of the respective
species.

For the atomic processes the electron impact reactions are compiled in table 7.3, we
refer to already fitted sets from literature [15] and the index of the cross section is the same
as the reaction rate coefficient number in Chapter 8.

The electron impact rate coefficients for the reactions in table 7.4 can be fitted for
a Maxwellian EEDF using the cross section data set from figure 7.9. The cross section
number coincides with the index of the reaction for the elaborate chemistry model in
the next chapter [15]. The data for excited states is then generated by shifting the set.
However, since this has already been done in literature, we use selected reactions of sets
compiled by Gudmundsson [15] [3], which are fitted over a temperature range between 1
and 7 eV. We have done the fit ourselves for certain reactions like the excitation from the
ground state to the O2a

1∆g state and found it to agree with those fits. Of course there is
always freedom in how to fit a function, and in some temperature ranges the fit may not be
optimal. So for the most important rates in a plasma one may want to use an interpolated
table instead.

For the heavy particle processes we also use rates compiled in literature [15].
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Table 7.4: Electron induced transitions of oxygen molecular species. The index number of the
cross sections correspond with the index number of the rate coefficients of the elaborate model
in chapter 8. Only the endothermic form is given. The cross sections from the a level can be
found by shifting of the ground-level cross sections. For example, σ22 is found by shifting σ8.

σ Process
e + O2X

3Σ−

g,J=1 ⇒ e + O2X
3Σ−

g,J=3

e + O2X
3Σ−

g,v=0 ⇒ e + O2X
3Σ−

g,v=1,v=Σ

σ18 e + O2X
3Σ−

g ⇒ e + O2a
1∆g

e + O2X
3Σ−

g ⇒ e + O2b
1Σ+

g

e + O2X
3Σ−

g ⇒ O−

2

e + O2X
3Σ−

g ⇒ e + O2B
3Σ−

u

σ8 e + O2X
3Σ−

g ⇒ e + O3P + O3P
σ13 e + O2X

3Σ−
g ⇒ e + O3P + O1D

σ11 e + O2X
3Σ−

g ⇒ 2e + O + O+

σ1 e + O2X
3Σ−

g ⇒ 2e + O+
2

e + O2a
1∆g ⇒ e + O2b

1Σ+
g

e + O2a
1∆g ⇒ O−

2

e + O2a
1∆g ⇒ e + O2B

3Σ−
u

σ22 e + O2a
1∆g ⇒ e + O3P + O3P

e + O2a
1∆g ⇒ e + O3P + O1D

e + O2a
1∆g ⇒ 2e + O + O+

σ19 e + O2a
1∆g ⇒ 2e + O+

2
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7.4 Transport Coefficients

Transport coefficients for viscosity and thermal conductivity are calculated by using the to-
tal momentum transfer cross section. These cross sections for the collisions with the oxygen
atom and molecule are taken from [16]. For the cross sections that are undefined, the hard
sphere approximation is used for neutral-neutral interactions. Coulomb approximation for
the charged-charged interactions and Langevin for the charged-neutral interactions.

The expression for thermal conductivity [13] is given by the Frost mixture rules [17] for
electrons. The Devoto [18] [19] expressions based on the Chapmans-Enskog-Burnett theory
[20] give the transport coefficients for the heavy particles. A more thorough treatment of
transport coefficients can be found in [21].

7.5 Conclusions

An ordering of the species in an oxygen plasma can be performed based on the theoretical
descriptions of the species and their interactions that is given in this chapter. We have
chosen to use a set of reaction rate coefficients from literature [15], for which we have
compared fits of several processes and found the set to be sufficient for our purpose. We
will use this set as a basis for the analysis in our next chapter.
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8

Global Oxygen Chemistry Model

Abstract. This chapter explores the chemistry description of an oxygen plasma,
through the use of the PyRate tool. This tool gives insight in the species evolution.
We start with an extensive chemistry description and use PyRate in order to find the
Principal Density Reservoirs (PDR) and the Effective Conversion Coefficients (ECC)
between them. This forms the basis of a reduced chemistry description, which is com-
pared to the extensive chemistry description. The reduced chemistry description forms
the basis for the chemistry description in the two-dimensional simulations of the oxygen
plasma.



Chapter 8.

8.1 Introduction

As we have seen in Chapter 1, plasmas can be modeled in many different ways. The grand
model for a MIP in Chapter 4 includes the interplay between electromagnetic power cou-
pling, transport and chemistry. This chapter will be devoted to the chemistry description,
and to a lesser degree to its interplay with transport. The central questions are:� What is the minimum set of relevant species that has to be taken into account in

order to get a good approximation of the distribution of the mass over the species?� Can simple expressions be found for the effective conversion between these selected
relevant species?

In Chapter 4, we have used a very simple argon chemistry description. This made it pos-
sible to focus our attention to the electromagnetic coupling and transport. There, only
two relevant species, Ar and Ar+ were used. The sum of the densities of these species is
very close to the elemental density of Argon. Thus, describing the transport of Ar and
Ar+ gives a good description of the transport of mass in a pure argon plasma and there
is no need to deal with the transport of excited argon species Ar∗. However, these ex-
cited species play an essential role in the conversion from Ar to Ar+ (ionisation) and vice
versa (recombination). In these conversions, the excited species act as intermediate states
that facilitate the effective ionisation and recombination. By using a Collisional Radiative
Model (CRM), the rate of stepwise ionisation could be determined and it was found that
for the conditions under study the ionisation via excited states represents the dominant
ionisation route. Thus by using a CRM, insight was obtained in the Principal Density
Reservoirs (PDR) and the effective conversion coefficients (ECC) between these PDR’s.

Dealing with the industrial process of optical fibre fabrication we are faced with a
chemical composition of a much higher complexity. The microwave plasma is created in a
feed gas mixture of oxygen, silicon tetrachloride1 (SiCl4) and several trace gases. Because
the grand model simulation becomes numerically much more demanding when many species
are included, we are interested in reducing the amount of species that are strictly needed
and in finding the effective conversion reactions between these species. So again we are
interested in finding the principal density reservoirs (PDR), and the ECC’s between these
PDR’s, but now for a much more chemically complex plasma mixture.

In order to investigate the complex chemistry of this plasma, we constructed a dedicated
CRM. It is the time-dependent zero-dimensional CRM named PyRate. The name expresses
that the program language Python is used to get insight into the various Rates. PyRate
will function as a tool that gives structure in the complex chemistry, so that simplifications
can be performed that are needed to get better convergence in the fluid model. The
underlying method is based on the tele-projective numerical technique to integrate a stiff
set of equations in time until a certain time or until steady-state is reached. In this

1Also called tetrachlorosilane

146



Global Oxygen Chemistry Model

way the PDR’s and the ECC’s of complex chemical mixtures can be determined and a
reduced chemical definition can be made. This will be used in the construction of our
two-dimensional model plasimo.

8.2 Transport

The interplay between transport and chemistry is illustrated by the general form of the
particle balance of a species s, which reads

∂ns

∂t
+ ∇ · (nsvs) = Ps − nsDs (8.1)

where Ps is the production term (in m−3s−1) and Ds the destruction frequency (in s−1) of
the species through chemical reactions. The Ds is very dependent on the type of species.
If s represents an exited atom or molecule, Ds can easily be in the order of 107s−1, whereas
for the ground states, the destruction rates can be smaller. There is not so much variation
in the transport term. It can be written as ∇ · (nv)tr = nktr, where ktr approximately
equals

ktr = Dtr/Λ2 (8.2)

where Λ is the shortest dimension of the set-up, in our case the radius. With the mean
free path λ

λ =
1√

2σna

(8.3)

and the thermal velocity vpart

vth =

√

8kBTh

πM
(8.4)

the diffusion coefficient for neutral particles is given by

Dtr =
1

3
λvth =

2

3naσ
√

π

√

kBTh

πM
(8.5)

For the ions we can use the ambipolar form, which is given as

Dtr,amb =

(

1 +
Te

Th

)

2

3naσ
√

π

√

kBTh

πM
(8.6)

Taking σ = 10−20m2, na = 1023m−3, Th = 500K, Te = 1eV we find a typical value of
ftr ≈ 104s−1. For the radical species, for which Ds ≈ 107s−1 typically, we thus find that
ftr/Ds ≪ 1 so that for these species, the particle balance can be simplified to

∂ns

∂t
= Ps − nsDs (8.7)

Thus, the species with large Ds-values can be described with a local chemistry balance,
that is a balance in which transport is absent. The species are therefore denoted by Local
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Chemistry (LC) species. When Ps and Ds change slowly in time, the density evolution of
LC species can be described as

n(t) = n0 exp(−Dst) + (Ps/Ds)(1 − exp(−Dst)) (8.8)

where n0 is some initial value. This equation shows that n(t) converges in a time-scale
D−1

s to Ps/Ds. The production term is mainly determined by processes originated from
the PDR’s. This implies that Ps/Ds will vary in a timescale that is much larger than D−1

s .
Note that the particle balances of the form 8.1 and 8.7 can, in general, not be solved for
species independently. The reason is that destruction of one species will in general lead to
the production of another one. That is why the particles balances have to be solved as a
set of coupled equations. This will be dealt with in the next section.

8.3 PyRate

In the previous section we studied the main features of a particle balance. This was amongst
others used to make a distinction between species with a high chemical destruction rate
(the so-called LC species [1]) and the PDR’s. Since for the last category the transport
cannot be neglected, in general, they can also be denoted by Transport Sensitive (TS)
species.

The method of making a distinction between LC and TS species is often used in the frame-
work of atomic plasmas where it is known as the Quasi Steady State Solution (QSSS).
When dealing with atomic plasmas the division of the species between LC and TS is often
evident. The TS species are the ground level of the atoms and ions whereas the excited
states deliver the LC species. For molecular plasmas the situation is less clear. That is
why the PyRate tool was developed.

In order to get insight in the effective destruction rates of the various species, the model
has to describe the species evolution in time.

F(n) =
dn

dt
(8.9)

where the density of all the relevant species at a specific time is given by the vector n.
The evolution vector F(n) represents all the terms except for the first one of Equation 8.1
in vector form. The balance equations of all the levels are coupled and the result can be
represented by

F(n) = P − nD − nf tr (8.10)

in which P is the production vector, D the destruction matrix and f tr the transport fre-
quency matrix2. In the form discussed thus far, which is used in the description of chemistry

2Here, we use the double overline for matrices and a boldface or single overline for vectors.
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in our plasimo toolkit, the negative contributions are linearised. In the PyRate model,
we improve stability of the algorithm in a different way. In the PyRate model we therefore
make no distinction between how destruction, production and transport are treated, they
are all contributions to the evolution vector and thus modifications in time on the density
vector. The manner in which the evolution vector is calculated instead, is explained below.

It should be noted that the evolution function matrix must be re-evaluated often, as we
will see in the next section. F(n) is calculated by adding the contribution of all reactions
on the species concentrations.

