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Abstract

The development of plasma technologies requires a deep understanding of the plasma

physics, for which numerical methods are essential. In this thesis, two plasma-based

industrial challenges are addressed using speci�cally developed numerical methods.

The use of dual-frequency, low (LF. 1 MHz) and higher frequency (HF& 60 MHz),

waveforms in capacitively coupled plasmas (CCPs) have important industrial appli-

cations. At HFs, inductive heating (IH) e�ects play an important role and, in view

of current industrial needs, it is essential to understand these e�ects at the kinetic

level. Therefore, a one-dimensional (1D) particle-in-cell model coupled to an IH

model has been developed. This is a novel approach that enables 1D kinetic simula-

tions of HF CCPs. The model was �rst used to simulate single HF CCPs, showing

that IH couples most of its power to the bulk plasma-sheath interface. A further

simulation shows a synergy between the HF and LF waveforms that enhances the

inductive power coupling.

In the context of plasma sterilisation and materials processing, the control of vac-

uum ultraviolet (VUV) radiation is important. However, the understanding of the

formation pathways of VUV photons remains limited and is restricted to a narrow

range of operating parameters. In order to better understand radiation in plasma

applications, a zero-dimensional global model (GM) and a self-consistent chemical-

radiative reaction scheme for argon and oxygen have been developed and used to

study VUV emission from oxygen atoms. The GM results have helped to identify

the dominant reaction pathways leading to VUV emission, showing that it is domi-

nated by the 130 nm resonance line. Furthermore, a parametric study over pressure

(0.3-100 Pa), Ar/O2 mixture (0-20 %) and power deposition (100-2000 W) has been

carried out, which concludes that oxygen VUV emission increases with power and

oxygen fraction, with peak emission intensities found for pressures between 5-50 Pa.
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Chapter 1

Introduction

This chapter introduces the concept of plasma, the challenges in its technological

applications that motivate this thesis, and the numerical methods used to address

these challenges.

In section 1.1, low temperature plasmas (LTPs) are brie
y described, introducing

their technological applications and the di�erent operating pressure regimes. This

is followed by the two technological challenges addressed in this thesis.

Firstly, in section 1.2, the challenges associated with plasma etching are de-

scribed. In the semiconductor industry, plasma etching is used to create nm/atomic

scale features on integrated circuits. This requires a high degree of control of high

frequency (HF) capacitively coupled plasma (CCP) equipment. HF CCPs present

transverse inductive currents that make plasma etching di�cult to control. There-

fore, studying the kinetic e�ects of inductive currents in HF CCPs would help to

improve the etching process.

Secondly, in section 1.3, low-pressure LTPs are discussed as a source of vacuum

ultraviolet (VUV) radiation. Understanding VUV radiation is of interest for the

development of new sterilisation methods and for gaining more control in material

processing techniques. However, this requires a detailed investigation of the mecha-

nisms leading to the generation of VUV radiation and its behaviour under di�erent

operating conditions.

These challenges are addressed by numerical simulations, and therefore section

1.4 brie
y introduces the use of numerical models for LTP research. This section

describes the main methods and current challenges in developing and running sim-

ulation software.

Finally, section 1.5 summarises the aims and objectives of this thesis and outlines

its structure.

1
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1.1 Low temperature plasmas

Plasma can be de�ned as the fourth state of matter such that, if energy is added

into a gaseous system, the neutral atoms will eventually dissociate into electrons and

ions. It is this gaseous state of electrically charged particles that, under conditions

of quasi-neutrality and collective behaviour [2], is considered a plasma.

Figure 1.1: Plasmas that can occur naturally, or can be created in a laboratory or in technological
applications are shown as a function of electron temperature and density. The boundaries are
approximate and indicate ranges of plasma parameters. Note that 
ames are not always considered
to be plasma due to their high collision frequency regime. Data collected from Refs. 1{5. MCF
stands for magnetic con�nement fusion and ICF stands for inertial con�nement fusion.

Plasmas are the most abundant form of matter in the Universe [2, 23] and are

found under a wide range of energy and density conditions, as shown in �gure 1.1.

Depending on the amount and type of energy transferred, the plasma will present

di�erent conditions. For instance, magnetic con�nement fusion plasmas, heated

with neutral beam injections and microwaves, reach higher temperatures but lower

densities than the sun's core, where the plasma is gravitationally con�ned.

One important property to characterize the di�erent plasmas is the ionisation

degree

� iz =
ni

ni + nN
; (1.1.1)
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whereni and nN are the ion and neutral densities, respectively. This ratio indicates

the amount of ions with respect to neutrals in a given plasma system. In local

thermal equilibrium (LTE) plasmas, the ionisation degree depends on the tempera-

ture [24], so that at high temperatures, such as in fusion plasmas or the sun's core,

the ionisation degree is large� iz ! 1, while at lower temperatures we can expect

neutral and charged species to coexist. In partially ionised plasmas (� iz < 1) the

interaction, i.e. the collisions, between electrically charged and neutral species be-

comes a key factor in characterising the plasma. In such a case, the mean free path

� mfp and the collision frequency� , i.e. the mean distance and time, respectively,

that a particle moves freely before undergoing a collision, become two important

plasma species parameters.

1.1.1 Technological applications of low temperature plasmas

Low temperature plasmas (LTPs), in particular gas discharges, are of special inter-

est as they are widely used in industrial [7,25{32], biomedical [19,33{37], and space

propulsion [38{42] applications. Gas discharge plasmas are sustained by electrical

energy, which is mainly absorbed by electrons, due to their lower mass and there-

fore higher mobility, that generate new free electron-ion pairs by electron impact

ionisation with neutrals. The resulting plasma consists of hot electrons and cold

ions distributed in two main regions, a quasi-neutral bulk bounded by sheaths with

strong density and electric �eld gradients. They present a low ionisation degree,

� iz � 1, such that collisions between charged and neutral particles are not only

essential for the operation of the plasma but also act as a medium to stimulate

chemical reactions.

The technological applications of LTPs exploit not only the tunability of this en-

hanced chemical medium, but also the plasma interaction with materials immersed

in it. However LTPs are complex systems and thus controlling the plasma chem-

istry and ions is di�cult, since di�erent species of electrically charged and neutral

particles interact with each other, through collisions and chemical reactions, with

electric and magnetic �elds, and with the system boundaries. Moreover, di�erent

physical and engineering aspects are involved, like electrodynamics, 
uid mechanics,

chemistry, atomic and molecular physics, radiation, and material science, that are

closely intertwined with each other. Consequently, the use of plasmas in technologi-

cal applications requires a detailed understanding not only of the physics of plasmas,

but also of the speci�c application context, on spatial and temporal scales that can

span several orders of magnitude. This presents a number of challenges for the LTP

scienti�c community in order to further develop plasma technologies.
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1.1.2 Operating pressure

In LTPs, the gas pressure,pT , is an important operational factor as it has a major

in
uence on the mean-free-path of particles and thus on the collision rates between

neutral and charged particles and its impact on the plasma characteristics. Collisions

largely determine plasma properties as they act as a heat transfer mechanism and

induce plasma chemistry. ThereforepT has led to the classi�cation of LTPs into two

main categories: low pressure plasmas and atmospheric pressure plasmas.

Atmospheric pressure plasmas

At atmospheric pressures,pT � 1 atm ' 101325 Pa' 760 Torr, the gas density is

higher, which increases the reactivity rate, so that not only higher plasma densities

are achieved, but also higher neutral temperatures. This results in plasmas that

although not necessarily in LTE, electron and heavy species temperatures are closer,

or even in partial LTE [43]. Their main advantage is that they do not require vacuum

systems, which are expensive, however they are more di�cult to control, due to more

complex chemistry and the presence of instabilities. Therefore atmospheric pressure

applications are limited to smaller spatial regions. They have been used for decades

in welding [44] and material processing [43], water treatment [45], and more recently

for medical [46] and agricultural [47] applications.

Low pressure plasmas

At low pressure, pT < 103 Pa ' 7500 mTorr, the collisional coupling between charged

and neutral species is weak such that the heat transfer from electrons to neutrals is

low. This results in a non-LTE plasma where electrons present high temperatures,

Te � 104-105 K ' 1-10 eV gained from the electric power, while the heavy species, i.e.

ions and neutrals, remain at low temperature (usually room temperatureTi ' TN �

300-2000 K' 0.03-0.2 eV). They are used for atomic layer etching [48] and deposition

[49] for the fabrication of microelectronics, photovoltaics and energy storage cells, in

space thrusters [42] and for surface treatments in biomedicine such as sterilisation

[50] or generation of biocompatible materials [51,52]. In general terms, they allow a

high degree of control on the production of heavy species over large areas, however

they require vacuum equipment that have high costs associated.

The plasmas investigated in this thesis are in the low pressure regime,pT <

100 Pa. The study therefore focuses on plasmas generated in vacuum chambers

used for material etching, mainly in the manufacture of integrated circuits, and as

a source of VUV radiation.
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1.2 Plasma etching

One of the most important applications of LTPs is the processing of materials for

the semiconductor industry [53]. Plasma etching and deposition techniques are used

to manufacture integrated circuits (ICs). This involves immersing a wafer on which

the ICs are manufactured in the plasma, which generates the free radicals, etching

atoms and deposition precursors required for processing the wafer [7, Ch. 1].

Plasma etching removes material from the wafer substrate to create trenches

[54, 55]. The etching can be physical, when an incident atom transfers enough

momentum and energy to a substrate particle to cause it to leave the surface; or

chemical, when the incident atom reacts with the substrate to form a by-product

that can eventually be pumped away [56]. In physical etching, ions are accelerated

through the sheath gaining large amounts of energy before they impinge on the sub-

strate. In chemical etching, reactive radicals generated in the bulk plasma di�use

and chemically interact with the substrate. The combination of physical and chem-

ical etching is also possible, and has been shown to have synergies that signi�cantly

improve the etch rate [57].

The manufacture of ICs requires the carving of deep, straight trenches, which

means that etching must be anisotropic, selective and uniform [7, Ch. 1]. In order to

carve straight trenches, the etchants must impact the substrate surface in a preferred

direction, hence the anisotropic conditions. The anisotropy is determined by the

velocity vector of the etchant with respect to the substrate surface. While di�usion

of neutral particles to the substrate results in isotropic etching, ions accelerated

through the sheath impact perpendicular to the surface, resulting in anisotropic

etching. Etching also requires the ability to select the materials to be etched while

leaving other materials that compose the substrate intact. This involves careful

control of the etchants production in the bulk plasma. The etching uniformity is

also essential, since the carved trenches must be equal at any point of the wafer. To

achieve this, the plasma must be homogeneous to ensure a spatially and energetically

uniform etchant 
ux across the wafer.

In summary, plasma etching is a delicate process where the plasma must be able

to generate a speci�c etchant species in the bulk that is accelerated through the

sheath to impact the wafer surface at a speci�c energy and angle of incidence. This

process must also be homogeneous across the wafer. One of the main plasma devices

used for etching are capacitively coupled plasmas, which are described in the next

section.