Suppose that we have the following reaction

A + 2B → C + B (8.11)

Then the forward rate of the reaction fr in s−1m−3 is calculated by

fr(T, nA, nB) = nAn2
Bk(T ) (8.12)

where the first two terms are the density of the species on the left-hand side, the reactants,
to the power of their stochiometry coefficient in reaction 8.11. In general, for the reaction
r with stochiometry coefficients νr,s

Σreactantsνr,sns → Σproductsν
′

r,sn
′

s (8.13)

the reaction rate is given by

fr(T,n) = k(T )
∏

reactants

nνr,s
s (8.14)

Where k(T ) is the reaction rate coefficient. Note the difference between the rate fr(T,n)
(expressed in s−1m−3) and the rate coefficient k(T ) (expressed in s−1m3((Σreactantsνrs)−1)).
The rate coefficient can often be described by the (modified) Arrhenius rate coefficient3 of
the form

k(T ) = C · TTExpe−EThresh/kBT (8.15)

The coefficients C and TExp of the Arrhenius rate coefficient are determined from a fit
to measurement tables or energy integration of the product of a cross section, a velocity
and an energy distribution function (cf. Chapter 7). Note that the temperature T is the
temperature that is relevant for the reaction, for example the electron temperature Te for
electron-impact reactions.

Each time the reaction takes place, the reactants are consumed and the products are
produced. The net change is determined by substracting the stochiometry coefficients on

3Note that we use the name Arrhenius although the equation was first proposed by J.H. van ’t Hoff. Also,
when we mention the Arrhenius equation, we usually refer to the so-called modified Arrhenius equation
instead, which has an explicit temperature dependence in the prefactor.
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the left-hand side from those on the right-hand side of the reaction 8.13 for each species. So
to get the change in the density of B from reaction 8.11, the reaction rate fr is multiplied
with the net change in stochiometry: produced minus consumed, or νnet

r,B = 1 − 2 = −1.
So the net change in nB from this reaction r is given by −1 · fr. By now adding up the
contributions of all reactions, we get the total change in all species densities. In general,
the density evolution vector for one reaction r will become

dn

dt
|r = νnet

r k(T )
∏

reactants

nνr,s
s (8.16)

which is the stochiometric net change vector −→ν net
r , multiplied by the rate scalar. The

density evolution contributions for all reactions are added up to get the evolution function
from Equation 8.9.

F(n) =







νnet
r1,s1 · · · νnet

rj,s1
...

...
νnet

r1,si · · · νnet
rj,si













fr1(T,n)
...

frj(T,n)






(8.17)

which contains a stochiometric net change matrix on the right-hand side with a number of
columns corresponding to the number of reactions and a number of rows corresponding to
the number of species. The reaction frequency vector is also found on the right-hand side
of this equation.

Because we are interested in the active part of the chemistry in the plasma, only the
forward rates (the rates of the exothermal reaction) are considered. Reverse rates for ex-
ample, calculated by detailed balancing [2], are implemented but unused in this model.
They will be used in the grand model in Chapter 9, because volume backwards processes
can be important in the conditions of some cells.

We have chosen to fix the electron density and both temperatures at one value during
evolution because of the purpose of the tool. The model can be extended for other pur-
poses. In case we want to use it for power interruption studies like in Chapter 3, a more
complete description of the plasma evolution would be obtained by adding an equation for
the electron temperature and removing the lock on the electron density.

8.4 Chemistry

The chemistry in a plasma is defined by the plasma constituents and the reactions between
these species. The reactions are described by their reaction formula, which consists of the
reactants, products and their stochiometry, and the reaction rate coefficient. In the oxygen
plasma under study, many species and reaction channels are present.

In order to investigate how the choice of the species and the reactions will influence the
result we first apply PyRate to an elaborate chemistry set. The insights obtained for this
elaborate chemistry are consequently used in the construction of a reduced chemistry set.
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The chemistry of the reduced set will be used in the next chapter as a basis of the chemistry
description in the two-dimensional self-consistent fluid simulation of a microwave induced
oxygen plasma.

The chemistry specification in the elaborate model is taken from [3]. This specification
contains 49 bulk reactions, induced by electron-impact or by heavy particle collisions, and
can be found in Table 8.1. For 5 species, transport is taken into account. The modified
Arrhenius form of Equation 8.15 is used for most electron-impact reactions in this set. For
the heavy-particle reactions a different fit is used as can be seen in the table.

The eleven species considered include the metastable atom 1D, ozone and the negative
ions of all species.

The reduced model is a small subset of this. Here, we consider only the electron, O2,
O2a, O and O+ species with the 6 reactions in table 8.2. The rate coefficients are k4, k8,
k11, k18, k21 and k22 of the elaborate model (Te in eV, Th in K).

8.5 Numerical Method

The difficulty in the chemical system under study lies in the fact that it is numerically
stiff [4]. Stiffness means that the influence of some reactions needs to be solved at very
small time-steps, while the influence of other reactions has to be determined on much longer
time-scales. The difference in time-scales can span several orders of magnitude. This in
turn implies that a very large number of time-steps is needed to solve the system stably, so
that a computationally intensive calculation results. There are several methods to tackle
this problem. One can for instance simplify the chemical system so that it becomes less
stiff. Methods like ILDM [5] [6] and CSP [7] are based on this principle. One can also
rewrite the system so that it becomes implicit which makes it more stable, although that
method can give large accuracy errors on longer time-steps. Implicit coupled methods can
also be used [8].

The method we employ here, is a projective integration method [9]. The principle behind
this method, illustrated in Figure 8.1, is that initially several time-steps of the smallest
time-scale are taken. The evolution of species is then fitted to a function, for example to
a polynome or an exponential decay or growth model. Then, the function is extrapolated
and a time-step of a much larger scale is taken. A higher-order approximation can be used
to estimate the upper bound of the error of the extrapolation. The size of this larger step
is determined from the maximum error. Once that point in time is reached, a new fit is
made using several new small time-steps. This new fit is used to extrapolate to the next
large time-step, and so on. For the transport sensitive (TS) levels we must also take the
(effective) transport frequency into account.
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Table 8.1: Reactions and rate coefficients of the elaborate model. Note that the electron
temperature values are in eV, while the heavy particle temperatures are in K. The reaction rate
coefficients for all reactions with two reactants are in m3/s and for three reactants in m6/s,
respectively.

Reaction Rate coefficient

e + O2 → O+
2

+ 2e k1 = 9 · 10−16T 2
e e−12.6/Te

e + O+
2

→ 2O(3P) k2 = 2.2 · 10−13

e + O2 → O(3P) + O− k3 = 8.8 · 10−17e−4.4/Te

e + O(3P) → O+ + 2e k4 = 9 · 10−15T 0.7
e e−13.6/Te

O− + O+
2

→ O(3P) + O2 k5 = 1.5 · 10−13(300/Th)1/2

O− + O+ → 2O(3P) k6 = 2.7 · 10−13(300/Th)1/2

e + O− → O(3P) + 2e k7 = 1.1 · 10−13e−3.58/Te

e + O2 → 2O(3P) + e k8 = 7.1 · 10−15e−8.6/Te

O(3P) + O− → O2 + e k9 = 3 · 10−16(300/Th)1/2

e + O2 → O− + O+ + e k10 = 7.1 · 10−17T 0.5
e e−17/Te

e + O2 → O(3P) + O+ + 2e k11 = 5.3 · 10−16T 0.9
e e−20/Te

O+ + O2 → O(3P) + O+
2

k12 = 2 · 10−17(300/Th)1/2

e + O2 → O(3P) + O(1D) + e k13 = 1.8 · 10−13e−18.33/Te

e + O(3P) → O(1D) + e k14 = 4.5 · 10−15e−2.29/Te

O(1D) + O2 → O(3P) + O2 k15 = 3 · 10−17

O(1D) + O(3P) → 2O(3P) k16 = 8.1 · 10−18

e + O(1D) → O+ + 2e k17 = 9 · 10−15T 0.7
e e−11.6/Te

e + O2 → O2a + e k18 = 1.7 · 10−15e−3.1/Te

e + O2a → O+
2

+ 2e k19 = 9 · 10−16T 2
e e−11.6/Te

e + O2a → O− + O(3P) k20 = 2.28 · 10−16e−2.29/Te

e + O2a → O2 + e k21 = 5.6 · 10−15e−2.2/Te

e + O2a → 2O(3P) + e k22 = 4.2 · 10−15e−4.6/Te

O− + O2a → O−

2
+ O(3P) k23 = 1.1 · 10−17(300/Th)1/2

O+
2

+ O−

2
→ 2O2 k24 = 2 · 10−13(300/Th)1/2

O−

2
+ O+ → O2 + O(3P) k25 = 2 · 10−13(300/Th)1/2

e + 2O2 → O−

2
+ O2 k26 = 2.26 · 10−42(300/Th)1/2

O− + O+ → O(1D) + O(3P) k27 = 4.9 · 10−16(300/Th)1/2

O−

2
+ O2a → 2O2 + e k28 = 2.7 · 10−17(300/Th)1/2

O−

2
+ O(3P) → O− + O2 k29 = 3.31 · 10−16(300/Th)1/2

e + O3 → O− + O2 kk30 = 9.3 · 10−16/T 0.62
e

e + O3 → O−

2
+ O(3P) k31 = 2 · 10−16

O− + O2 → O3 + e k32 = 5 · 10−21(300/Th)1/2

O− + O2a → O3 + e k33 = 2.2 · 10−17(300/Th)1/2

O+ + O3 → O+
2

+ O2 k34 = 1 · 10−17(300/Th)1/2

O(3P) + O3 → 2O2 k35 = 2 · 10−17(300/Th)1/2

O− + O3 → O−

3
+ O(3P) k36 = 5.3 · 10−16(300/Th)1/2

O−

3
+ O(3P) → O−

2
+ O2 k37 = 3.2 · 10−16(300/Th)1/2

O−

3
+ O(3P) → 2O2 + e k38 = 3 · 10−16(300/Th)1/2

O−

3
+ O+

2
→ O2 + O3 k39 = 2 · 10−13(300/Th)1/2

O−

3
+ O+

2
→ 2O(3P) + O3 k40 = 1.01 · 10−13(300/Th)1/2

O−

2
+ O3 → O2 + O−

3
k41 = 4 · 10−16(300/Th)1/2

O−

2
+ O(3P) → O3 + e k42 = 3.01 · 10−16(300/Th)1/2

e + O3 → O(3P) + O2 + e k43 = 1 · 10−14(300/Th)1/2

2O2 + O(3P) → O3 + O2 k44 = 6.9 · 10−40(300/Th)−1.25

O−

2
+ 2O(3P) → O−

3
+ O(3P) k45 = 3.82 · 10−40

e + O(3P) + O2 → O−

2
+ O(3P) k46 = 1 · 10−43

e + O(3P) + O2 → O− + O2 k47 = 1 · 10−43

e + O+
2

→ O(1D) + O(3P) k48 = 2.11 · 10−13(300/Th)0.7

e + O+
2

+ O(1D) → O2a + O(3P) k49 = 1 · 10−18(300/Th)1/2
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Table 8.2: Reactions and rate coefficients in the reduced chemistry set. The electron tempera-
tures are in eV. Note that the wall reactions are not given in Table 8.1 but are found with the
procedure in Section 8.2.

Process Rate coefficient (m3/s)

O + e → O+ + 2e k4 = 9.0 · 10−15T 0.7
e e−13.6/Te

O2 + e → 2O + e k8 = 7.1 · 10−15e−8.6/Te

O2 + e → O + O+ + 2e k11 = 5.3 · 10−16T 0.9
e e−20.0/Te

O2 + e → O2a + e k18 = 1.7 · 10−15e−3.1/Te

O2a + e → O2 + e k21 = 5.6 · 10−15e−2.2/Te

O2a + e → 2O + e k22 = 4.2 · 10−15e−4.6/Te

Wall reaction
O+ + e → O k50

2O → O2 k52

O2a → O2 k54

time

y

Figure 8.1: Principle of (tele-)projective time integration of a variable y. Small step sizes
determine coefficients of a fit function. This fit function is then extrapolated to find a value at
a much later time.
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8.6 Implementation

Because of the rapid development time, availability of functional programming techniques
and high-performance numerical libraries, the programming language Python (version
2.5.1) was used [10]. Hence the Py in PyRate. Furthermore, the NumPy [11], SciPy [12]
and PyLab [13] libraries were used for numerical algorithms and visualisation.

In the implementation, our zero-dimensional approach uses the stiff solver lsoda from
the FORTRAN library odepack [14] [9]. This solver is called from the Python program that
uses the odeint function from the SciPy libraries [12].

In the program, the process described in 8.3 is performed as a matrix calculation which
can be evaluated efficiently in parallel by using optimised BLAS [15] libraries. The rates
of all reactions are stored in a vector. When the matrix that contains all the stochiometry
vectors of each reaction is multiplied with the transpose of the vector f that contains the
reaction rates frj, the vector F(n) (Equation 8.18) that gives the change in each density
results. We use net stochiometry coefficients νnet

r,s in the matrix, which are negative for
reactants, and positive for products and zero for species not affected by the reaction r.
Note that the vector for the reaction rates f contains the dependence on the densities
through Equation 8.14. The regular stochiometry coefficients in the rate vector f are
positive for the reactants.

F(n) =







νnet
r1,s1 · · · νnet

rj,s1
...

...
νnet

r1,si · · · νnet
rj,si













fr1(T,n)
...

frj(T,n)






(8.18)

The procedure that calculates F(n) is called from the stiff system solver. We leave the
calculation of the Jacobian to the program.

8.7 Results and Discussion

The outcome of the model is an evolution graph of the species densities in time. An ex-
ample can be seen in Figure 8.2. This plot depends on the temperatures of the heavy
particles and electrons, the electron density and the initial densities of the species. The
model is initialised with an electron temperature of 1.0 eV, a heavy particle temperature
of 500K, an electron density of 1019m−3 and an initial density set with the ground state of
the oxygen molecule corresponding to 10mbar, a molecular and atomic positive ion density
of half the electron density.

One can choose to stop integration at a typical transport time of the system, for ex-
ample the diffusion time or the residence time of the feed gas in the part of the plasma
where power is coupled. Or, one can choose to integrate until the steady-state is reached.
The following criterion can be set for the steady-state: When the relative changes in all
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species added up is smaller than a pre-set value, the chemistry has reached a steady-state.
Although this criterion is somewhat arbitrary, the densities on the final time of the simula-
tion hardly change when the end time is increased. Moreover we should keep in mind that
PyRate is not the final model, it is only an auxillary tool that gives insight in the relevant
species and reactions. Because the convergence tolerances are different in different time
intervals, we had to cut the integration in several time regions manually. The evolution
graph of Figure 8.2 is obtained for the first five intervals in the elaborate model. The
time-scale is logarithmic in order to see the behaviour in different time intervals. A similar
model run has also been performed in the reduced model.

1 0 � 8 1 0 � 7 1 0 � 6 1 0 � 5 1 0 � 4 1 0 � 3 1 0 � 2 1 0 � 1t i m e [ s ]1 0 11 0 31 0 51 0 71 0 91 0 1 11 0 1 31 0 1 51 0 1 71 0 1 91 0 2 11 0 2 3

S peci esd ensi ti es[1/ m3]
2O

2aO

2
+O

2
−O

)P3(O

)D1(O

+O

−O 3O

3
−O

Figure 8.2: Evolution of species concentration in the elaborate chemistry model. It consists
of five time intervals of the simulation. The time interval is chosen to show changes in the
densities and clearly shows that different reactions can play a role in different time scales.
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Table 8.3: Final species densities in the elaborate and reduced chemistry model.

Species nelaborate (m−3) nsimple (m−3)
O2 1.6e23 1.5e23

O2a 1.4e22 1.4e22
O+

2 2.3e02
O−

2 4.7e17
O(3P ) 3.7e21 3.3e21
O(1D) 3.4e18

O+ 1.2e14 9.4e15
O− 4.4e18
O3 9.9e18
O−

3 1.1e16

Table 8.3 gives the steady-state densities in the elaborate model and the simplified
chemistry model. From this steady-state density table, we can deduct what the principal
density reservoirs are. O2 is dominant, the O2a density is very high as well at 10% of that.
The dissociation degree is 1%. O+

2 is negligible compared to O+. Ozone is not included
because it is not important in reactions leading to or from principle density reservoirs. The
densities of negative ions can be important, but we can not take them into account in the
fluid model, yet.

Note again that the model does not conserve charge, as the electron is not a dependent
species. Therefore the absolute densities of the ions and the ratio between positive and
negative ions will be different. So we can only say something about the relative importance
between species of the same charge. The electron density is fixed so even though many
reactions consume or create electrons, its density remains the same.

In the model, it is possible to request for each species an overview of the contributions
of each reaction for its creation and destruction. We have performed this analysis at steady
state although it can be done at a different time as well. In this way the main reaction
channels can be determined as well as the effective conversion coefficients ECC.

Table 8.4 gives the most important creation and destruction reactions for each species.
This table together with the principal density reservoirs, is the most important result of
the model. From this, one can determine how the grand model can best be simplified.

Because there may be some difficulties with negative species in our fluid model, they
are left out for now in the simple chemistry.

The principal density reservoirs O2 and O2a are included, as well as the ground state
atom O(3P) and the most abundant positive ion O+. This is the minimal functional de-
scription without negative heavy particle species.

The second result of the analysis is the reaction set for the simple chemistry. The main
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Table 8.4: Dominant creation and destruction reactions in the elaborate model. The underlined
species and reactions are used in the reduced model.

Species Creation Destruction
O2 k21 k18

O2a k18 k21

O+
2 k1 k49

O−

2 k23, k26 k28, k29, k42

O(3P) k22 k52

O(1D) k14 k15

O+ k4 k12, k6

O− k20,k3 k9, k33

O3 k33 k43

O−

3 k36 k37, k38

paths to and from the included species are contained in the reactions k4, k6, k12, k18, k21,
k22 and k52. From this set, we see that it is very important that the metastable molecular
state O2a is included in the model. The reaction rates between O2 and O2a are higher than
their typical transport rates, so that O2a could be treated as a local chemistry species in
the fluid model. The only important reaction that we do not include in the model is k12

which converts O+ into O+
2 . Since k49 is the main destruction channel for O+

2 , one may
estimate the loss rate k12 of O+ as k49, the diffusion to the wall with double the mass.
However, when the diffusion of O+ to the wall is taken instead, the error one makes is at
most 1/

√
2 in the diffusion coefficient as we can see in Equation 8.6. So we do not need to

take an effective conversion coefficient (ECC) into account as long as we use the identified
PDR’s. The simplified model includes all the main routes between the primary density
reservoirs of the chemistry.

We now focus on the reduced chemistry set that is constructed by using the knowledge of
PDR’s and the ECC.

The concentrations in steady state are given in Table 8.3, given before. As can be seen
from the table, all densities agree well enough except the atomic ion O+ which is higher
than in the elaborate model.

Note that when a fit factor modifies the wall diffusion loss of this ion, the reduced
set gives exactly the same O+ density as the elaborate set. This would be another way
of obtaining an ECC from comparison between the elaborate and reduced chemistry sets.
However, we do not use such modification in this study or in the grand model.

In Table 8.5 the reaction rate coefficients and reaction rates are given for the simple
model.

The main differences between the elaborate and reduced chemistry are likely caused by
the absence of electronegative heavy-particle species in the reduced set. Nonetheless, the
reduced set offers a simplification of the chemistry, which will affect the outcome only little
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Figure 8.3: Evolution of species concentration in the reduced chemistry model to the steady-
state solution. There are much fewer typical time-scales than in the complex chemistry.
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Table 8.5: Reaction rate coefficients and rates in the simple model. Note that k49, the ambipolar

diffusion to the wall with double the mass, is used instead of k50, because k6 and O+
2 are not

included.
reaction rate coefficient rate (Hz/m3)

k4 1.1e-20 m3/s 3.7e20
k8 1.3e-18 m3/s 2.0e24

k11 1.1e-24 m3/s 1.6e18
k18 7.7e-17 m3/s 1.2e26
k21 6.2e-16 m3/s 8.7e25
k22 4.2e-17 m3/s 5.9e24
k49 1.6e3 Hz 2.3e25
k52 2.3e3 Hz 7.9e24
k54 4.0e3 Hz 3.6e20

for the approximations made, that can be used in the fluid model.

8.8 Conclusions

The PyRate model is a tool for studying the impact of reactions and species in the chemistry
module of a grand model. We can find the steady-state densities of chemical components
and see which species form the Principal Particle Reservoirs (PDR). Moreover PyRate
can easily establish the main sources of these particles. If such a source or sink involves
intermediate species, we can determine Effective Conversion Coefficients. However in the
reduced oxygen chemistry set that we have determined, almost all important reaction paths
are taken into account so we do not have to modify rate coefficients into ECC’s. The only
change would be the higher effective mass in the ambipolar diffusion of O+ to the wall,
because it forms the species O+

2 , that is not included in the reduced set, which diffuses
to the wall. In this way, simplifying the chemistry can reduce the stiffness and numerical
strain of the grand models.

Apart from the electronegative species, the simplified oxygen chemistry includes all
principle particle reservoirs and effective conversion coefficients. A very important species
is O2a, which needs to be included in the chemistry description.

The (deliberate) absence of charge neutrality in the model, may influence the analysis,
especially with respect to positive and negative ions. Therefore this is an area where further
analysis will be useful.

From measurements [16], we have also learned that the electron temperature may be
nearer to 2 eV than the 1 eV used in this analysis, which will definitely affect the compo-
sition of the plasma.

In the future it would be interesting to explore other methods to deal with the stiff-
ness in chemistry. Alternative, automatic techniques to simplify the chemistry would be
computational singular perturbation (CSP) [7] and intrinsic low dimensional manifolds
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(ILDM) [5] [6]. Such techniques can succesfully be implemented in a fluid model [5] [6],
while the tele-projective method we use in the zero dimensional case would require large
amounts of computer memory for a two dimensional case.
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Oxygen Microwave Plasma Model

Abstract. A numerical model of a microwave induced (MIP) plasma using the plasimo

toolkit [1] is applied to a simplified oxygen chemistry. This model includes an interplay
between a finite rate two-temperature atomic and molecular oxygen chemistry, flow and
energy coupling. The electromagnetic (EM) energy coupling module solves the differ-
ential form of the frequency domain Maxwell equations in discretised form. Because
of several optimisations, the chemistry can be more complicated than the simple argon
chemistry used before in Chapter 4. The species and reactions taken into account are
determined by an analysis with the PyRate tool of the previous chapter. The main dif-
ference with [2], is that the first metastable state of the molecule is taken into account
in this model. The oxygen plasma is more confined than the argon plasma, which agrees
with experimental observation.