1.2.1 Etching with capacitively coupled plasmas

Capacitively coupled plasmas (CCPs) are one of the most widely used plasma de-

vices for etching in the semiconductor industry. In CCPs an RF current is directly
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applied to an electrode immersed in the plasma, as shown in �gure 1.2. Conventional

Figure 1.2: Schematic of a capacitively coupled plasma (CCP) reactor.

CCP reactors [58] consist of a cylindrical vacuum chamber with two planar parallel

electrodes where a current is driven at 13.56 MHz1. The driving current forms a

high voltage in the electrode that is shielded by the plasma, creating a high-voltage

capacitive sheath between the electrode and the bulk plasma. This high-voltage

sheath is used to accelerate ions towards the wafer for etching.

With capacitive power coupling, plasma generation and ion acceleration are in-

terconnected and cannot be controlled independently [60]. The reason for this is

that the driving frequency, ! , a�ects both the sheath formation and the power cou-

pling to the plasma. On the one hand, the sheath impedance, and thus the sheath

voltage, is inversely proportional to ! [7, Ch. 11]. On the other hand, power cou-

pling to the plasma, and thus plasma density, are directly proportional to ! [7, Ch.

11]. Therefore, at low frequencies (LFs), i.e. ! . 1 MHz, CCPs present higher

voltages across the sheath and relatively lower plasma densities, compared to high

frequencies (HFs), i.e. ! & 60 MHz, where sheath voltages are lower but plasma

densities higher [61{63]. As a result, with increasing driving frequencies, the 
ux of

ions to the electrodes increases due to higher densities at the bulk plasma, but the

energy gained by the ions as they cross the sheath is lower. This is a disadvantage

in material processing applications where absolute and precise control of both the

ion energy and 
ux rate is required.

To gain control over both ion energy and 
ux, Goto et al [64, 65] proposed

the use of two simultaneous voltage waveforms, a LF (! LF ), and a HF (! HF ). If

1The use of this arbitrary frequency has historical reasons. The 13.2 to 14 MHz band is interna-
tionally reserved for industrial, scienti�c and medical purposes to avoid interference with telecom-
munications [59].
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! HF � ! LF the control of energy and 
uxes would be decoupled such that the HF

waveform regulates the plasma generation [66] and, the LF waveform controls the

sheath formation, and thus the ion energy gain across the sheath [67,68].

1.2.2 Current challenges in plasma etching

Current technologies require integrated circuits with electronic features of� 7 nm,

and atomic size is expected in the near future [53, 69{72]. Currently nm-sized

trenches of large aspect ratios are required. This implies to carve features, with

depth to width ratios of 10-100, straight pro�les and smooth sidewalls [56, 71], on

wafers with diameters of 300-450 mm [56,71]. Achieving this requires a high degree

of precision in etching anisotropy, selectivity and uniformity.

This high precision translates into a high degree of control over the plasma.

Firstly, the bulk plasma must be spatially uniform, as the ion 
uxes hitting the

wafer depend on the local plasma density. Secondly, the sheath must be also spa-

tially uniform and with the appropriate voltage drop so that the ions hit the wafer

with the expected energy and angle of incidence. This is achieved through detailed

understanding of the plasma physics, the chemical a�nity between the plasma and

the substrate and the e�ects of the etching process on the plasma.

The use of CCPs driven with two sinusoidal voltage waveforms (LF/HF) have

been shown to be e�ective in the separate control of plasma density and ion energy.

However with increasing driving frequencies electromagnetic e�ects, as depicted in

�gure 1.3, become signi�cant if the excitation wavelength � and the plasma skin

depth � 2 are of the order of magnitude of the plasma source [73,74]. If the applied

Figure 1.3: Schematic of a capacitively coupled plasma showing the induced electric �eld ( E ),
magnetic �eld ( B ), and inductive current ( J ) present when driven at high frequency. Reproduced
from 6.

2The plasma skin depth is described in section 2.1.5.
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electric �eld ( E) oscillates rapidly in the axial direction ( x), it induces an oscillating

magnetic �eld ( B ) in the azimuthal direction ( ' ), which, in turn, induces a current

(J ) opposing the axialE -�eld 3. Therefore, the power coupling is not only capacitive,

due to an oscillating E-�eld in the axial direction, but also inductive, due to induced

currents in the radial ( r ) direction. This causes the power deposition to be non-

homogeneous, with a complex transition from capacitive heating at the centre of

the electrode,r ! 0, to inductive heating at outer radial positions of the electrode,

which depends on the geometry and operating conditions of the CCP [73,74]. This

results in strong plasma inhomogeneities [75{78], which have a signi�cant impact on

the uniformity of the ion energy and 
uxes [60,79].

While there has been progress in studying the impact of electromagnetically

induced currents on the ion kinetics [61,80], further research is needed to understand

these phenomena in detail and how it a�ects the etching processes.

1.3 Vacuum ultraviolet radiation in plasmas

The non-equilibrium nature of LTPs, with highly mobile electrons, makes plasmas

an ideal medium for enhancing chemical-radiative processes. The most common

Figure 1.4: Schematic of the energy levels of a neutral species when i) electron impact increases
the energy to a metastable state and ii) the gained energy is released in the form of radiation when
decaying to a lower energy state, e.g. back to ground state.

radiative process, as sketched in �gure 1.4, is the electron impact excitation of neutral

species to a higher metastable energy state, which emits radiation when decaying

to a lower energy level. Emission in the vacuum ultraviolet (VUV) spectrum, i.e.

photon wavelengths� 10� 200 nm, can be used as a sterilisation method and must
3This is a direct application of Faraday's Law of Induction and Ampere's Circuital Law, equations

2.1.6 and 2.1.7 respectively in section 2.1.2
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be controlled in material processing applications such as etching. It is therefore of

interest to understand the main chemical pathways leading to VUV radiation in

plasma sources and how these vary under di�erent operating conditions, as this will

allow greater control in their various applications.

1.3.1 Sterilisation

Sterilisation is an important part of the safety protocol in the medical, food, phar-

maceutical and space industries to prevent infection and contamination due to the

presence of microorganisms [33{37, 81{83]. There are several well-established ster-

ilisation techniques such as autoclave, ionising and non-ionising radiation, dry and

wet irradiation, electron beams and chemical solutions, but the development of new

instruments and the use of new materials, such as advanced composites and biocom-

patible materials, creates a need for new techniques that can adapt to new surface

requirements.

Conventional methods are widely used, but they have some drawbacks such as

operating at high temperatures, surface damage, strict safety measures due to radi-

ation or leaving dangerous by-products. Plasma sterilisation is seen as a promising

technique for new materials and extremely resilient biological systems where con-

ventional methods are not suited [50]. Low pressure plasmas have been shown to

be e�ective in the microbial and molecular inactivation [84] and are suitable for

sensitive equipment due to the low temperatures and highly tunable plasma chem-

istry. However, the high degree of complexity not only of the plasma but also of the

surface being treated, especially biological tissues, requires a thorough knowledge of

both to understand which inactivation method is most e�ective. This means that

plasma cannot be a universal sterilisation method, but rather sterilisation systems

optimised for speci�c applications.

Although it is di�cult to generalise about the mechanisms of inactivation in

plasmas, VUV radiation is one of the factors that plays an important role [50]. The

presence of radicals can also be useful in sterilisation, as they can act as chemical

etchants or sputtering agents. Moreover, synergistic e�ects can even be observed

when VUV and radicals are combined.

In this context, VUV radiation for sterilisation purposes is of increasing interest

as it is an e�ective mechanism on 3D, degradable and heat-sensitive objects and

it enables sterilisation in non-wetting environments, with short exposure times and

without toxic residues. Therefore, understanding VUV emission is of interest for

plasma sterilisation applications [85].
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1.3.2 Radiation in material processing

The control of VUV radiation is also important in material processing applications.

Depending on the industrial process it is required to some degree [86{88] or un-

wanted [89, 90]. On the one hand, damage to the substrate by VUV radiation

during plasma etching can be an important process in material processing applica-

tions and is therefore an active topic of research [91]. Otherwise, in some speci�c

circumstances, VUV radiation can participate in synergistic processes [86, 87, 92],

where they can be exploited for the bene�t of materials processing.

1.3.3 State-of-the-art and current challenges

VUV emission has been investigated for di�erent gas mixtures and under di�erent

operation conditions. Research has been carried out on VUV radiation in vari-

ous gases, such as Ar [15, 93{97], N2 [97, 98], O2 [15, 97, 99], He [91], H2 [97{100],

Xe [91, 97], Cl2 [101], Cl2/BCl 3 [102] and 
uorocarbon gases [93, 94], with either

experimental or numerical methods in power ranges between 150 and 1100 W and

total pressure ranges between 1 and 100 mTorr (0.13-13 Pa).

Of particular interest is the study of VUV radiation in oxygen plasmas, since

oxygen is chemically highly reactive and has a variety of applications both in in-

dustry [99, 103{110] and biomedicine [19, 82, 85, 111]. Therefore, a comprehensive

investigation of VUV emission that describes the pathways leading to emission over

a wide range of operating parameters would be useful to better understand oxygen

plasmas and their applications in the �elds of industry and biomedicine. Despite

the number of studies carried out, the understanding of the formation pathways of

VUV photons remains relatively limited and the number of operating parameters

studied is comparatively few.

The main reason for this is that the experimental diagnosis of both VUV emission

and atomic oxygen densities is challenging [17{19, 50, 96, 97]. On the one hand, di-

rect measurements of VUV are technically simple with optical emission spectroscopy

(OES) [15], but there are only a few materials that transmit at VUV wavelengths,

and detectors and windows are easily damaged by high reactive oxygen plasma ex-

posure [96,97]. On the other hand, VUV emission can be determined indirectly from

the concentrations of metastable states [97], but this also requires reliable informa-

tion on oxygen atom densities, which increases the experimental complexity and

di�culty. The measurement of oxygen plasma parameters is challenging because

it requires a great deal of technical and theoretical e�ort, and existing techniques

are limited to a certain operating regime. Moreover, indirect diagnostic techniques

may also require additional numerical models to reproduce the atomic excitation

and relaxation processes and these models in turn depend on other plasma parame-

ters, such as electron density, gas temperature, electron energy distribution function
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(EEDF), which also need to be diagnosed [15].

Numerical models are a suitable alternative for in-depth studies of oxygen VUV

emission, as they can provide useful insights, such as chemical activity, that are

otherwise not possible. The model of Gudmundssonet al [21, 112, 113] allows fast

simulations of oxygen plasmas over wide range of parameters. The oxygen reaction

scheme has been extended by Turneret al [114], but it does not include radia-

tion processes. Nevertheless, Fiebrandtet al [15] has developed a collision-radiative

model which includes the necessary oxygen metastable states and radiation pro-

cesses to model VUV emission. Thus, the various pieces necessary to generate a

self-consistent numerical model that both includes VUV radiation and allows fast

simulation are already there in place, but are scattered and would need to be brought

together into a single numerical model.