Chapter 9.

9.1 Introduction

Microwave induced plasmas can be used for many industrial applications. Their advan-
tages include a high concentration of radicals for the energy that is used, electrodeless
operation and geometric shaping of the plasma. An application of a microwave induced
plasma (MIP) is the first production step in the creation of glass fibres for optical com-
munication. A resonator is used to supply energy to the plasma. In a hollow quartz tube,
a feed gas is supplied of mainly oxygen, some SiCl4 and a small concentration of trace
gases. We intend to model this plasma with a fluid model. The model consists of three
main aspects, namely the transport, electromagnetic energy coupling and chemistry. In
the previous Chapters 4 and 5, we described a model that focused mostly on the transport
and electromagnetic energy coupling, while the chemistry was kept as simple as possible
with only two heavy-particle argon species and two reactions. Since the feed gas in the
production step of the glass fibres is mostly oxygen, we want to apply the model in the
first step to an oxygen chemistry. In the past, a different version of our fluid model has
been applied to an oxygen chemistry [2] in which metastable states had not been taken
into account. Also, the chokes were not implemented in those simulations.

The chemistry description of oxygen may contain many different species, like atoms,
molecules, positive and negative ions, electronically and rovibrationally excited states of
the molecules and ozone. The transport parameters of the plasma are determined by this
mixture. And between those species there is a web of both inelastic heavy-particle reactions
and electron-impact reactions that can transform one species type into another. Because
of numerical issues, the chemistry needs to be simplified in order to get convergence. In
order to determine the influence of different particles and chemical reactions, we have con-
structed a seperate tool called PyRate in the previous chapter. With this tool, we have
identified the principal density reservoirs (PDR) and we can determine effective conversion
coefficients (ECC). The chemistry that results is used in a slightly modified form in the
fluid model of this chapter. The modifications are that the transport is treated in a very
different way and that we also consider the reverse rate of some reactions because those
may be important in the colder non-active parts of the plasma. The negative ions and
ozone are not taken into account in this chemistry.

For the electromagnetic power coupling part of the simulation, the Maxwell equations
in the differential form for the TM mode in the frequency domain are discretised on a
cylindrical grid, as is discussed in detail in Chapter 2. These discretised equations for all
cells in the simulation are put into one matrix. The chokes and slit imply special bound-
ary conditions in the domain, which are described as a superposition of an imploding and
exploding wave in a radial waveguide.

The results of the simulations show that the waves are confined better by the chokes
than in the case of an argon plasma.
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9.2 Model Description

The modelling toolkit plasimo has been used to create a simulation of a two-dimensional
rotationally symmetric oxygen plasma. The situation modelled is that of a tube through
which a pure oxygen gas is flowing. The plasma is created by the application of microwaves
in a resonator that heat the electrons in this plasma.

The model iteratively calculates a self-consistent steady-state solution of the equations
for the chemistry, flow and the electromagnetic coupling. Because such a system can be
numerically unstable, underrelaxation is applied to some of the variables.

This chapter is organised as follows. The transport and chemistry modules are first de-
scribed briefly. After that, we will focus on the EM coupling. In Figure 9.1 the simulated
situation can be seen.

���������������������������������
���������������������������������
���������������������������������
���������������������������������
���������������������������������
���������������������������������
���������������������������������
���������������������������������

���������������������������������
���������������������������������
���������������������������������
���������������������������������
���������������������������������
���������������������������������
���������������������������������
���������������������������������

Waveguide Slit Cavity

Choke

Glass substrate
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Flow
direction

Figure 9.1: A sketch of the simulated situation. The resonator is located around a glass tube
and a plasma is formed inside this tube.

9.3 Transport and Boundary Conditions

Diffusion and convection are both taken into account in the simulation. The SIMPLE(R)
algorithm [3], is used to solve the bulk flow in the plasma. Continuity equations are solved
for many conserved quantities. The framework is described in detail in Chapter 2. In this
section, we note three aspects that are different, namely the coupling between the transport
and chemistry, the description of the boundary conditions on the inlet and the transport
coefficients which are different for oxygen.

In the SIMPLE(R) algorithm, the bulk properties are used in order to calculate a pres-
sure and a bulk velocity in each cell. However, the chemistry may change the species
composition and for example dissociation of an oxygen molecule may change the pressure.
The chemistry calculation results in densities of all species. Together with the temperatures
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in that cell, a pressure results as well. So before convergence of the model, there can be
slight differences during iterations, between the pressure that is imposed by the bulk flow
PSIMPLE and the pressure from the species densities and temperatures PCHEM =

∑N
0 nikBTi.

To correct these differences, the density of the most abundant particle was adjusted slightly
in the argon model, so that these two pressures are the same. This does imply that there is
one species that is dominant in all cells. We call this the particle-zero approach, since the
density of the first particle, which has the index zero, is adjusted. For the oxygen simula-
tions, this may not be the case everywhere. For example, the molecular ground state may
be very abundant in one place, whereas the first metastable state or the molecule O2a is
abundant in another place where more power is coupled in. Therefore we have added the
option of making a small relative adjustment on all species. We call this approach scaling
of all densities (SAD). The converged results in both approaches are exactly the same.

The directions of the wind are used to designate the geometry of the configuration. The
symmetry axis is the south side, the maximum in the radial coordinate is the north side,
the west side is the inlet or gas side, and the east side is the outlet or pump side. For the
configuration, we based our model on the configuration of Rau and Trafford [4] and took
parameters that are similar to [2].

A fully developed Poiseulle profile is assumed for the inlet gas velocity. Together with
the flow rate (5 sccs) and the fixed temperature of the heavy particles at the inlet, this
gives an absolute value for the gas velocity at all radial positions of the inlet. At the
inlet, species densities can either be set to homogeneous Neumann, or Dirichlet. Because
if the particle-zero approach overwrites the density of the first particle, it was impossible
to define relative concentrations or flows for the inlet composition. We have created a new
boundary condition that recalculates the absolute densities of all species, as a function of
the boundary density of the first species. This, in combination with the flow rate definition,
allows the specification of an inlet mixture.

At the pump side, the pressure (1000Pa) is used as a boundary condition. The north
side of the simulation uses the no-slip boundary condition, thus the velocity of the gas
in any direction is zero. At the south side, the radial velocity is zero. The derivative of
the axial velocity, electron density and temperatures are zero as well, as a result of the
axial symmetry. The heavy particle temperature at the north wall and the inlet is set to
500K. Room temperature is not chosen as it is assumed that the plasma heats the wall
slightly. The gradient of the heavy particle temperature at the outlet is set to zero. For the
boundary conditions of the electron temperature we can not define Dirichlet conditions,
therefore we look to how heat leaks through the wall in order to define Neumann conditions.
The electron heat flux through the wall is negligible and thus for the electron temperature,
all boundary conditions are set to a derivative of zero.

To calculate many of the transport parameters that are needed to determine the flow
characteristics of the mixture like the viscosity and the diffusion coefficients, we need the
elastic or total cross section of interactions between the different particles. For our oxygen
mixture, we use the default methods of calculating these, except for the interaction of
electrons with O2 and electrons with O. These two cross sections influence diffusion and
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Table 9.1: Reactions in the grand model. This selection was made based on insight gained with
the PyRate tool from Chapter 8

Process Rate coefficient (m3/s)

O + e ↔ O+ + 2e k4 = 9.0 · 10−15T 0.7
e e−13.6/Te

O2 + e → 2O + e k8 = 7.1 · 10−15e−8.6/Te

O2 + e → O + O+ + 2e k11 = 5.3 · 10−16T 0.9
e e−20.0/Te

O2 + e → O2a + e k18 = 1.7 · 10−15e−3.1/Te

O2a + e → O2 + e k21 = 5.6 · 10−15e−2.2/Te

O2a + e → 2O + e k22 = 4.2 · 10−15e−4.6/Te

Wall reaction Chance
O+ + e → O γ1 = 1.0
2O → O2 γ2 = 1.0
O2a → O2 γ3 = 1.0

viscosity. The cross section description is taken from the literature [5].

9.3.1 Chemistry

In the used numerical approach, it is far from trivial to find a set of starting conditions and
relaxation factors that gives both a stable and a fast convergence behaviour in the relevant
range of process parameters. For this reason, the number of species and reactions is reduced
by using the insight that the zero-dimensional tool PyRate has given us. The principal
density reservoirs (PDR) and the main channels between them, which can be described
by effective conversion coefficients (ECC) are included in the simplified chemistry. The
negative species O− and O−

2 are not taken into account. The chemistry that is used in
this simulation consists of the following five species. The oxygen molecule O2, its first
metastable state O2a, the oxygen ground state atom O(3P), its positive ion O+ and the
electron. Only six conversion reactions between the species are taken into account. They
are given in Table 9.1 and are a subset of a more extensive list [6]. The selection is based on
the reduced chemistry description of Chapter 8. The rate coefficients for the bulk reactions
are k4, k8, k11, k18, k21 and k22 of the elaborate model, respectively, and are given, with Te

in eV. Note that in the simulations a Maxwellian electron energy distribution is assumed.

The wall reactions in the model can be put into two categories, those which have
positively charged ions among the reactants and those who have only neutral particles as
reactants. The wall rate is determined by the flux of the rate-determining particle and a
chance. The flux is calculated from the conservation equations.

Because the wall recombination-chance γ depends on so many different parameters,
like surface roughness and composition and the surface temperature, we assume a diffusion
limited wall processes and take the value 1. This can be changed in the model once a
better chemistry stability is implemented.
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9.4 Electromagnetic Power Coupling

In this section, the absorbed electromagnetic (EM) power in the plasma is treated briefly.
For a more detailed description we refer to Chapters 2 and 4. The EM power is coupled to
the plasma through high-frequency alternating fields. The electrons oscillate on this field,
and through collisions this directed motion is transformed in amongst others heating of
the plasma and the creation of different species through electron impact. The modelled
configuration is shown in Figure 9.2. The electromagnetic power coupling is based on the

Air

Glass

Plasma
Inlet Outlet

Slit

Symmetry axis

Metal Choke Ez

ErΗφ

Figure 9.2: The simulated electromagnetic configuration.

two Maxwell equations
∇× E + ∂tB = 0 (9.1)

−∇×H + J + ∂tD = 0 (9.2)

where E is the electric field, B the magnetic flux density, H the magnetic field, J the
current density and D the dielectric displacement. Note that these are all vectors. This is
completed with the constitutive relations for a non-magnetized substance (µr = 1)

B = µ0H (9.3)

D = ε0εrE (9.4)

and Ohm’s law
J = σE (9.5)

Assuming that the fields are all harmonic, we can write E = E exp(jωt) and H = H exp(jωt)
where E and H are the complex field amplitude vectors. Substitution of these expressions
into Equation (9.1) and Equation (9.2) gives

∇×E + jωµ0H = 0 (9.6)

∇× H − jωε0ε̂rE = 0 (9.7)
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Here the complex relative permittivity is given as

ε̂r = εr +
σ

jωε0

(9.8)

in which σ is the complex electrical conductivity. The permittivity of the non-conducting
or lossless part of the plasma εr = 1 [7]. The conductivity as a function of basic plasma
properties is given by (cf. Chapter 4),

σ =
ω2

pε0

νeh + jω

This can be used in combination with Equation (9.8), to relate the complex relative per-
mittivity to these basic properties as well. We have

ε̂r = εRe
r − jεIm

r (9.9)

with

εRe
r = 1 −

ω2
p

ω2 + ν2
eh

(9.10)

and

εIm
r =

νeh

ω

(

ω2
p

ω2 + ν2
eh

)

(9.11)

Since the configuration exhibits rotational symmetry, it is useful to rewrite the Maxwell
equations in cylindrical coordinates. For both the magnetic and electric complex field
amplitudes, three components are defined: radial (r), axial (z) and azimuthal direction
(φ). This gives six unknown scalar field components: Hz, Hr, Hφ, Ez, Er and Eφ. In the
small quartz tube of the setup either the transverse magnetic (TM) or transverse electric
(TE) rotationally symmetric fields can exist. Because of the geometry in our setup, only the
TM fields are excited. The number of unknown complex field components is then limited
to three: Hφ, Er and Ez. This leaves only the following three scalar Maxwell equations

jωµ0Hφ + ∂zEr − ∂rEz = 0 (9.12)

∂zHφ + jωε0ε̂rEr = 0 (9.13)

−r−1∂rrHφ + jωε0ε̂rEz = 0 (9.14)

of which the first follows from Equation (9.6), and the second and third from Equation (9.7).
Together with boundary conditions they define the entire EM problem. These boundary
conditions are described in detail in Chapter 2, and include both a slit through which
power flows into the simulated region and two chokes that are intended to confine the
waves inside the resonator by introducing a discontinuity in the fields which is meant to
cause reflections.

For the discretisation and numerical evaluation of the derivatives in the three equations
we follow the Yee algorithm [8]. Of great importance to this algorithm is a smart choise
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for the locations where the three field components are defined. The field components Hφ,
Ez and Er are defined at the nodal grid, north–south and east–west sub-grids, respectively
as can be seen in Figure 9.3.

A derivative of a field component is defined on a grid in between two of its own grid
points, in the direction of the derivative. As an example, the derivative in the z-direction
of the Er component is defined on a nodal point (NP) and calculated from values on the
east–west grid (EW) as

dENP
r (z, r)/dz =

EEW
r (z + 0.5∆z, r) − EEW

r (z − 0.5∆z, r)

∆z
(9.15)

The Maxwell Equation (9.12), is solved on the nodal grid, since Hφ is known there as well
as both derivatives. Equation (9.13) is solved on the east–west sub-grid, since Er is known
there and the derivative of Hφ in the z-direction is defined at the east–west sub-grid also.
Equation (9.14) is solved on the north–south sub-grid since Ez is known there, and the
derivative of Hφ in radial direction is defined on the north–south sub-grid as well.

Ez

Er

Ez

Er

Ηφ

Figure 9.3: Field components and their sub-grids. The Hφ component is defined on the nodal,
Er on the east–west and Ez on the north–south sub-grid.

The dissipated power is calculated by using the Poynting theorem [9], and depends on
the electric field amplitudes and the imaginary part of complex relative permittivity from
Equation (9.10), and thus on the real part of the conductivity. It can be written as (cf.
Chapter 2)

Pdiss = −ωε0ε
Im
r (|Er|2 + |Ez|2) (9.16)

9.5 Results and Discussion

The obtained results of the simulation are shown and discussed in this section.
The simulations are performed on a discretised grid of 31 cells in the axial and 16 grid

cells in the radial direction of the plasma volume. The axial length of the simulated volume
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is 0.3m and the inner radius of the tube is 7.5mm [2]. The electromagnetic grid extends
in the radial direction, with the same radial grid density to a radius of 10mm. There are
only two materials in the simulation, plasma and glass. The standard inlet condition is a
flow speed of 5 sccs of oxygen molecules and at the outlet the pressure is 1000Pa.

9.5.1 Direct Current Discharge

First of all, we have enabled a direct current (DC) discharge model which has a uniform
power density in the axial direction. The used power coupling module has a very low cal-
culation time per iteration compared to the resonator module. While the models with the
resonator module took in the order of hours or days of calculation time on our workstation
depending on the grid size, the models that used the DC module typically finished within
the hour. The DC simulations allowed us to adjust and improve the convergence behaviour
of the chemistry and to study the radial behaviour.

For a current of 10A the density profiles of the species can be seen in the following fig-
ures. In Figure 9.4 the density of the oxygen molecule is plotted while Figure 9.5, gives

 0
 5

 10
 15

 20
 25

 30
z(cm)  0

 1
 2

 3
 4

 5
 6

 7
 8

r(mm)

 2e+23

 4e+23

 6e+23

 8e+23

 1e+24

 1.2e+24

 1.4e+24

 1.6e+24

n(1/m^3)

Figure 9.4: The density profile of the ground-state oxygen molecule in a DC discharge of 10A.

the density of the metastable O2a state. The latter plot shows interesting behaviour in
the radial direction. It shows a decrease of this metastable on the walls. The reason is
de-excitation to the ground state molecule at the wall. In the center, the metastable state
decreases because it dissociates into oxygen atoms. The density profile of the oxygen atom
in Figure 9.6 shows a decrease towards the wall, as the oxygen atoms have a loss channel
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Figure 9.5: The density of the O2a metastable in a DC discharge of 10A. The density of this
metastable decreases at the wall because of the de-excitation reaction. It decreases in the center
as well because more dissociation will occur.
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Figure 9.6: The atomic oxygen density profile in a DC discharge of 10A.
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by diffusion to the wall, where molecules are formed. Figure 9.7 shows the density profile
of the positive atomic oxygen ion. At the wall, there is a decrease because recombination
introduces a loss channel related to the ambipolar diffusion to the wall. This density profile
is equal to the electron density profile.

The model was also run for half the current, at 5A. The electron density or ion den-
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Figure 9.7: The density profile of the atomic oxygen ion O+ in a DC discharge of 10A.

sity in Figure 9.8 is lower than the one in Figure 9.7 because the current and the power
density is lower.

9.5.2 Resonator Discharge

The chemistry that was investigated with the DC discharge, is also used in combination
with the resonator module from Chapter 2. Here, we are interested not only in the radial
behaviour, but also in the axial behaviour. The power input of the resonator simulations
is set at 400W. In Figure 9.10 to 9.14, the density profiles of the species can be readily
seen. These profiles give the density of the species for the steady-state situation.

In Figure 9.9 the dissipated power is plotted. When this is compared to the argon sim-
ulation result in Chapter 4, we see that here only one main peak results and that there are
almost no reflections on the east and west boundaries. In Figure 9.10 the electron density
profile is plotted. This density is in the same order as the 2 ·1019m−3 from simulations with
a previous version of plasimo by Janssen [2]. Note however that our chemistry descrip-
tion is different. Figure 9.9 shows that the power density is mainly concentrated between
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Figure 9.8: The density profile of the atomic oxygen ion O+ in a DC discharge of 5 A.
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Figure 9.9: The dissipated power profile. It can be clearly seen that this profile is confined
between the chokes, which are located at axial positions one quarter from the ends of the
simulated region at z = 7.5 cm and z = 22.5 cm. This is likely caused by the higher temperatures
for the same total power, and thus lower overall electron densities.
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Figure 9.10: The electron density profile in the oxygen plasma simulation with the resonator.
This electron density is much lower than in the argon simulations from Chapter 4.

z = 7.5 cm and z = 22.5 cm, the locations of the chokes. The power density at the east
and west boundaries is negligible, and therefore it is unnecessary to implement absorbing
electromagnetic boundary conditions (mentioned in Chapter 5 for the argon case) at those
boundaries in the oxygen simulation. The electron temperature profile is plotted in Fig-
ure 9.11. There one can see that the electron temperature in some regions is much higher
than in the argon case, closer to 2 eV than 1 eV. Because the electron-impact reaction rates
depend exponentially on the electron temperature, this affects the chemistry and thus the
steady-state densities of the species significantly. The previous version of plasimo also
gave electron temperatures in this range, up to 2 · 104K [2] which is close to 2 eV.

In Figure 9.12 the density of the oxygen molecule is plotted. Comparing this with
Figure 9.13, we see that the density of the metastable O2a state is significant.

The density of the oxygen atom in Figure 9.14 shows that the oxygen is dissociated
more at the higher energy regions. In Figure 9.15 we see that the density of the positive
atomic oxygen ion becomes higher there as well. At the wall, there is a decrease again in
both O and O+ because recombination introduces loss channels related to the (ambipolar)
diffusion to the wall.

The oxygen molecule has its highest density at the wall, since it has several strong
creation reactions defined as wall processes. Further to the center of the plasma, the
volume reactions take over and the density drops. The molecule is used as a reactant in
reactions that form other species, like the metastable a state or oxygen atoms. From the
results of the simulations we can see that the oxygen ground state molecule is the dominant
species in all grid cells, although the atomic ground state and first metastable molecular
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Figure 9.11: The electron temperature profile in the plasma. Note that in several places,
notably at the wall, the electron temperature is much higher than the typical temperature of
1 eV in an Argon plasma.
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Figure 9.12: The density profile of the ground-state oxygen molecule.
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Figure 9.13: The density of the O2a metastable. Near the wall, de-excitation introduces a
loss channel. Near the center dissociation that produces atomic oxygen and ions becomes an
important loss channel.
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Figure 9.14: The atomic oxygen density profile. The dissociation degree in the part of the
plasma with the highest electron density is at most 0.3.
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Figure 9.15: The density profile of the atomic oxygen ion O+.

state have densities of the same order in the part of the plasma where the electron density
is at its peak.

The metastable molecular state O2a, has its lowest density near the wall because of the
de-excitation at the wall (γ3). When going closer to the center, the density increases first
and then decreases again before stabilising in the center. The lower density at the wall
can be explained by the wall de-excitation process. Further into the center of the plasma,
mainly the bulk reactions are important. Since further in there is less O2, which forms the
O2a, the density of O2a goes down. In the center itself, there is a symmetry condition and
therefore the radial gradient of the profile is flat on the symmetry axis.

For the ions, a steady-state forms where the most important reactions are often to
and from their neutral molecules and atoms. Therefore, the behaviour is similar to their
neutral state apart from a multiplicative factor. The most important difference is the
strong depletion near the boundary because of the wall reactions.

9.5.3 Power and Flow Speed

When we lower the power to 200W or even 100W, we see that the electron density drops
in Figure 9.16 and 9.17.

When we increase the flow speed from 5 sccs to 20 sccs and even more to 40 sccs, we see
that the electron density is slightly shifted to the pump side in Figure 9.18 and 9.19. The
effect is small though, which means that, for these control parameters, the diffusion in the
radial direction is more important than the convection in the axial direction.
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Figure 9.16: The electron density profile for the resonator at 200W. The electron density is
lower than with 400W.
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Figure 9.17: The electron density profile for the resonator at 100W. The electron density is
lower than with 200W. The profile also becomes more narrow.
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Figure 9.18: The electron density profile for a flow speed of 20 sccs. The peak is still almost
in the middle, right in front of the slit.
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Figure 9.19: The electron density profile for a flow speed of 40 sccs. The peak is shifted
slightly to the pump side.
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9.6 Conclusions

One conclusion that can be drawn from the simulations, is that the chokes are much more
effective than with an argon chemistry. This is also what is observed in the industrial set-
up. Another observation is that the first metastable of the molecule can have significant
impact. Another observation is the much higher electron temperature in some regions than
when an argon feed gas is used, which agrees with preliminary measurements of another
set-up [10].