1.4 Numerical models for low temperature plasmas

The investigation of the kinetics of transverse inductive currents in HF CCPs, and

the chemical kinetics leading to VUV radiation in LTPs, is di�cult to be conducted

by pure theoretical or experimental methods. The complexity of these plasma sys-

tems makes the analytical resolution of the mathematical models describing them

extremely di�cult, and the necessary experimental equipment, if available, would

not only provide little information at the kinetic level, but would also require high

operating costs and time. Instead, numerical models allow simulations that are cost-

e�ective and provide insights of the physics that analytical theory and experimental

work cannot. For this reason, the research carried out in this thesis is based on the

simulation of numerical models.

1.4.1 Brief history review

The simulation of LTPs began in the late 1950s and early 1960s [115{118], and since

then its importance has grown with the increase in computing power, making it

key to the progress of LTP science and technology [72, 119, 120]. LTP modelling

has enabled not only the description of new physics [121], but also the explanation

of experimental data [12], the proposal of new experiments [4], the prediction of

physical quantities that are di�cult to measure [122], or the design of new plasma

reactors [123].

Most of the computational work for LTPs has been conducted with numerical

methods that have been established in the 1980s and 1990s [66, 124{135]. Two

models have been established as the main plasma simulation methods, 
uid and

kinetic, which together cover an important part of the physics required for LTPs.

The range of application of these models can be described using the Knudsen num-

ber, Kn = �=L , where � is the mean-free-path of the plasma particles andL is the
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representative physical length of the system of consideration.

1.4.2 Fluid methods

The 
uid model assumes a low Knudsen number, Kn . 0:1, i.e. the motion of

particles is dominated by collisions and thus they can be considered in LTE. Under

such consideration it is reasonable to assume a Maxwellian distribution function of

particles, which enables solving for macroscopic quantities, like density, pressure and

temperature. Some of the most important 
uid-based techniques are, among others,

hydrodynamics, magnetohydrodynamics and chemical-kinetics models. The main

advantage of 
uid models is that they provide fast simulations for larger space and

time domains. However, they only work with averaged values and therefore e�ects

resulting in non-Maxwellian distributions, i.e. kinetic e�ects, cannot be simulated.

Therefore, 
uid models have limited applications in low pressure plasmas, where

strong non-equilibrium conditions are often present, especially at the sheath.

1.4.3 Kinetic methods

The simulation of non-equilibrium plasmas, usually with Kn > 0:1, requires so

called kinetic models, where the Boltzmann-Vlasov equation is solved for the particle

distribution function, and this is an output of the simulation. Kinetic simulations are

therefore more accurate than 
uid simulations, and are of special importance in low

pressure plasmas where the electron energy distribution is often non-Maxwellian

[136, 137]. Nevertheless, they are computationally more expensive and are thus

limited to smaller spatio-temporal scales. The most important kinetics models are,

among others, Particle-In-Cell [129], Direct Simulation Monte Carlo [138], Direct

Kinetic [139] and Boltzmann solver [140] codes.

1.4.4 Current challenges in LTP numerical modelling

One of the main challenges in simulating LTPs is the disparity in spatial and tem-

poral scales. For example, etching plasmas require control of features on the nm

scale, with the sheath on the mm scale and the wafer on the 10's cm scale. In

addition, time scales range from ns response time of electrons,� s response time of

ions, 10-100 ms residence time of heavy species chemistry and gases, to minutes du-

ration of etching and deposition processes. Integrating these scale disparities into a

single model is computationally intractable. Simulations therefore use models that

describe simpli�ed physics in order to be computationally feasible. This results in

a tension between the accuracy of the simulation and its practicality, i.e. making

the model as accurate as possible but simple enough to be handled by the available

computing resources.
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The rapid progress in computing technology over the last few decades has facili-

tated their development and utilisation not only in academia but also in the private

sector and as commercial tools [72]. The di�erent numerical models have been

continuously developed with, for instance, the use of hybrid models, where some

species (usually electrons) are treated with the 
uid approach and other species (

and neutrals) are treated with the kinetic approach, the implementation of adaptive

mesh re�nement methods, the integration of additional physics and the use of high

performance computing and data-driven techniques.

Computation times have been reduced signi�cantly with increasing use of CPU

and GPU parallelisation methods for simulations in super-computer clusters [141{

157]. This has expanded the scope of computer simulations for LTPs, enabling it

to play an important role in the scienti�c progress of LTP physics and has enabled

the development of models with increasing complexity. For instance, it is now more

feasible to simulate systems over a wider parameter space, with complex geome-

tries and boundaries, with larger chemical reaction schemes, and with an increasing

number of spatial dimensions.

Modern computing o�ers many opportunities to develop increasingly complex

numerical models that more accurately reproduce physical reality, but this brings

with it three additional challenges [72]. Firstly, the need to develop more sophisti-

cated codes that are computationally robust and e�cient. Secondly, the validation

and veri�cation through rigorous comparison with theoretical, experimental and

other numerical methods. This is key to ensuring the model's consistency and its

correct implementation [72, 158]. Thirdly, additional input data that may be re-

quired, such as collision cross-sections, rate coe�cients and/or surface coe�cients,

must be accurate, reliable and consistent, which is sometimes di�cult to obtain.

These challenges are di�cult to overcome and therefore the collaborative devel-

opment of open source codes as an approach for the development of multiscale and

multiphysics simulations is not only a viable but also a necessary approach for the

development of numerical tools.

1.5 Objective and scope of this PhD thesis

This chapter has introduced LTPs and their uses in various technological applica-

tions. Within their industrial and biomedical applications, two research challenges

have been identi�ed that will be addressed in this thesis with numerical methods.

On the one hand, the kinetics of inductive heating e�ects in HF CCPs needs to be

studied in detail in order to gain further control over plasma-based material pro-

cessing methods, such as etching. On the other hand, understanding VUV emission

in LTPs is essential not only for the development of new sterilisation methods, but

also for the control of VUV radiation in material processing applications.
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These two speci�c problems found in plasma-based industrial and biomedical

applications are addressed in this thesis using numerical simulations. For this pur-

pose, two open-source numerical models for the simulation of LTPs are developed.

The �rst is a one-dimensional (1D) particle-in-cell (PIC) model for the simulation

of inductive heating e�ects in HC CCPs. The second is a zero-dimensional (0D)

chemical kinetics global model (GM) for the simulation of VUV radiation in Ar/O 2

inductively coupled plasmas.

In this context, this thesis is structured in the following way:

ˆ Chapter 1 gives a brief introduction to LTPs and introduces the challenges

that motivate this thesis.

ˆ Chapter 2 presents the theoretical framework that underpins the plasma

physics employed in this thesis. This includes the physics of LTPs, the equa-

tions that describe its behaviour and the most fundamental concepts that

sustain PIC and GMs.

ˆ Chapter 3 the development of the PIC model EPOCH-LTP is described in

detail. This includes a description of the numerical model, its code implemen-

tation and a description of the validation tests performed.

ˆ Chapter 4 the simulation results of inductive heating-like e�ects in HF CCPs

are presented and discussed.

ˆ Chapter 5 presents the development of the 0D GM and the reaction scheme

for Ar/O 2.

ˆ Chapter 6 a characterisation of Ar/O 2 inductively coupled plasma followed

by an extensive investigation of VUV in Ar/O 2 is conducted over a wide range

of operating conditions.

ˆ Chapter 7 presents an overall summary.



Chapter 2

Background theory

This chapter provides the theoretical framework that underpins the plasma physics

and numerical methods used in this thesis. This includes, in section 2.1, a formal

de�nition of a plasma, the equations that describe the motion of the charged par-

ticles, Maxwell's equations for electromagnetics, and important plasma properties,

such as the sheath and the skin depth. This is followed in section 2.2 by a pre-

sentation of the conservation equations that describe the behaviour of the plasma

as a system. This includes the Boltzmann equation, which describes the systems

down to the microscopic (kinetic) level, and 
uid equations that describe averaged,

i.e. macroscopic, quantities derived from Boltzmann-Vlasov equations. Both Boltz-

mann and the 
uid equations are the basis of the numerical models developed later

on, a particle-in-cell (PIC) and zero-dimensional (0D) chemical kinetics global mod-

els (GM) respectively. In section 2.3 the background and state-of-the-art of PIC

models and 0D GM are described.

15
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2.1 General description of a plasma

2.1.1 Plasma de�nition

A formal de�nition of plasma is that of an ionised gas, i.e. a collection of elec-

trically charged and neutral particles, which exhibits collective behaviour and is

quasi-neutral [2].

An important parameter in plasma physics is the Debye length,� D , which de�nes

the distance over which electric potentials are shielded out. Under the assumption

of static ions, given their larger mass relative to electrons, the �eld shielding is only

due to the electrons and the Debye length can be de�ned as

� D =

r
"0kB Te

ne2 ; (2.1.1)

where"0 is the vacuum permittivity, kB the Boltzmann constant, e is the elementary

charge, Te the electron temperature, and n the plasma density. The Debye length

helps to determine the conditions of quasi-neutrality and collective behaviour that

de�ne a plasma.

In plasmas, a distinction can be made between short and long-range interactions.

On the one hand, short range interactions happen within� D and refer mainly to

interparticle collisions. On the other hand, long-range range interactions occur at

scales larger than� D where the plasma collectively interacts with electric and mag-

netic forces [2]. This allows the particles in a plasma to be interconnected so that

local conditions are in
uenced by remote conditions, hence the collective behaviour

of the plasma. This collective behaviour is the main di�erence between a gas and a

plasma.

The condition for collective behaviour requires enough particles to respond to an

external �eld without the states of the individual particles being important. This

condition is satis�ed if the number of charged particles within a Debye sphere is

su�ciently large [2]

ND =
4
3

�� 2
D n � 1: (2.1.2)

The quasi-neutrality condition of a plasma is understood by its shielding prop-

erty, which allows it to shield an externally applied electric potential within the

Debye length � D . This enables the rest of the system to self-organise in a state of

minimum potential, which results in a quasi-neutral charge distribution. In order

for this to be possible, the characteristic system sizeL must be larger than � D ,

L � � D : (2.1.3)

A third condition must be met in the case of partially ionised plasmas (� iz < 1)

in order for them not to be considered a gas. The motion of charge particles must be
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dominated by the collective behaviour and not by collisions with neutral particles.

The most fundamental collective behaviour of the plasma, assuming static ions, is the

oscillation of the electrons around their equilibrium position as they are displaced

from a uniform background of ions. This oscillation is described by the electron

plasma frequency,

! pe =

s
ne2

"0me
(2.1.4)

and for a plasma to be dominated by its collective behaviour, collisions must be less

frequent than the plasma frequency, i.e.

! pe

�
> 1; (2.1.5)

where � is the collision frequency between charged and neutral particles.

2.1.2 Field equations

The electric (E ) and magnetic (B ) �elds present in plasmas are governed by Maxwell's

equations

r � E = �
@B
@t

; (2.1.6)

r � B = � 0

�
"0

@E
@t

+ J
�

; (2.1.7)

r � E =
�
"0

; (2.1.8)

r � B = 0 ; (2.1.9)

where � 0 = 4 � 10� 7 N/A 2 is the vacuum permeability and "0 ' 8:854� 10� 12 F/m is

the vacuum permittivity, the charge density is

� =
X

s

qsns; (2.1.10)

the conduction current density is

J =
X

s

qsnsu s ; (2.1.11)

where q, n, and u refer to the charge, density and macroscopic velocity of a given

speciess.
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2.1.3 Equation of motion

Plasma particles can be tracked in space and time by their equations of motion

@x
@t

= v; (2.1.12)

m
@v
@t

= FL ; (2.1.13)

where x and v are the position and velocity vectors of a given particle of massm,

and FL are the electric and magnetic forces acting on the particle.

The force exerted by the electric and magnetic �elds on charged particles are

given by Lorentz force law

FL = q(E + v � B ) : (2.1.14)

The moving charges contribute to � and J , in equations 2.1.10 and 2.1.11 respec-

tively, and these are linked toE and B by Maxwell's equations 2.1.6-2.1.9. Therefore

they form a self-consistent system of equations.

Besides Lorentz forces, the momentum and energy of particles is a�ected also by

collisions with other particles. However, incorporating a general expression for the

collision force into equation 2.1.13 is not straightforward, and so collisions are treated

as statistical phenomena later on, in section 2.2.1, when Boltzmann's equation is

described.

2.1.4 Sheath and pre-sheath

Plasmas are connected to solid boundaries by thin layers called sheaths, which result

from the quasi-neutrality property. In the bulk plasma, because of quasi-neutrality,

the spatial distribution of charged particles is such that the average electric charge

density, the electric potential and the electric �eld are close to zero. This means

that charged particles are not con�ned and can escape, but the resulting 
ux leaving

the bulk plasma should be zero. However, electrons escape faster due to their higher

mobility, and to avoid this the plasma charges itself with a positive potential with

respect to its boundaries, called plasma potential� P . This creates the sheaths, a

space-charged region at the boundaries where ions are accelerated outwards while

electrons are repelled into the plasma, ensuring that the charge 
ux is neutral.

The transition from the bulk plasma to the sheath is mediated by the pre-sheath,

as shown in �gure 2.1. The ions entering the sheath must satisfy the the Bohm

sheath criterion, i.e. they must enter the sheath at a velocity greater than the

Bohm (acoustic) velocity [2],

uis > u B (2.1.15)
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Figure 2.1: Qualitative behaviour of sheath and pre-sheath in contact with a wall. ne and n i stand
for electron and ion density, respectively, n0 is the density of the bulk plasma, ns is the density at
the sheath edge, � P is the plasma potential, � s is the potential at the sheath edge, and � w is the
potential at the wall/boundary. Reproduced from [7, Ch. 6]

where uis is the ion velocity at the sheath entrance, and

uB =

r
eTe

mi
; (2.1.16)

is the Bohm velocity, where mi is the ion mass. Therefore the presence of a pre-

sheath region, where a �nite electric �eld accelerates the ions from the bulk plasma,

which is quasi-neutral and thus presents no electric �elds, to the sheath into which

they have to enter with the Bohm velocity.

The plasma at the pre-sheath can be considered quasi-neutral however it presents

a plasma density and potential decrease. Under collisionless conditions, i.e. neutral

collisions are neglected, the density decrease at the pre-sheath, i.e. between the bulk

plasma (n0) and the sheath edge (ns) is given by the Boltzmann relation [7, Ch. 6]

ns

n0
= exp

�
� e� P

kB Te

�
; (2.1.17)

and the electric potential drop at the pre-sheath is

� P � � s =
kB Te

2e
; (2.1.18)

where � s is the potential at the sheath edge. Within this potential drop the ions

gain enough energy to enter the sheath satisfying Bohm sheath criterion [7, Ch. 2].
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The potential drop across the sheath,� s � � w , in case of a 
oating wall, i.e. the

wall is grounded � w = 0 V, can be determined by the condition of zero net charge


ux at the sheath edge [7, Ch. 6]

� e =
X

i

� i (2.1.19)

where

� e =
1
4

nsve exp
�

�
e� s

kB Te

�
(2.1.20)

is the electron particle 
ux and

� i = ns;i uB;i (2.1.21)

is the ion particle 
ux. From equation 2.1.19, assuming a single ion species, the

potential at the sheath edge can be determined

� s =
kB Te

e
ln

�
mi

2�m e

�
: (2.1.22)

2.1.5 Wave propagation and skin e�ect

An important energy deposition mechanism in plasmas is via electromagnetic waves.

Electromagnetic waves can be described using the dispersion relation, which relates

the wavevector k to the frequency ! of the wave.

In uniform and isotropic plasmas the dispersion relation of an electromagnetic

transverse wave is obtained by linearising Maxwell's equations (2.1.6-2.1.9) [7, Ch.

2],

k = �
!
c

s

1 �
! 2

pe

! (! � i� )
: (2.1.23)

where � is the electron-neutral collision frequency. In the case of a collisionless

plasma (� ! 0), it is shown that waves can propagate in the plasma only if! > ! pe

(k is real) and wave frequencies beyond that are cut o� (k is pure imaginary). In

LTPs, where collisions are not negligible and usually! < ! pe, waves do not present

a cut o� but instead decay exponentially when penetrating into the plasma. The

imaginary part of k gives the wave decay rate

� dec = �
!
c

Im

0

@

s

1 �
! 2

pe

! (! � i� )

1

A (2.1.24)

and provides information about the spatial scale at which the waves decays when
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penetrating into the plasma. The inverse of� dec is the skin depth

� = � � 1
dec; (2.1.25)

which is the characteristic length a wave can penetrate in a plasma. When� � ! ,

the skin-depth can be approximated as

� p =
! pe

c
; (2.1.26)

and is known as collisionless plasma skin-depth. In the opposite case, when� � ! pe,

� c = � p

r
2�
!

(2.1.27)

is the collisional skin-depth [7, Ch. 12].

2.1.6 Plasma reactors

Low pressure gas discharges are generated in a vacuum chamber by applying a radio

frequency (RF) electrical power source. The free electrons absorb most of this power

due to their higher mobility, and a plasma is created by a chain reaction of electron

impact ionisation that creates new electron-ion pairs.

Collisions between charged and neutral particles therefore play an important

role, not only electro-neutral but also ion-neutral interactions. The collisions can be

elastic, which change the kinetic energy of the neutrals, or inelastic, which change

both the kinetic energy and the internal energy state of the neutral particle. While

elastic collisions act as a heat transfer mechanism between electrons and neutrals,

inelastic collisions also induce plasma chemistry, i.e. excitation, ionisation, disso-

ciation and other processes of neutral atoms and molecules. Therefore, although

ionisation reactions are essential to maintain the plasma, other inelastic reactions

are responsible for creating the chemically active medium that is of interest for the

various technological applications.

The control of this chemically active medium is complex and depends on a large

number of operating parameters. As already described in section 1.1.2, the gas

pressure pT is an important operating parameter. Another important operating

parameter is the coupling of electrical energy to the gas. In this thesis, two of

the most important plasma reactors, capacitively coupled and inductively coupled

plasma devices, are studied.

Capacitively coupled plasmas

Capacitively coupled plasmas (CCPs) were already introduced in section 1.2.1 and

in this thesis they are studied in the context of high frequency driving voltages.
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One of the most important properties is the transient nature of the sheath,

whose width and voltage change with the oscillating power supply [7, Ch. 11]. This

leads to stochastic (collisionless) heating [7, Ch. 11], where electrons entering the

oscillating sheath gain energy from a decelerating electric �eld in a similar way

as a ball bouncing against a moving wall. The energy gained by the electrons in

the oscillating electric �eld is transferred to the neutral gas by Ohmic heating, i.e.

collisional energy transfer.

The plasma densities achieved in CCPs are between 1015-1017 m� 3 with operat-

ing pressures between 10 and 1000 mTorr (' 1-100 Pa) [56]. These densities are rel-

atively low compared with, for example, inductively coupled plasmas or microwave

discharges, because a larger fraction of the electrical energy supplied is used to raise

the electrical potential of the plasma than to provide the kinetic energy for the

particles to create new ion-electron pairs by impact collisions [7, Ch. 11].

Inductively coupled plasmas

In inductively coupled plasmas (ICPs), electrical energy is coupled by an antenna,

or coil [76, 159, 160], across a dielectric window, as sketched in �gure 2.2(a). The

antenna drives an RF current, which induces a time-varying magnetic �eld. Ac-

cording to Ampere's law, the varying magnetic �eld produces an induced current

in the plasma. The induced current accelerates the electrons which, through ohmic

heating, transfer energy to the neutral gas and sustain the plasma. In essence, ICPs

are like an electrical power transformer, with the antenna acting as the primary and

the plasma as the secondary with a single loop.

Figure 2.2: Schematic of a) planar inductively coupled plasma (ICP) and b) double inductively
coupled plasma (DICP).

In ICPs the densities yielded are between 1016 - 1018 m� 3 and the plasma is

operated with a low voltage across the sheaths. The voltage at the sheaths depends

only on the plasma properties and not the generated power [7, Ch. 12].
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Depending on the transferred power and plasma density ICPs present two opera-

tion modes, the capacitive E-mode and the inductive H-mode [7,161]. At low densi-

ties, . 1015 m� 3, the plasma does not contain enough particles to sustain an induced

current and instead capacitive heating due to the electrostatic �eld formed across

the antenna and the grounded walls is important. At higher densities the plasma

operates at H-mode, where it suppresses the electrostatic �eld and can sustain an

inductive current [76]. In H-mode the electromagnetic power penetrates a distance

of the order of the skin-depth before decaying exponentially. With higher densities,

the skin-depth might be smaller than the characteristic length of the plasma and

thus the inductive power only penetrates to a fraction of the bulk plasma. In such

cases larger density gradients are present as only the electrons within the skin-depth

length gain energy from the inductive heating while further away from the antenna

the plasma only gains energy via Ohmic heating.

A typical ICP device is the planar con�guration, shown in �gure 2.2(a), which

consists of a cylindrical reactor chamber with a plane coil attached to one end of the

chamber. There are several con�gurations possible, for instance with a cylindrical

coil or ferrite immersed [76], that optimise the plasma generation in di�erent aspects,

such as power coupling e�ciency in case of the ferrite immersed [162]. An alternative

con�guration proposed is the double inductively coupled plasma (DICP) source,

shown in �gure 2.2(b), where two planar coils are place at the top and bottom of a

cylindrical reactor. The main advantage of DICPs is that they ensure a homogeneous

plasma at higher densities [163,164].