In this chapter we have taken the recommendations of Janssen [2] and looked at the
influence of one of the metastable states, O2a. When we compare the simulations in this
chapter with the ones by Janssen [2], we see that both the electron temperature and the
electron density are in the same range. There are important differences in the chemistry
description though. We take the metastable molecular state O2a into account and Janssen
takes the negative ion O− into account. When comparing the results for the electron
temperature and density with preliminary measurements with a surfatron setup, we find
parameters in the same range. The electron temperature is higher than in the case for
argon. Therefore, an analysis like is done in Chapter 8 should be done at a higher electron
temperature as well. The main obstacle we have encountered during the simulations is
the convergence behaviour with complicated chemistry descriptions. We believe that this
could be improved in a fundamental way however.

The most important future recommendation is to implement a more stable chemistry
solver, that can handle complex systems of hundreds of reactions and species. In any case
it would allow the simulation of plasma mixtures with much more than the five species in
our simulation or that by Janssen [2]. Ideally, the use of extensive chemistry descriptions
like the one from Chapter 8 would then be possible. Because the main plasma parameters
like electron temperature, electron density and species densities can change drastically
from cell to cell in a two dimensional system, the important reactions and species and
main reaction channels can be radically different as well. A technique like intrinsic low-
dimensional manifolds (ILDM) [11] [12], that can simplify the chemistry by separating slow
and fast reactions on a per-cell basis, might be very suitable for this purpose in combination
with time-dependent simulations. Such a simulation can then be run until a steady-state is
reached. By analysing the results of such a model, one may derive overall reaction chains
on different regions in the plasma.

When such an adaptation is made, the inclusion of electronegative species like O− would
be the first thing to try. This will likely change the plasma chemistry and we would be able
to include the effects of the chemistry description from this chapter and that by Janssen [2].

For the oxygen chemistry we have gathered cross-section base data in Chapter 7, so a
further improvement could be to calculate the electron energy distribution function on a
per-cell basis. This would enable non-Maxwellian effects but also drastically increase the
computational demand.
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non-LTE SiCl4 Global Plasma Model

Abstract. For a better understanding of the industrial process that is used for optical
glass fibre production, we are interested in the deposition of glass (SiO2) by a plasma
enhanced chemical vapour deposition process. This process uses a mixture of oxygen
and silicon tetrachloride (SiCl4) as the main feed gas. To get more insight in this
plasma, the PyRate tool described in Chapter 8 is used to integrate species densities
in time. The chemistry contains a description of 20 species and 48 reactions. This
contains the oxygen species of the simplified model from Chapter 8, a chlorine and
silicon tetrachloride chemistry description. SiO is assumed to be the radical responsible
for glass deposition. For unavailable data, like the formation rate coefficient of SiO, an
educated guess is used. We show that PyRate can be used to trace back which reaction
chains are responsible for the deposition reaction. From the deposition wall reaction
we also calculate a deposition speed of 1.2 · 10−10m/s, at one specific time 10−2s after
the reaction starts. As a first approximation, we get a deposition profile that decays
exponentially with a typical Thiele length for the diffusive case.



Chapter 10.

In chapter 8, an auxillary modelling tool was described for analysing the chemistry of an
oxygen plasma. This tool is a time-dependent zero-dimensional collisional radiative1 model
(CRM) named PyRate. The name expresses that the program language Python is used
to get insight into the various Rates. PyRate functions as a tool that gives insight in the
complex chemistry. The underlying method is based on the tele-projective numerical tech-
nique to integrate a stiff set of equations in time until a pre-set time or until steady-state
is reached. The central question for the oxygen chemistry was what the Principal Density
Reservoirs (PDR) and the Effective Conversion Coefficients (ECC) are. This knowledge
was used to construct a reduced chemistry description for oxygen that was subsequently
used in Chapter 9 in the two-dimensional grand plasma model plasimo.

Dealing with the industrial process of optical fibre fabrication we are faced with a chem-
ical composition of an even higher complexity. The microwave plasma is created in a feed
gas mixture of oxygen, some silicon tetrachloride (SiCl4) and several trace gases [1] [2] [3].
In order to investigate the complex chemistry of this plasma, PyRate is used again but now
with a different purpose. We are interested in the deposition of SiO2 from the feed gases
oxygen and silicon tetrachloride SiCl4. Therefore, we use the reduced set of the oxygen
chemistry, and an additional description of the chlorine and silicon tetrachloride chemistry
systems.

10.1 The PyRate Tool

In this section we give a very brief overview of the PyRate model, which is described in
detail in chapter 8. This model describes the evolution of species in a chemistry in time,
based on a set of reaction rate coefficients that define the interactions between these species.

The balance equations for the densities of all species are coupled and the result can be
represented by the evolution vector

dn

dt
= F(n) (10.1)

where the density of all the relevant species at a specific time is given by the vector n. We
use a general form of the volume reaction rates

fr(T,n) = k(T )
∏

reactants

nνsr
s (10.2)

And the wall reactions are taken into account by means of the transport frequency

fr(T,n) = nsDtr/Λ2 (10.3)

where Λ is the shortest dimension of the set-up, in our case the radius. Dtr is the diffusion
coefficient, or the ambipolar diffusion coefficient for positively charged particles.

1Note that we do not include any radiation in the description of the plasma at present.
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Table 10.1: Oxygen chemistry from the simplified model in chapter 8.

Process Rate coefficient (m3/s)

O + e ↔ O+ + 2e k4 = 9.0 · 10−15T 0.7
e e−13.6/Te

O2 + e → 2O + e k8 = 7.1 · 10−15e−8.6/Te

O2 + e → O + O+ + 2e k11 = 5.3 · 10−16T 0.9
e e−20.0/Te

O2 + e → O2a + e k18 = 1.7 · 10−15e−3.1/Te

O2a + e → O2 + e k21 = 5.6 · 10−15e−2.2/Te

O2a + e → 2O + e k22 = 4.2 · 10−15e−4.6/Te

Wall reaction
O+ + e → O
2O → O2

O2a → O2

Together with the stochiometry of the reaction, the evolution vector can be found by

F(n) =







νnet
r1,s1 · · · νnet

rj,s1
...

...
νnet

r1,si · · · νnet
rj,si













fr1(T,n)
...

frj(T,n)






(10.4)

The evolution vector is integrated in time by a tele-projective method [4].

10.2 Chemistry

In the definition of the chemistry of the plasma under study, we regard the systems of oxy-
gen, chlorine, silicon tetrachloride. The chemistry specification for oxygen is taken from
the reduced set analysed with PyRate previously in Chapter 8 which is a subset of the
description from [5]. In the reduced set of table Table 10.1 (which is the same as Table 8.2)
we consider only the electron, O2, O2a, O and O+ species. The rate coefficients are de-
noted by k4, k8, k11, k18, k21 and k22 where the notation stems from the elaborate model
in Chapter 8 [5].

For the silicon tetrachloride chemistry we include the reactions given in Table 10.2 [6].
Like in the oxygen chemistry, many of the reaction rate coefficients are given in the Arrhe-
nius form.

For the chlorine chemistry description, we use the set of species and reactions which
is given in Table 10.3 [6].

The suspected precursor for the deposition of SiO2 is SiO [7] [8]. Therefore we need
a volume reaction producing this radical. Such a reaction is not included in the specified
chemistries of the separate systems.
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Table 10.2: Reactions and rate coefficients for the silicon tetrachloride chemistry from [6].

Process Rate coefficient (m3/s)

SiCl4 + e → SiCl+4 + 2e kst1 = 7.03 · 10−14e−12.44/Te

SiCl4 + e → SiCl3 + Cl + e kst2 = 7.27 · 10−15e−4.73/Te

SiCl4 + e → SiCl+3 + Cl + 2e kst3 = 2.0 · 10−13e−12.44/Te

SiCl3 + e → SiCl+3 + 2e kst4 = 1.68 · 10−14e−7.65/Te

SiCl3 + e → SiCl2 + Cl + e kst5 = 7.27 · 10−15e−2.91/Te

SiCl3 + e → SiCl+2 + Cl + 2e kst6 = 4.9 · 10−14e−13.9/Te+6.89/T 2
e −1.45/T 3

e

SiCl3 + e → SiCl+ + 2Cl + 2e kst7 = 2.41 · 10−14e−14.75/Te+2.504/T 2
e

SiCl2 + e → SiCl + Cl + 2e kst8 = 7.27 · 10−15e−4.99/Te

SiCl2 + e → SiCl+2 + 2e kst9 = 2.98 · 10−14e−9.81/Te

SiCl2 + e → SiCl+ + Cl + 2e kst10 = 8.93 · 10−14e−9.81/Te

SiCl + e → SiCl+ + 2e kst11 = 7.54 · 10−14e−6.79/Te

SiCl + e → Si + Cl + e kst12 = 7.27 · 10−15e−3.95/Te

SiCl + e → Si+ + Cl + 2e kst13 = 8.85 · 10−14e−12.1/Te

Si + e → Si+ + 2e kst14 = 7.85 · 10−14e−7.41/Te

SiCl+x + Cl− → SiClx + Cl (x = 0 − 4) kst15−k19 = 5.0 · 10−14

Wall reaction
SiCl+x + e → SiClx (x = 0 − 4)

Table 10.3: Reactions in the chlorine system and their rate coefficients, taken from [6]

Process Rate coefficient (m3/s)

Cl2 + e → Cl+2 + 2e kCl1 = 9.21 · 10−14e−12.9/Te

Cl2 + e → Cl+ + Cl + 2e kCl2 = 3.88 · 10−15e−15.5/Te

Cl2 + e → Cl+ + O− + e kCl3 = 8.55 · 10−16e−12.65/Te

Cl2 + e → 2Cl + e kCl4 = 3.80 · 10−14e−3.824/Te

Cl2 + e → Cl + Cl− kCl5 = 3.69 · 10−16e−1.68/Te+1.457/T 2
e −0.44/T 3

e +0.0572/T 4
e −0.0026/T 5

e

Cl + e → Cl+ + 2e kCl6 = 1.0 · 10−6(Te/12.96)0.5e−12.96/Te · (1.419 · 10−7

−1.864 · 10−8 log(Te/12.96) − 5.439 · 10−8 log(Te/12.96)2

+3.306 · 10−8 log(Te/12.96)3 − 3.54 · 10−9 log(Te/12.96)4

−2.915 · 10−8 log(Te/12.96)5)
Cl− + Cl+2 → Cl + Cl2 kCl7 = 5.0 · 10−14

Cl− + Cl+ → 2Cl kCl8 = 5.0 · 10−14

Cl− + e → Cl + 2e kCl9 = 2.63 · 10−14e−5.37/Te

Wall reaction
2Cl → Cl2
Cl+ + e → Cl
Cl+2 + e → Cl2
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The formation of this radical is described in detail for hydrogen containing plasmas [9].
However, in our plasma we do not have any hydrogen of significance. The introduction of
hydrogen must be avoided since it is detrimental to the fibre quality. Therefore we can not
incorporate intermediates like HSiO and need information about other (overall) reactions
that can create SiO.