2.2 Conservation equations

2.2.1 Kinetic description: Boltzmann-Vlasov equation

A given species in a plasma system can be described by the distribution functionf =

f (v; x ; t), which provides information about particles per elementary unit volume

d3xd3v in six-dimensional spacef x = ( x; y; z); v = ( vx ; vy ; vz)g. The continuity

equation of f , when it includes the Lorentz force (equation 2.1.14) and collisions, is

known as Botlzmann equation

df
dt

=
@f
@t

+ ( v � r )f �
q
m

(E + v � B ) � r v f =
�f
�t

�
�
�
�
�
coll

; (2.2.1)

wherer v = ( @=@vx ; @=@vy ; @=@vz), and �f=�t jcoll is the term accounting for changes

in f due to collisions with other species.
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The collision term can be expressed with the Boltzmann collision operator [165]

�f
�t

�
�
�
�
�
coll

=
Z Z

g� (g; �;  )
�
f 0f 0

s � f f s
�
d
 d3vs (2.2.2)

where the subscript s refers the colliding species,0 notes the post-collision state,

g = jv � vs j is the impact velocity, � and  are the polar and azimuthal scattering

angles, respectively, ofv0 with respect to v, � (g; �;  ) is the collision cross-section,

and d
 = sin �d�d is the solid angle.

The Boltzmann equation accurately describes a plasma system, but a self-consistent

analytical solution is di�cult to obtain. Numerical methods are therefore well suited

to solving this equation.

2.2.2 Macroscopic quantities: conservation equations

The complexity of the Boltzmann equation can be reduced by averaging over the

velocity coordinates, also called velocity moments off [7, Ch. 2]. The 0th order

moment provides number density values

n(x ; t) =
Z

fd 3v; (2.2.3)

the 1st order moment provides a particle 
ux values

�( x ; t) = nu(x ; t) =
Z

vfd 3v; (2.2.4)

and the 2nd order moment provides energy density values

w(x ; t) =
3
2

p(x ; t) +
1
2

mu2n =
1
2

m
Z

v2fd 3v; (2.2.5)

where u(x ; t) is the mean velocity and p(x ; t) is isotropic pressure.

Taking 0th order moments on Boltzmann equation (2.2.1) we obtain the density

(or mass) conservation equation

@n
@t

+ r � (nu) =
�n
�t

�
�
�
�
�
coll

(2.2.6)

where �n=�t jcoll accounts for density gains and losses due to collisions.

Taking 1st order moments, the momentum conservation equation is obtained

mn
�

@u
@t

+ ( u � r )u
�

= qn(E + u � B )) � r � � + f

�
�
�
�
�
coll

; (2.2.7)

where � is a pressure tensor andf is the momentum transfer rate per unit volume
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due to collisions.

Taking 2nd order moments the energy conservation equation is obtained

@
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�
3
2

p
�

+ r �
3
2

(pu) + pr � u + r � q =
�
�t

�
3
2

p
� �

�
�
�
�
coll

(2.2.8)

where q = � � r T is the heat 
ow vector, � the thermal conductivity, p is the scalar

pressure, and�=�t (3p=2)jcoll energy changes due to collisional processes.

The conservation equations, also called 
uid equations, provide a macroscopic

view of the system. This simpli�es the problem with respect to Boltzmann's equa-

tion, however it only describes averaged values and therefore kinetic e�ects are lost.

Moreover, the equations 2.2.6-2.2.8 are not self-consistent and require a closure equa-

tion. Typically, the isothermal relation for an equilibrium Maxwellian distribution

p = nkB T; (2.2.9)

wherekB ' 1:381�10� 23 J/K is Boltzmann's constant, is an accurate closure equation

as long as time variations are slower than thermal equilibrium times.

2.3 Numerical models for low temperature plasmas

Two di�erent methods have been employed in this thesis. On the one hand, the

particle-in-cell (PIC) method for kinetic simulations in which particles are tracked

in phase-space. On the other hand, a 
uid-based 0-dimensional global model (0D

GM) that simulates the chemical kinetics of LTPs.

2.3.1 Particle-in-cell models

The particle-in-cell (PIC) model self-consistently solves the Boltzmann equation for

a given system and provides information about the plasma in phase space. This

is done by simulating the motion of individual particles under two system simpli-

�cations. Firstly, only a subset of the particles that constitute the plasma system

is simulated. Each simulated particle is called a super-particle and represents a

fraction of the real particles, determined by the super-particle weightW . The num-

ber of super-particles in the simulation, NP , must be large enough to statistically

represent the entire plasma system, i.e. the distribution function f is accurately

resolved. Secondly, space is discretized intoNG grid points, where values of the

electric and magnetic �elds, as well as macroscopic parameters such as density and

currents, are interpolated. The grid avoids solving an N-body problem for NP

super-particles, which has a high computational costC � O(N 2
P ), and reduces it to

C � O(NP logNP ). The result of these simpli�cations is the simulation of a set of

super-particles on a mesh that discretizes the space, as shown in �gure 2.3.
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Figure 2.3: System environment of a two-dimensional (2D) particle-in-cell (PIC) model: super-
particles are simulated in phase-space within a mesh that allows particle-grid interpolation.

PIC simulations are used to study most of the plasmas shown in �gure 1.1, from

inertial con�nement fusion [166] and magnetic con�nement fusion [167] to high inten-

sity laser-plasma interactions [4], solar corona [168] and winds [169], the Earth's mag-

netosphere [170] and of course low pressure gas discharges. They have allowed the

study of plasmas with strong non-Maxwellian distribution functions such as found

in turbulent regimes [121], complex chemistries [171], strong non-linear particle-

wave interactions [4], shock discontinuities [172] and non-local transport [173]. In

low-pressure plasmas, PIC codes are of particular importance and have become a

common method of numerical investigation, since they require few approximations

and retain most of the non-linear behaviour that allows a precise study of the kinetic

e�ects that characterise these plasmas.

Low pressure plasmas can be simulated with PIC codes from the initial gas

breakdown [174] and can provide not only steady-state data, but also time-resolved

information on plasma density, potential, charged-particle power absorption, current

density, electron energy probability function (EEPF), energy and angle of incidence

distribution of ion 
uxes at the system boundaries, and collision reaction rates. They

have been key to understanding the fundamental physics of low pressure plasmas,

such as heating mechanisms [126, 127], interactions between charged and neutral

particles [175] and particle-wall interactions [176], but they have also helped to

investigate improvements in applications, such as tailored voltage waveforms [177],

excitation of natural plasma modes [178] and high-frequency voltage sources [179].

The main drawback of PIC models is that they are computationally intensive for

the following reasons: They require high resolution tracking of individual particles
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in order to ensure an accurate statistical representation of the simulated system, this

is particularly challenging at higher operating pressures where the plasma densities

are higher; �ne grid resolution for accurate �eld solutions, particularly at the sheath

where �eld gradients are large, requiring grid cells that satisfy the condition � x .

� D ; and constrained time steps dictated by the fastest timescale in the system,

usually the electron plasma frequency, such that � t � 2�=! pe. Another limitation

comes from using a limited number of super-particles, which may provide noisy

results and can poorly reproduce the tails of the distribution function, where particle

populations are generally low. Besides, the use of grid-cells, which smooths the �elds,

neglects Coulomb collisions [180,181]. This can be readily solved by explicitly adding

Coulomb collision to the model [182]. This latter limitation is usually not an issue

for low pressure plasmas as long as the ionisation degree is low [183].

The rapid progress in computing technology over the last couple decades has

facilitated the development and utilisation of PIC codes, not only in academia [10,

130,184{187] but also in the private sector [188] and as commercial tools [189{193].

Especially with increasing use of CPU [141{150] and GPU [151{157] parallelisation

methods for simulations in super-computer clusters that signi�cantly reduce com-

putational times. This expands the simulation possibilities, for instance allowing

simulations with an increasing number of spatial dimensions, complex geometries,

chemistries and boundaries and higher pressure. Therefore, PIC models have great

potential for the study not only of low-pressure plasmas, but of LTPs in general.

The vast majority of LTP PIC codes are developed by the scienti�c community

and are not publicly available [130, 141, 143{157, 184{187], although they are often

shared on request, and private sector codes are commercial tools with intellectual

property and are only available for purchase [188{193]. Despite the wide range of

existing codes, there is a notable absence of a collaborative open source framework

to serve as a platform for LTP simulations. The implementation of such a project

would bring signi�cant bene�ts not only to academia but also to the private sector.

It would facilitate the development of advanced and publicly available multiphysics

tools. In addition, the open source nature of the code ensures that it can be reviewed

by the wider community, improving validation and veri�cation processes through a

transparent methodology.

2.3.2 Zero dimensional plasma chemical-kinetics models

A zero-dimensional (0D) plasma chemical kinetics global model (GM) is a numeri-

cal method that solves the 
uid-based conservation equations, described in section

2.2.2, and provides volume-averaged information about the simulated system, such

as density and temperature. They are widely used in LTP research [7,194] for inves-

tigating complex chemical reaction schemes, as simulations are fast and can provide

robust insights into the scaling of important plasma parameters under variations of
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external operating conditions [21,112,113].

Under the assumption that the plasma is homogeneously distributed in space,

spatial gradients

r = ( @=@x; @=@y; @=@z) ! 0; (2.3.1)

and drift velocities

u ! 0; (2.3.2)

are neglected in the continuity equations, so that only temporal variations are

tracked by the model. This allows the plasma to be treated as a set of 0D point-like

species contained in a reactor of volumeV and surface areaA, as shown in �gure

2.4. The temporal variations in species densities and energies are caused only by

Figure 2.4: System environment of a 0-dimensional (0D) plasma chemical kinetics global model
(GM): the plasma contained in a chamber of volume V and area A is formed by s = 1 ; 2; 3; � � � ; NS

species. Each speciessn is considered a 0-dimensional (0D) system that interacts with other species
and the boundary walls exchanging mass and energy.

chemical reactions, interactions with system boundaries and input power. This way

each speciess in the plasma can then be self-consistently described by their mass

and energy continuity equations [7], equations 2.2.6 and 5.4.1 respectively, simpli�ed

by conditions 2.3.1 and 2.3.2
@ns
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The 0D GM includes these �rst order ordinary di�erential equations (ODEs) for
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each species in the plasma and forms a system of ODEs that can be readily solved.

The volume-averaged GM was �rst developed by Lieberman and Gottscho [195]

for a monoatomic plasma and then extended to multi-species and molecular plasmas

with more complicated chemistry [196, 197]. Since then, GMs have become an im-

portant numerical method for the study of LTPs [194], where complex chemistries

play an important role [21,112,113,198{204]. They provide insight into the scaling of

plasma parameters and information about the relationships between di�erent param-

eters. The low computational cost of GMs allows broad parameter scans of system

properties over several orders of magnitude, and the outputs serve as an important

design tool for maximising a parameter of interest, such as energy e�ciency [205] or

by-product production [206].

Reducing the spatial dimensions to 0D greatly simpli�es the system under con-

sideration and makes the model compact and easy to understand, which has several

advantages. The main advantage is the ability to add large chemical schemes that

would not be feasible in more complex models. Another important advantage is

the low computational cost, which allows fast simulations. In addition, the simplic-

ity of the model also allows it to be developed relatively quickly and to be readily

coupled to other models that incorporate the necessary spatial considerations [194].

There are a few well-known GMs, such as GlobalKin [207{209], Quantmol-p [210],

ZDPlasKin [211] and PLASIMO [212], but it is common to �nd in-house models

designed for a speci�c application.

The design of a GM requires consideration of the plasma and the system in which

it is contained. The model requires information about the physical properties of the

system, the energy coupling method, and a list of the species involved and the reac-

tions between them. Due to the important simpli�cations made, the accuracy and

robustness of these considerations is crucial, otherwise errors can be made that can

easily lead to misleading results and large discrepancies between similar models and

experimental data [213]. Particular attention must be paid to the implementation

of analytical or semi-empirical assumptions and to inaccurate or unknown rate coef-

�cients or cross sections [194]. The use of poor source data for reactions can lead to

drastic di�erences in the resulting behaviour; in particular, it is important to take

a critical view of reaction data that are estimated rather than measured experimen-

tally. Furthermore, there may be limitations in the use of reaction rate coe�cients,

which require assumptions about the electron energy distribution function (EEDF)

that can have a signi�cant e�ect on the solution they produce [203,214{216]. There-

fore, it should be noted that, due to the important simpli�cations made, GMs are

not intended to provide exact values of plasma parameters, but rather estimates,

and are useful for investigating plasma chemistry and how parameters depend on

each other [21].



Chapter 3

EPOCH-LTP: particle-in-cell

model for low temperature

plasmas

This chapter presents the design and development of EPOCH-LTP, an open-source,

highly parallelized, 1D3V (one-dimension in space and three-dimension in velocity)

electrostatic particle-in-cell (PIC) code with Monte Carlo collisions (MCC) for the

simulation of LTPs. EPOCH-LTP is developed from EPOCH, a collaborative code

for high energy density plasma physics simulations that is widely used by the sci-

enti�c community. Following the EPOCH approach, EPOCH-LTP is the basis for

a collaborative and open source code initiative tailored for comprehensive LTP PIC

simulations. It is important to note that the code is open source, as this allows it

to be veri�ed and validated by any user, and to be further developed to meet the

needs of speci�c simulation projects.

First, in section 3.1, EPOCH, the code from which EPOCH-LTP has been devel-

oped, is presented. Secondly, in section 3.2, the simulation scheme implemented for

EPOCH-LTP is outlined and, in section 3.3, a brief description of important con-

cepts for the development of a PIC model are given, namely super-particles, shape

functions and particle-grid interpolation. Thirdly, the di�erent blocks of the main

simulation scheme are described. These are the electrostatic �eld solver in 3.5, the

integration of the equations of motion in 3.6, the particle boundary conditions in

3.7, the MCC algorithm in 3.8 and the inductive heating method in 3.10. Finally,

section 3.9 describes the requirements that must be met by the spatio-temporal dis-

cretisation to ensure the accuracy and stability of the simulations, and section 3.11

presents the simulation results of a series of validation problems which show that

EPOCH-LTP performs as expected.

30
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3.1 EPOCH

EPOCH-LTP is developed from EPOCH [217, 218], an electromagnetic 3D3V (3-

dimension in space and velocity) PIC code for high energy density plasma physics

well established in the laser-plasma research community. EPOCH has a robust par-

allelisation architecture using Message Passing Interface (MPI) standards, allowing

the use of supercomputers to signi�cantly reduce simulation times. EPOCH is ac-

tively maintained, improved and developed by the Department of Physics at the

University of Warwick, ensuring that it is a reliable and robust code. They have de-

signed EPOCH to be extensible, using modern coding best practices, with a modular

design that simpli�es maintenance and facilitates further development. Therefore,

EPOCH o�ers an ideal highly parallelized architecture for developing a PIC code

for LTPs.

EPOCH uses an electromagnetic �eld solver for Maxwell's equations and the

particle integrator includes relativistic e�ects. These methods are suitable for sim-

ulations involving high energy densities of fully ionised plasmas, but exceed the

requirements for LTP simulations and show suboptimal performance in these con-

texts. Besides, EPOCH lacks a method of simulating collisions between neutral and

charged particles. Consequently, while EPOCH's infrastructure o�ers immense po-

tential for PIC simulations, it requires substantial development of the core physics

modules for LTP applications.

3.2 EPOCH-LTP simulation scheme

The development of a 1D3V electrostatic PIC model for LTPs from EPOCH, involves

the design and development of an electrostatic �eld solver, a non-relativistic Lorenz

force particle integrator, and an MCC algorithm for interactions between charged

and neutral particles. Additional adjustments, such as adaptations to boundary con-

ditions, emanate from these core modi�cations and are also developed. Therefore,

the necessary code development involves all of the simulation stages of an electro-

static PIC code [129, 175, 219], as shown in �gure 3.1. Although it is necessary to

develop most of the necessary simulation blocks, the great advantage of doing this in

EPOCH is that we can take advantage of its already highly parallelised infrastruc-

ture. From EPOCH we use the input (de�nition of initial and boundary conditions)

and output environment, the distribution of the grid and particles between the pro-

cessors and their exchange of information (particles and �elds).

Firstly, the simulation environment is initialised and super-particles are popu-

lated in phase-space following the inputs given in the input-deck. The system is set

up as shown in �gure 3.2, consisting of a 1D cartesian domain of lengthL placed be-

tween xmin and xmax . The domain is discretized into NG + 1 grid cells of width � x,
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Figure 3.1: Simulation scheme of EPOCH-LTP.

Figure 3.2: Simulation environment for a 1D PIC method in case of a) short circuit, or periodic
boundaries and b) the case of a plasma bounded between two electrodes that are interconnected by
an electric circuit which contains a voltage source Vs (t) and a capacitor of capacitance C and charge
QC . The electrodes have a surfaceA � and charge surface density � � . Note that the simulation
domain is of length L = xmax � xmin and is split into NG cells of width � x.

except the 0th and the N th
G grids that are � x=2 wide. The plasma system may be

de�ned with periodic boundary conditions, as in �gure 3.2(a), or bounded between

two electrodes of surfacesA � and charge density� � , as in �gure 3.2(b). In both

cases the simulation boundaries are connected by an electric circuit (described later

on in section 3.5.2), which may including a voltage sourceVs(t) and a capacitor C.

After the initialisation the simulation iterates over a main loop that moves the

system in time. The simulation cycle consists of a set of steps whose ultimate goal

is to update the simulated particles in phase-space. These steps are summarised

below and its corresponding code development is described in detail in the following

sections:

1. Electrostatic solver that solves the electric �eld in the discretized grid, de-

scribed in section 3.5, consist of

(a) Charge density calculation that interpolates particle charge to grid points.

(b) Electric potential computation solving Poisson's equation for electrostat-

ics. Described in section 3.5.2.
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(c) Electric �eld computation using the electric potential equation.

2. Integration of the Newton-Lorentz equations of motion that updates the posi-

tion and velocity of the super-particles.

3. Application of super-particle spatial boundary conditions. Described in section

3.7.

4. Computation of super-particle collisions with Monte Carlo collision method.

Described in section 3.8.

5. Time is moved forward t ! t + � t and, if required, output data is generated.

Time dependent variables, like the voltage sourceVs(t), are updated.

These steps are repeated in a cyclic manner so that in each cycle time is advanced

by a fraction � t until the end time tend is reached.

Before describing the outlined simulation blocks in more detail, three important

concepts that are essential to making the PIC code computationally viable are ex-

plained in detail, namely the use of super-particles and shape functions, in section

3.3, and particle-grid interpolation, in section 3.4.

3.3 Super-particles and shape functions

The super-particles represent a subset of the real number of particles in the simulated

system, and are assigned a weightW , which is the number of real particles they

represent. They are not a point in space, but are distributed over a �nite volume

using a distribution function called the shape function S(x), as shown in �gure 3.3

(red shape). Similarly, the grid points used to discretise space are also associated

Figure 3.3: Triangular shape functions for a super-particle p at position xp (red) and a top-hat
shape function of a grid point at xg� 1 (blue). The interpolation of the super-particle to the grid
point xg� 1 is the overlap between the two shape functions.

with a shape function that de�nes how a parameter, such as charge density, is

distributed across the cell volume.
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In PIC models, there is a constant transfer of data between super-particles and

grid points, and vice versa, via particle-grid interpolation of their shape functions.

The shape functions play a key role in this data transfer as they determine the

smoothness of the interpolated data. However, while sophisticated shapes can im-

prove noisy results, they also increase the computational cost. Therefore, the choice

of shape functions for the grid points and super-particles is a trade-o� between

interpolation smoothness and computational e�ciency.

The shape functions in EPOCH-LTP are reused from EPOCH. For super-particles

there are three types: �rst order (top-hat, blue shape in �gure 3.3), second order

(triangle, red shape in �gure 3.3) and third order b-spline. For grid cells, the top-hat

shape function is available.

In general terms, the optimal combination of shape functions in terms of numer-

ical noise and computational performance is, as in �gure 3.3, the use of a triangular

(second order b-spline) shape function for super-particles

Sp(x) =

8
<

:
1 � j xp � xj=� x; jxp � xj � � x

0; otherwise
(3.3.1)

and a top-hap shape function (�rst order b-spline) for the grid points

Sg(x) =

8
<

:
1=� x; jxg � xj � � x=2

0; otherwise
(3.3.2)

where xp and xg are the position of the particle and the grid, respectively. This

choice is made after testing the di�erent particle shape functions with problem 1

in Ref. 9. The test results with the top hat function di�er signi�cantly from the

expected results, while the third order b-spline shape increases the computation

time, but the results do not change signi�cantly with respect to the triangle shape.

Note, however, that the choice of shape functions also depends on the problem under

study, and must therefore be considered on a case-by-case basis.

3.4 Particle-grid interpolation

The interpolation of shape functions is an important operation in the PIC method

to share parameter quantities between super-particles and the grid.