The reaction rate coefficient of the ground state oxygen molecule with the silicon atom

Si + O2 → SiO + O (10.5)

is taken from [10]. This rate at 15K equals k = 2.91 · 10−16m3/s. This is close to values
reported by other authors [9] [11]. The dependence of this rate on the temperature is
only found for very low temperatures [10]. Neither did we find a rate coefficient for the
formation of SiO from the silicon and oxygen atom.

Si + O → SiO (10.6)

Therefore, as an educated guess the same rate as in reaction 10.5 for this low temperature
is used. Also, a formation reaction of SiO which uses the metastable O2a as a reactant
Si+O2a → SiO+O was not found in literature. Since this oxygen metastable state is very
reactive, such a reaction may be important. Resuming, the estimation of the precursor
formation is very crude because of lack of data. Furthermore, several exothermal heavy-
particle reaction chains that may lead to the formation of SiO are not taken into account.
Such reactions chains contain intermediate species like SiOxCly [12] [13].

The only loss reaction we include for SiO is the diffusion and subsequent deposition on
the wall to SiO2.

SiO + O → SiO2,wall (10.7)

Because we neglect other loss channels and because we assume all SiO that arrives at the
wall deposits, this may compensate the omission of some creation reactions.

The negative oxygen atom is not included in the simulation, so the reactions of O− with
Si+ or positive siliconchloride fragments are not present. More electronegative chlorine
species are included though.

10.3 Results and Discussion

The outcome of the model is an evolution graph of the species densities in time. An ex-
ample can be seen in Figure 10.1. This model result depends on the temperatures of the
heavy particles and electrons, the electron density and the initial densities of the species.
The model is initialised with an electron temperature of 1.0 eV, a heavy particle temper-
ature of 500K, an electron and positive atomic oxygen ion density of 1019m−3, an initial
density set with the oxygen molecule density corresponding to 10mbar with 0.1% in the
first metastable excited state O2a and an SiCl4 density of one fifth of the oxygen molecular
ground state density.
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The evolution graph of Figure 10.1 shows the change in species densities with time. The
time-scale is logarithmic in order to see the behaviour in different time domains. We specif-
ically chose not to show the steady-state behaviour. The steady state consists of a pure
oxygen-chlorine discharge. After 10−1s, the silicon tetrachloride fragments drop to very low
densities. The reason is, that all silicon containing compounds are ultimately consumed
by the deposition. There is no wall reaction that re-creates SiCl4, like for O2, because the
silicon is deposited and effectively disappears from the plasma system. Because we do not
include convection in this model, we are in fact travelling with the plasma as it flows.
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Figure 10.1: Evolution of species concentration in the PyRate model of an oxygen, silicon
tetrachloride and chloride chemistry. This is not the steady-state solution, silicon compounds
will deposit at the wall and leave the plasma volume. Therefore, this is the most interesting
time interval since silicon compounds are first broken up at the start yet still remain present in
the plasma at the end. After this time, the density of silicon containing species drops rapidly.
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Table 10.4: Species concentrations in the oxygen and silicon tetrachloride plasma after 10−2s.

Species ni (m−3)
O2 1.13e23
O2a 1.0e22
O 2.4e21
O+ 6.6e15
SiCl4 4.4e19
SiCl+4 1.4e11
SiCl3 8.3e18
SiCl+3 1.1e12
SiCl2 5.7e20
SiCl+2 1.2e13
SiCl 3.3e20
SiCl+ 3.5e14
Si 1.4e16
Si+ 1.9e12
Cl 7.4e22
Cl− 1.8e22
Cl+ 3.4e14
Cl2 1.1e22
Cl+2 2.9e13
SiO 4.9e20
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Table 10.4 gives the densities in the model after 10−2 s. It shows that SiCl2 and SiCl
are the most abundant silicon containing fragments of SiCl4. Apart from that, we see that
O+ is the main positive particle although the absolute densities should not be looked at
because charge neutrality is not maintained in this simulation, as the electron density is
kept fixed at 1019 m−3

10.3.1 Deposition

In view of our main interest, namely tracing the dominant reaction chain leading to de-
position, the following procedure is followed. The creation reaction that is dominant for
the formation of SiO is determined. The reactants of the dominant SiO forming reaction
are then analysed by determining their dominant formation reaction. The chain is fol-
lowed backwards until the feed gas constituent SiCl4 are encountered. Since oxygen is four
times more abundant than silicon tetrachloride in the feed gas, we follow only the silicon
containing compounds. This leads to

e + SiCl4 → SiCl3 + Cl + e (10.8)

e + SiCl3 → SiCl2 + Cl + e (10.9)

e + SiCl2 → SiCl + Cl + e (10.10)

e + SiCl → SiCl+ + 2e (10.11)

SiCl+ + Cl− → SiCl + Cl (10.12)

e + SiCl → Si + Cl + e (10.13)

Si + O2 → SiO (10.14)

which is, apart from the step containing SiCl+, not surprising considering the reactions
that are contained in the model. The value is that we show such an analysis is possible
with PyRate. When more detailed data is available, such an analysis might show very
interesting things about which branches form the main reaction chain.

The layer growth is determined from the model in the following manner. The rate of
the deposition reaction is given by its diffusion to the wall.

fdepo = nSiO
DSiO

R2
(10.15)

Where R = 7.5mm is the radius of the reactor. Multiplied by the reactor volume Vreac =
πR2dz, this gives a number of SiO radicals per second that deposit on the wall. The mass
of a SiO2 molecule is mSiO2

= (28 + 2 · 16) · mproton = 1 · 10−25kg. Therefore the mass
deposited per second in the reactor is given by

dM

dt
= fdepo · Vreac · mSiO2

(10.16)

The density of the deposited fused silica (SiO2) is ρSiO2 = 2.2 · 103 kg/m3. When the
deposited mass flux is divided by the inner surface area of the tube Areac = 2πRdz and the
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density of the deposited material, the growth rate results.

vgrowth =
dM/dt

Areac · ρSiO2
(10.17)

We find a growth rate of 1.2 ·10−10m/s after 10−2s. The true growth rate is an average over
the time interval and can differ from this number. For the setup at FORC in Chapter 3,
the growth rate was estimated at 5 · 10−8m/s. This is much faster than the growth rate we
find. The formation reaction rate of the precursor SiO is most likely underestimated.

In the PyRate model, we only regard a zero-dimensional chemistry model, so we can
only calculate an averaged deposition speed, not a one-dimensional profile such as in [14].
We would need a grand plasma model like plasimo with the chemistry that is used in
this chapter. A module has been written for the grand plasma model that can generate a
deposition profile from deposition reactions. However the problem is that the grand model
does not converge for this chemistry until we implement numerical techniques that deal
with stiffness. It would be interesting if we can find a first approximation of the deposition
profile shape with the global model.

When assuming simultaneous diffusion and deposition, the Thiele diffusion process [15]
can be described in an analytical way by the diffusion equation. Originally this was derived
for Knudsen regimes, whereas we are in the diffusive regime. Suppose we have a cylinder

Jin Jout

Deposition

Figure 10.2: The principle of Thiele diffusion. On the left and right sides of the volume,
Fick’s law dictates the flux of particles. At the same time, on the wall a flux of particles caused
by the deposition leaks out. The dotted lower line represents the axis of the cylinder. The length
of this cylinder section is dz.

tube section of length dz and radius R like in Figure 10.2. On the left side, precursors
enter by diffusion and convection. Some of the precursors diffuse to the wall and react,
while the rest diffuses to the right side. If we only take diffusion into account there will
be a balance between the particle flux from the left and right side and the flux to the wall
because of deposition. The flux from the either side is given by Fick’s law as Jside = −D dn

dz
,

where D is the diffusion coefficient. Together with the loss by deposition, and multiplying

189



Chapter 10.

each of the fluxes with the surface they pass through, the following equation results for the
density n.

(πR2dz)D
d2n

dz2
= (2πRdz)Γ (10.18)

Here, the left-hand side represents the difference between the fluxes through the left and
right side of the cylinder, while the right-hand side represents the deposition. The diffusion
coefficient for SiO is estimated at 0.08m2/s. This gives

2Γ = RD
d2n

dz2
(10.19)

In which Γ represents the effect of deposition and is given by

Γ = γsD
dn

dr
≈ D

R
n (10.20)

where γs is the sticking coefficient, which we take as 1. We continue with

d2n

dz2
− 2Γ

RD
= 0 (10.21)

where the solution is
n(z) = n(0)e

±z
LTh (10.22)

with the Thiele length for a cylindrical case defined as

LTh =

√

R2

2
(10.23)

this gives a Thiele length of LTh,SiO = 5mm. This typical length is smaller2 than experi-
mental observations [2] that are in the order of several cm. This could be a result of the
sticking probability γs which is lower than the 100% we have assumed. A more thorough
model that also incorporates convection like [14] is more appropriate.

In the Knudsen limit, the derivation is different and in that case Γ = Ksn instead. The
speed Ks can be determined by using the growth rate for the solid and multiplying it with
the ratio between the molar volume of the gas and the solid.

Ks = vgrowth
VM,gas

VM,solid
(10.24)

If most of the power incoupling and chemistry occurs at a distance from the wall which
is smaller than the mean free path length, the Knudsen regime may be more appropriate
than the diffusive case in the radial direction.

The deposition profile would be symmetrical around the precursor creation zone if
convection is not taken into account. With convection as a first-order perturbation, the

2Note that if we use the Knudsen formulation instead of the diffusive one, different values can be found.
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upstream wing of the exponential is reduced while the downstream wing is increased in
magnitude. One could approximate this effect very crudely by modifying the radius (for
diffusion purposes), by the ratio between the diffusion velocity perpendicular to the wall
and the geometric mean of this velocity and convection speed. This effectively decreases
the radius for the upstream direction and increases the radius for the downstream direction.
When this is done for both wings, one would obtain a profile that rises more quickly on
the inlet side and falls slower (exponentially) on the outlet side, very roughly resembling
experimental profiles [2] [14]. For the diffusive case, this would give

LTh,upstream =

√

√

√

√

R2 vdiff√
v2
diff

+v2
conv

2γs

(10.25)

LTh,downstream =

√

√

√

√
R2

√
v2
diff

+v2
conv

vdiff

2γs
(10.26)

This gives a profile with a shape like in Figure 10.3. A deposition profile that properly

LTh,downstreamL Th,upstream

Deposition

Precursor
creation

JoutJ
in

Figure 10.3: Sketch of the profile which would be generated with two declining exponential
functions assuming the precursor is mainly created in one small zone in the plasma (where the
feed gas first meets the plasma), the quantitative values should be scaled so the area corresponds
to the deposition speed value multiplied with the deposition time.

takes convection into account [14] should be determined by the solution of the full material
balance equation [16].

It would be interesting to compare the profile shapes with that from a simulation with
the grand plasma model, once the convergence issues of the latter have been solved.