The interpolation of a particle p (position xp) to a grid point g (position xg) is

done with the convolution of the particle and grid shape functions,Sp(x) and Sg(x)

respectively,

Fp(xg) = ( Sg � Sp)(xg) =
Z 1

�1
Sg(xg � x)Sp(x)dx; (3.4.1)

which �nds the area of overlap between the two shape functions.
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The interpolation of the super-particle (triangular) shape function with the near-

est grid point (top-hat) shape functions, at xg� 1, xg, and xg+1, is as sketched in

�gure 3.3, such that

Fp(xg� 1) =
Z xg � � x=2

xp � � x
Sg(xg� 1 � x)Sp(x)dx (3.4.2)

=
1
8

+
1
2

�
xp � xg

� x

� 2

�
1
2

xp � xg

� x
;

Fp(xg) =
Z xg +� x=2

xg � � x=2
Sg(xg � x)Sp(x)dx (3.4.3)

=
3
4

�
�

xp � xg

� x

� 2

;

Fp(xg+1 ) =
Z xp +� x

xg +� x=2
Sg(xg+1 � x)Sp(x)dx (3.4.4)

=
1
8

+
1
2

�
xp � xg

� x

� 2

+
1
2

xp � xg

� x
;

whereFp(xg) is the fraction of super-particle p that is interpolated to the grid point

g. Note that Fp(xg� 1) + Fp(xg) + Fp(xg+1 ) = 1 and that the opposite process, i.e.

the interpolation of grid cells to super-particles, will provide the same results, hence

Fp(xg) = Fg(xp).

3.4.1 Particle-grid interpolation at the boundaries

The interpolation of super-particle quantities to grid points, and vice-versa, as de-

scribed in 3.4 is already implemented in EPOCH. However, the boundary condi-

tions in EPOCH-LTP change and therefore the particle-grid interpolation at system

boundaries requires a di�erent treatment.

Under open boundary conditions, any particle whose position lies beyond the

simulation domain is removed. However, particles close to the boundary whose

shape functions fall partially outside the boundary, as shown in 3.4, must be treated

with caution. In such cases, the fraction of the shape functions outside the simula-

tion domain is folded back before the interpolation is performed. In this way, the

shape function stays within the simulation domain and its corresponding quantity

is conserved.



3.5. FIELD SOLVER 36

Figure 3.4: Shape functions that fall outside the system boundaries are folded back into the
domain.

3.5 Field solver

The electric and magnetic �elds must be solved as they are needed to integrate the

equations of motion, which include the Lorentz force. This requires a numerical

solution of Maxwell's equations however, in typical capacitively coupled plasma sce-

narios, these equations can be reduced to the electrostatic approximation, which

simpli�es the numerical method and signi�cantly reduces the computational cost.

3.5.1 Electrostatic approximation

In LTPs the time variations of the magnetic �eld are generally negligible, i.e. @B =@t'

0. This assumption in Faraday's Law of induction (equation 2.1.6)

r � E = �
@B
@t

' 0 ! r � E = 0 (3.5.1)

implies that the electric �eld E is irrotational. With this E can be derived from the

gradient of a scalar function

E = �r �; (3.5.2)

which in this case is the electric potential, � .

The potential equation 3.5.2 can in turn be substituted into Gauss Law for

electricity (equation 2.1.8) such that � is a function of the charge density� and is

described by Poisson's equation

r 2� = �
�
"0

: (3.5.3)

With the electrostatic approximation, E and B are decoupled, withE being self-

consistently described by equations 3.5.2 and 3.5.3, andB can be imposed arbitrary

as an external source. Note that time variations inB are allowed as long as variations
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are slower than the characteristic system speed.

3.5.2 Electrostatic �eld solver

In LTP simulation solving for electrostatic �elds is preferable for two reasons. On the

one hand, the numerical model is simpler, since it does not require the calculation of

the electric current densitiesJ . On the other hand, the computational cost is lower

since no currents need to be calculated and the simulation does not need to resolve

to the speed of light c, which would otherwise imply more restrictive conditions on

the cell width � x and the time step � t.

The numerical implementation of an electrostatic �eld solver consists of three

steps. First, the interpolation of charged particles to the grid-points, obtaining a

discretized, spatially distributed, charge density array � . Second, with � as input,

Poisson's equation is solved for the electric potential� . Third, the electric �eld E

is obtained by integrating the gradient in equation 3.5.2.

Note that � , � and E are discretized values at the grid pointsg = 0 ; 1; 2; : : : ; NG

and must be consistent between each other. In EPOCH-LTP these values are located

at the centre of the cell.

Charge density interpolation

The charge density� is calculated by interpolating the charge of the super-particles

onto the NG + 1 grid points that discretize space [129]. The interpolation results in

a charge density array

� =
�
� 0; � 1; : : : � g : : : ; � NG � 1; � NG

�
(3.5.4)

where each value� g represents the charge density at the grid pointg.

The particle-grid interpolation is performed for each super-particle into its neigh-

bouring grid points g � 1, g and g + 1 as follows

� g =
1

� x

NSX

s=1

Wsqs

N s
PX

p=1

Fp(xg)
�

g = 0 ; 1; 2; : : : ; ; NG (3.5.5)

where NS is the number of species,N s
P the number of particle of the given species

s, and qs and Ws are the species charge and super-particle weight, respectively.

The code implementation in EPOCH-LTP is presented in algorithm 1, where the

shape functions described in equations 3.3.1 and 3.3.2 are used.
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Algorithm 1 Computation of the charge density array

1: De�ne charge density array with zero values,
� = 0

2: for Every speciess = 1 ; 2; : : : ; NS do
3: Set super-particle weight,Ws

4: Set charge,qs

5: for Every particle p = 1 ; 2; : : : ; N s
P do

6: Get particle's grid location,
g = FLOOR

�
(xp � xmin )=� x

�

7: Particle-grid interpolation, eq. 3.4.2, 3.4.3, 3.4.4
8: for k = g � 1; g; g+ 1 do
9: � k = � k + F (xk )Wsqs=� x

10: end for
11: end for
12: end for

Poisson's solver for electrostatics

The electric potential is computed using Poisson's equation (equation 3.5.3) dis-

cretized around each cellg

� g+1 � 2� g + � g� 1

� x2 =
� g

"0
(3.5.6)

and solving the set of equations formed by the entire grid system [130]. The matrix

form gathers the NG discretized equations into one linear equation

M � = �
� x2

"0
� ; (3.5.7)

where � , � have NG components andM is a matrix of size NG � NG such that

2

6
6
6
6
6
6
6
6
6
4

b0 c0 0

a1 b1 c1 0

0 a2 b2 c2

: : :

aNG � 2 bNG � 2 cNG � 2

0 aNG � 1 bNG � 1

3

7
7
7
7
7
7
7
7
7
5

2

6
6
6
6
6
6
6
6
6
4

� 0

� 1

� 2
...

� NG � 2

� NG � 1

3

7
7
7
7
7
7
7
7
7
5

= �
� x2

� 0

2

6
6
6
6
6
6
6
6
6
4

d0

d1

d2
...

dNG � 2

dNG � 1

3

7
7
7
7
7
7
7
7
7
5

(3.5.8)

where
ai = 1 ; i = 1 ; 2; :::; NG � 1

b0 = � 1; bi = � 2; i = 1 ; 2; :::; NG � 1

ci = 1 ; i = 0 ; 1; :::; NG � 2

d0 =
� 0

2
+

� +

� x
; di = � i ; i = 1 ; 2; :::; NG � 1:

(3.5.9)
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This is a generalised expression that allows solutions of the form

� = �
� x2

"0
M � 1� ; (3.5.10)

for di�erent electric circuit cases [130]. In EPOCH-LTP this can be solved using

two di�erent solving methods: i) a tri-diagonal method, or ii) using the Portable,

Extensible Toolkit for Scienti�c Computation PETSc library [220], which makes use

of a sparse matrix. The results presented in this thesis use the PETSc conjugate

gradient method with an algebraic multigrid preconditioner.

Two di�erent con�gurations are implemented in EPOCH-LTP that depend on

the external electric circuit: i) the short circuit, in �gure 3.2(a), which is equivalent

to a system with periodic boundaries, and ii) the case where the plasma is bounded

between two electrodes that are connected by an electric circuit that includes a

voltage source and a blocking capacitor, as shown in �gure 3.2(b).

Short circuit For the short circuit con�guration, as in �gure 3.2(a), there is no

potential source, Vs = 0, and no capacitor, i.e. C = 1 , so that there is no potential

drop between the simulation the boundaries,i.e. � 0 = � Ng . With these conditions,

the system of linear equations in 3.5.8 can be readily solved by removing the �rst

row (a1 = b0 = c0 = d0 = 0) [129,130].

In this con�guration the left and right boundaries share the same electrical po-

tential, which is an arbitrary value. Usually they are set to zero, � 0 = � NG = 0.

Therefore, this circuit setup allows to simulate periodic boundaries when particles

leaving one boundary are injected back on the opposite side.

Bounded plasma with voltage source and blocking capacitor. The con�g-

uration of a plasma bounded by two electrodes requires a closed electric circuit, as

shown in �gure 3.2(b). The electrodes are de�ned with a surfaceA � and charge

density � � and one of them acts as reference potential. The electric circuit also

contains a voltage sourceVs(t) and a blocking capacitor of capacitanceC, which

are the control parameters of the external circuit. The presence of a capacitor is

sometimes important as it causes a voltage drop which a�ects the voltage at the

electrode. This is particularly important when simulating non-symmetrical voltage

waveforms (see section 3.11.3).

In �gure 3.2(b) the right electrode is grounded and acts as reference, i.e.� NG = 0

V, and therefore N th
G row in equation 3.5.8 is not required. The opposite electrode

is powered and requires knowing its charge surface density,� + . This is computed

by applying charge continuity balance to its surfaceA+ [130]

� t
+ = � t � � t

+ +
Q� t

conv + Qt
C � Qt � � t

C

A
(3.5.11)
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where, Q� t
conv is the charge deposited by the convection current within a simulation

time step, and Qt
C is the charge deposited by the external circuit at a given timet.

The convection charge is the net electric charge deposition of super-particles, i.e.

the super-particles crossing the simulation boundary inA+ ,

Q� t
conv =

NSX

s

Ws

X

i 2 x i <x min

qs; (3.5.12)

where subscripti refers to those super-particles reaching the powered electrode plate,

i.e. their position is x i < x min .

The external circuit charge, Qt
C , is determined by applying Kircho�'s Law to

the circuit in �gure 3.2(b)

Vs(t) = VC + Vp =
Qt

c

C
+ � 0 � � NG ; (3.5.13)

i.e. the voltage across the sourceVs(t) (control parameter) is equal to the voltage

drop across the plasma (simulation domain),Vp = � 0 � � NG , and the potential drop

across the capacitor,VC = Qt
C =C. The charge accumulated on the capacitorQt

C is

obtained by rearranging equation 3.5.13

Qt
C = C

�
Vs(t) + � NG � � 0

�
: (3.5.14)

Substituting the convection charge, equation 3.5.11, and the external charge,

equation 3.5.14, in the linear system of equation 3.5.8 enables a self-consistent so-

lution of the plasma potential. After these substitutions, the coe�cients b0 and d0

change to

b0 = � 1 �
� xC
A+ "0

d0 =
� t

0

2
+

� t � � t
+

� x
+

Q� t
conv � Qt � � t

C + Vs(t)C
A+ � x

:
(3.5.15)

and only depend on parameters calculated within the current and previous simula-

tion cycle.