10.4 Conclusions

The PyRate model constructed in this study has proven to be a successful tool for studying
a complex chemistry that is used for the deposition of SiO2 in an industrial process. The
reaction chain leading to deposition is identified by following the main creation reactions
starting with the precursor and going backwards in the chain.
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The main improvements in the model could come through better data for the creation
reactions of the precursor. For other chemistries, like (hydrogenated) silane, this data is
readily available [9] but invalid in our mixture because there is no hydrogen.

The main routes can be identified once the rate coefficients of species like oxygen atoms
or metastable molecules reacting with SiCl4 fragments are known. Also, the wall reaction
rate is important in the model. Since this depends on many things like roughness, com-
position and temperature of the wall, measurements would be useful. Such data could be
obtained by experiments like the one described in chapter 3. The current model is very
crude and gives a deposition rate of lower order than the experiments from chapter 3. The
electron temperature may be on the low side, since typical values for the oxygen plasma
could be higher than 1 eV. Also, we do not take many formation reactions for the precursor
into account.

The zero-dimensional model described in this chapter is mainly a proof of concept of
a program that gives insight in the processes that occur in the finite-rate chemistry of a
plasma that is used for deposition purposes of optical glass fibres. This insight and the
input data can be used to create a two-dimensional non-LTE model, once the plasimo

chemistry module is improved so it can handle stiff chemistries better. Our recommendation
for future work is to start with the inclusion of the precursor in the oxygen chemistry feed
gas like [17]. As a second step one could include a chlorine chemistry in the discharge.
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11

Conclusions

This thesis is mainly devoted to the theoretical study of microwave plasmas for deposition
purposes. To that end several models were developed, tested and employed. First of all,
a grand model was constructed using plasimo. This model describes the self-consistent
interplay between the three modules dealing with transport aspects, electromagnetic power
coupling and the chemical features of highly reactive plasmas.

Much attention was paid to the module of the electromagnetic power coupling. By creating
an elaborate model for the resonator, that is used in the fabrication of optical fibres for
communication purposes, we are able to explore the freedom in space.

This electromagnetic module has been tested and improved by combining it with a Navier-
Stokes solver for the fluid flow and results from a collisional radiative model for the argon
chemistry. The simulation gives a fully self-consistent solution of a strongly non-equilibrium
microwave induced plasma in argon. Several numerical issues have been addressed and so-
lutions of the encountered problems have improved the model considerably. By these
activities the convergence speed of the grand model has been improved with several orders
of magnitude.

The EM model was subsequently extended with two chokes that in the industrial practice
are used to improve the axial confinement for oxygen and silicon tetrachloride plasmas. It
was found in these simulations, however, that despite this configuration, the waves leak
out of the system for plasmas operating in argon. This leakage gives rise to external wave
reflections; an unwanted phenomenon that is also seen in industrial microwave systems
operating in argon.

In order to facilitate the experimental validation of the model platform, we constructed
another electromagnetic configuration, namely that of the surfatron. Comparison of the
model results with those of experiments, performed by members of the same university
group, shows that the model describes the plasma fairly well qualitatively. This implies
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that the model-experiment comparison can and will improve the understanding of these
type of plasmas. This comparison has shown that an often used criterion for the end of
the plasma column is not correct. A more profound study on a better description of the
axial plasma-end is needed.

The intricacies of the complex oxygen chemistry created by plasmas were explored by
constructing a special tool called PyRate. This tool stably integrates chemical reactions in
time and its function can be compared with that of Collisional Radiative Models. Just as
a CRM it can be used to determine the Principal Density Reservoirs (PDR) and the effec-
tive conversion coefficients for the processes between these PDRs. However, in contrast to
CRMs, PyRate is capable to deal with non-linear reaction systems. As such, it is able to
combine electron excitation kinetics with reaction kinetics induced by heavy particle col-
lisions. PyRate was used to simplify the chemistry of the oxygen plasma. This simplified
oxygen chemistry was subsequently employed in the grand model in combination with the
electromagnetic description of the resonator and the transport phenomena as ruled by the
Navier-Stokes solver together with the Stefan-Maxwell equations. Such a task was much
easier than before PyRate was available.

From the grand model simulations that were performed with oxygen, we can conclude
that the confinement by chokes works much better for the oxygen chemistry than for the
case of argon. This result, that agrees with the observation of the industrial set-up, can be
attributed to the fact that an oxygen plasma is much more dissipative.

The last part of this study is a proof-of-concept for an examination of the deposition
chemistry of a mixture of oxygen and silicon tetrachloride. It turns out that the PyRate
tool is also capable to handle this very complex chemistry. Thus, the PyRate model can
successfully be applied on very complex chemistries. The model clearly indicates which
important elementary data needs to be found in order to get a better description of the
deposition process; namely the formation reactions of the precursor responsible for glass
deposition and the wall reaction chance for the deposition reaction.

A time-resolved optical emission spectroscopy technique that is described in this thesis
can be used to gather this data. It needs to be applied on a set of plasma parameters that
are as close to those of the industrial set-up as possible, while it is beneficial to be able to
vary tube radius, pressure and wall temperature.

In summary, we have gained much insight in plasma devices that are used in the fab-
rication of optical glass fibres, by modeling several aspects of these plasmas and simulating
these plasmas in their totality. These insights can be used to further the understanding of
the working principles of plasma chemical vapour deposition processes.

This study also indicates which main tasks need to be performed in order to improve
the grand model even further, so that it can eventually simulate the entire PCVD process,
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namely:� to implement the numerical techniques like Intrinsic Low Dimensional Manifolds or
Computational Singular Perturbation that improve the convergence behaviour of such
a fluid model for a complex mixture and� to use experiments to gather data for the reaction rate coefficients of the reactions
that are important in the overall rates.

Because code that allows the tracking of deposition reactions has been written, the grand
model will also give an axial deposition profile once convergence is reached. It is to be
expected that such a profile and the knowledge of its creation can eventually be used to
optimise the industrial process and the fabricated fibres.
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Modelling Microwave Plasmas for Deposition Purposes;

Exploring the Freedom in Space and Chemistry

This thesis deals with the modelling of various microwave produced plasmas that are in use
for the plasma enhanced chemical vapour deposition process in the fabrication of optical
glass fibres. To that end, the platform plasimo was employed to construct a self-consistent
simulation package. Several parts of plasimo have been improved, added or adjusted in
order to perform these simulations. The completed simulations are valuable instruments
for the analysis and optimization of the fibre production process.

Microwave induced plasmas offer a manifold of novel high-tech industrial potentials.
Using microwaves enables electrodeless plasma operation and has the advantage that the
propagation of the waves can be modified by dielectrics and the resonator geometry like slit
and chokes. Modelling microwave induced plasmas introduces several challenges. The con-
structed models consist of the interplay between three main modules: transport, chemistry
and electromagnetic power coupling.

The convective transport is modeled by solving the Navier-Stokes equations for the
bulk flow, whereas the Stefan-Maxwell equations are applied to describe the diffusion of
the various species with respect to the barycentric velocity.

The electromagnetic energy coupling module is mainly dedicated to one specific res-
onator set-up. The fields in the plasma that result from an interplay between the applied
field, the cavity shape, the dielectrics and the plasma are calculated self-consistently by
using the Maxwell equations in the frequency domain. The resulting electric field gives
the leading source term of the electron energy balance. In this resonator, the influence of
dimensions and placement of features like slit and chokes are investigated. Other simula-
tions use an approximate electromagnetic power coupling module for an axially symmetric
self-guiding wave configuration; the surfatron.

With respect to the chemistry, several compositions are investigated like argon and
oxygen. To find a solution for the numerical difficulties we constructed a dedicated tool,
PyRate, that integrates a set of equations for species concentrations in time. This gives
insight in the various time constants, the main particle reservoirs and suitable initial con-
ditions to run the two-dimensional simulations. The PyRate tool is applied to gas compo-
sitions like tetrachlorosilane and oxygen. Ultimately, the behaviour of precursors for the
deposition of glass layers is investigated.
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Samenvatting

Dit proefschrift behandelt het modelleren van verscheidene plasmas die worden gebruikt in
het plasma-chemische damp depositie proces voor de produktie van optische glasvezelka-
bel. Daartoe is het modelleerplatform plasimo gebruikt om een zelf-consistente simulatie
te creeeren. Enige aspecten van plasimo zijn verbeterd, toegevoegd of aangepast zodat
deze simulaties kunnen worden uitgevoerd. De gecreeerde simulaties vormen een waardevol
instrument bij de analyse en optimalisatie van het fiber produktie proces. Microgolf ge-
induceerde plasmas bieden een veelvoud aan vernieuwend high-tech industrieel potentieel.
Het gebruik van microgolven maakt het mogelijk om zonder electrodes te werken en heeft
het voordeel dat de propagatie van de golven kunnen worden beinvloed door dielectrica
en de geometrie zoals openingen en dempers. Het modelleren van microgolf ge-induceerde
plasmas introduceert enkele uitdagingen. De gemaakte modellen bestaan uit het samenspel
van drie hoofdmodules: transport, chemie en de elektromagnetische vermogensinkoppeling.
Het convectieve transport wordt gemodelleerd door de Navier-Stokes vergelijkingen voor
de bulkstroming op te lossen, terwijl de Stefan-Maxwell vergelijkingen worden toegepast
om de diffusie van de verschillende deeltjestypen te beschrijven in verhouding tot de bari-
centrische snelheid. De elektromagnetische energie inkoppelings module is hoofdzakelijk
toegespitst op een specifieke resonator opstelling. De velden in het plasma die volgen uit
het samenspel tussen het toegepaste veld, de vorm van de resonatorholte, de dielectrica en
het plasma worden zelfconsistent uitgerekend door de vergelijkingen van Maxwell toe te
passen in het frequentiegebied. De resulterende elektrische velden vormen de belangrijkste
bronterm van de energie balans van de elektronen. In deze resonator is de invloed van de
grootte en plaatsing van onderdelen als opening en dempers onderzocht. Andere simulaties
zijn gebaseerd op een benadering van de elektromagnetische inkoppeling voor een axiaal
symmetrische zelf-geleidende golf configuratie; de surfatron. Met betrekking tot de che-
mie zijn enkele samenstellingen onderzocht, zoals argon en zuurstof. Om een oplossing te
vinden voor de numerieke uitdagingen, hebben we het gespecialiseerd hulpmiddel PyRate
gemaakt. Dit integreert de vergelijkingen voor de deeltjesdichtheden in de tijd. Het geeft
inzichten in de verscheidene tijdsconstantes, in de voornaamste deeltjes reservoirs en ge-
schikte beginvoorwaarden om de twee-dimensionale simulaties uit te voeren. Het PyRate
hulpmiddel is toegepast op gas samenstellingen zoals silicium tetrachloride en zuurstof.
Ten slotte wordt het gedrag van de precursors voor de depositie van glaslagen onderzocht.

201





Dankwoord

Bij de totstandkoming van dit proefschrift heb ik vier jaar gewerkt in de EPG groep. Een
groot deel van mijn kennis heb ik ook opgedaan bij Draka. Op de eerste plaats wil ik mijn
promotor Joost van der Mullen (EPG) en Mathé van Stralen (Draka) bedanken voor de
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