The solver requires information from the previous simulation step, namely the

charge surface density at the powered electrode� t � � t
+ and the capacitor charge

Qt � � t
C . Therefore, these two parameters must be initialised at the beginning of the

simulation. The initial surface charge density on the electrode can be assumed to be

zero, � t=0 = 0 C/m 2, as initially no current is 
owing across the circuit. The initial

electric circuit charge is determined from Kircho�'s equation 3.5.13

Qt=0 = Vs(t = 0) =(
1
C

+
1

Cv
): (3.5.16)
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where we assume that the simulation domain initially only contains a neutral gas

and acts as capacitorCv . The capacitance of the simulation domain depends on the

neutral gases permittivity. This is usually close to the vacuum permittivity [221]

and thus

Cv =
"0

L
: (3.5.17)

Electric �eld solver

The electric �eld is computed from the discretized potential equation (equation

3.5.2) [129]

Eg = �
� g+1 � � g� 1

2� x
: (3.5.18)

The �eld values at the boundary grid points have to be treated in a special way,

as the use of neighbouring points is tricky. In case of short circuits, the �eld values

at grid point 0 and NG are the equal adjacent potential points are taken from both

sides of the simulation domain, such that

E0 = ENG = �
� 1 � � NG � 1

2� x
: (3.5.19)

In case of an electric circuit as in �gure 3.2(b), the �eld values at the boundaries

are obtained applying Gauss' law [130]

E0 = E1 �
� x
"0

� 0 + � 1

2

ENG = ENG � 1 +
� x
"0

� NG + � NG � 1

2
:

(3.5.20)

3.6 Integration of the equations of motion

The equations of motion, described in section 2.1.3, are integrated to move the

position x p and velocity vp of a super-particlesp a fraction of time, t ! t + � t. The

integration method used in EPOCH-LTP is a time-centred �nite-di�erence explicit

method, also known as leap-frog method [129]. In the leap-frog method �rst velocity

is moved in time v t � � t= 2
p ! v t +� t= 2

p using a scheme developed by Boris [222], and

then the position is integrated, x t
p ! x t +� t

p using v t +� t= 2
p . Note that x p and vp

are moved in time with an o�set of � t=2 which is required for preserving energy

conservation [129].

Firstly, the Boris scheme moves velocity in time by integrating the Newton-

Lorentz equation 2.1.13. The scheme splits the velocity integration into four steps:

i) half time step linear acceleration due to the electric �eld

v �
p = v t � � t= 2

p + E t
p

qp

mp

� t
2

; (3.6.1)
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ii) rotation due to the magnetic �eld

v �
p = v �

p + v �
p � t p (3.6.2)

v+
p = v �

p + v �
p � sp (3.6.3)

where t p = B t
pqp� t=(2mp) and sp = 2 t p=(1 + t2

p)

iii) half time step linear acceleration due to the electric �eld,

v t +� t= 2
p = v+

p + E t
p

qp

mp

� t
2

: (3.6.4)

Secondly, the particle position is integrated in time using the new velocity value,

x t +� t
p = x t

p + v t +� t= 2
p � t: (3.6.5)

Code implementation

The integration of the equations of motion described above is implemented in EPOCH-

LTP as outlined in algorithm 2. Two comments are worth making about the imple-

mentation.

The equations 3.6.1 to 3.6.4 that push the velocity in time require the �eld values

E t
p = E (x p ; t) and B t

p = B (x p ; t). The magnetic �eld is readily obtained from a

prede�ned continuous function, B (x; t ), however the electric �eld is discretized into

grid points and thus grid-to-particle interpolation, as described in section 3.4, is

required. Considering a 1D space with a top-hat shape function for grid points,

equation 3.3.2, and a triangular shape function for super-particles, equation 3.3.1,

the electric �eld at xp is the sum of the electric �eld in the surrounding cells, g � 1,

g and g + 1, weighted by the corresponding factors given in equations 3.4.2, 3.4.3

and 3.4.4,

Ep = Fg� 1(xp)Eg� 1 + Fg(xp)Eg + Fg+1 (xp)Eg+1 : (3.6.6)

The evaluation of the boundary conditions on each super-particle is done within

the loop of the integration of the equations of motion. This avoids looping twice

over all simulated super-particles and is therefore computationally more e�cient.

Initialisation of particles momenta

The leap-frog method requires that the Newton-Lorentz equations use time-centred

values of velocity and force [129]. As the equations are interdependent, the position

and velocity of the super-particles are out of phase by �t=2. For this reason the

velocity is moved back half a time step at the beginning of the simulation. This is

done by executing the algorithm 2 but with � t ! � � t=2. This causes a time o�set
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Algorithm 2 Integration of Newton-Lorentz equation of motion

1: for Every speciess = 1 ; 2; : : : ; NS do
2: Set species chargeqs and massms

3: for Every particle i = 1 ; 2; : : : ; N s
P do

4: Get particle's grid location, g = FLOOR
�
(xp � xmin )=� x

�

5: E-�eld grid-to-particle interpolation, Ep, eq. 3.6.6,
6: B-�eld, from function de�ned in advance B p = B (xp; t)
7: v t � � t= 2

p ! v t +� t= 2
p using eqs. 3.6.1 to 3.6.4

8: x t
p ! x t+� t

p using eq. 3.6.5
9: Apply boundary conditions, section 3.7

10: end for
11: end for

of � t=2 between position and velocity which allows time-centred integration of the

equations of motion.

3.7 Particle boundary conditions

After integrating the equations of motion, the new position of the super-particles

must be compared with the spatial boundaries of the system. Any particle beyond

these boundaries must be treated according to the boundary conditions. In the 1D

case, where the system is spatially delimited byxmin and xmax (see �gure 3.2),

boundary conditions must be applied to super-particles whenxp > x max or xp <

xmin .

Three types of conditions are considered in this thesis: periodic boundaries,

perfect absorbing walls and non-perfect absorbing walls.

3.7.1 Periodic boundaries

Super-particles leaving the simulation domain are introduced back at the opposite

boundary

if xp < x min then xp ! xp + L; (3.7.1)

if xp > x max then xp ! xp � L; (3.7.2)

where L = xmax � xmin is the system length. Note that only position is changed

while velocity is conserved.

3.7.2 Perfect absorbing walls

For the conditions of perfect absorbing walls any super-particle moving beyond the

simulation domain limits is removed from the simulation environment. The code

implementation in EPOCH-LTP is shown in algorithm 3.
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Algorithm 3 Particle boundary condition: perfect absorbing walls.

1: for Every speciess = 1 ; 2; : : : ; NS do
2: for Every particle p = 1 ; 2; : : : ; N s

P do
3: if xp > x max or xp < x min then
4: Remove particle
5: end if
6: end for
7: end for

3.7.3 Non-perfect absorbing walls

In the case of non-perfect absorbing walls, super-particles moving beyond the simu-

lation domain trigger a particle-wall interaction process, which in this case consists

of secondary electron emission due to ion bombardment or electron re
ection.

These processes are modelled using a Monte Carlo method, as described in al-

gorithm 4. This consists of injecting an electron with a given probability 0 � P < 1

when a charged species leaves the simulation domain. In case of a leaving ion, a

secondary electron is injected with a probability PSEE , and in case of an electron,

it re
ects with a probability PER .

Algorithm 4 Particle boundary condition: non-perfect absorbing walls.

1: for Every speciess = 1 ; 2; : : : ; NS do
2: for Every particle p = 1 ; 2; : : : ; N s

P do
3: if xp > x max or xp < x min then
4: Generate random uniform number,R0

5: if p is electron then
6: if PSEE > R 0 then
7: Electron re-injected. Equations 3.7.3, 3.7.4
8: else
9: Remove particle

10: end if
11: else if p is ion then
12: Remove particle
13: if PER > R 0 then
14: New electron injection. Equations 3.7.3, 3.7.4
15: end if
16: else
17: Remove particle
18: end if
19: end if
20: end for
21: end for
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The velocity and position of the injected electron is de�ned as [223,224]

ve = ve;th

2

6
4

�
p

� 2ln (R1)
p

� 2ln (R2) sin(2�R 3)
p

� 2ln (R2) cos(2�R 3)

3

7
5 (3.7.3)

xe = xmin=max + ve;xR4� t (3.7.4)

where ve;th =
p

kB Te=me is a prede�ned electron thermal speed andR1-R4 are

uniformly distributed random numbers. The injection velocity perpendicular to the

boundary wall (ve;x) follows a Maxwellian 
ux probability function [223] of the form

f (v) / v exp (�
v2

2v2
th

); (3.7.5)

with a � sign depending on whether the electron is injected fromxmin or xmax ,

which ensures that the velocity vector points into the simulation domain. The

velocity terms parallel to the boundary wall ( ve;y, ve;z) have simply a Gaussian

(normal) distribution

f (v) / exp (�
v2

2v2
th

): (3.7.6)

The injection position is not set exactly at the boundary but at a random position

as de�ned in equation 3.7.4. This random placement is an artefact to account for the

motion of the injected electron within the given time-step � t, otherwise non-physical

e�ects would appear [223,224].

3.8 Monte Carlo Collision algorithm

After the integration of the equations of motions the super-particles are \corrected"

in velocity space in order to account for collisions. Collisions between neutral and

charged particles are modelled as a statistical Monte Carlo process. In this section

the Monte Carlo collision (MCC) method and its implementation in EPOCH-LTP

is described.

3.8.1 Collision probability theory

Let us consider a volume fractionV that contains N A super-particles of speciesA

and N B super-particles of speciesB , with particle weight W A and W B , respectively.

The collision frequency of a particlei of speciesA with particles j of speciesB in a

volume V is given by [165]

� AB
ij =

W B

V
gij � AB

T (gij ) (3.8.1)
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wheregij = jv i � v j j is the impact speed between particles, and� AB
T (gij ) is the total

collision cross-section between two particles of speciesA and B . Note that the total

collision cross-section between speciesA and B

� AB
T (gij ) =

NCTX

k=1

� AB
k (gij ); (3.8.2)

is the sum of the NCT collision types possible between these species, e.g. elastic

scattering, excitation, ionisation, etc., and is a function of gij [165]. The collision

frequency of i with any particle of speciesB is the sum of the collision frequencies

of i with each of the j particles

� AB
i =

N BX

j =1

� AB
ij =

W B

V

N BX

j =1

gij � AB
T (gij ): (3.8.3)

The collision frequency� AB
i is of special interest as it is used to calculate the collision

probabilities in the MCC algorithm.

The collision probability for particle i can be estimated with a Taylor expansion

for a given time fraction � t [165] as

PAB
i = exp

�
�

Z � t

0
� AB

i dt
�

' � AB
i � t =

W B

V

N BX

j =1

gij � AB
T (gij )� t; (3.8.4)

as long as the time fraction is small enough

� t � 1=� AB
i : (3.8.5)

The equation 3.8.4 allows the numerical evaluation of the collision event un-

dergone by particle i within � t using a Monte Carlo statistics. This requires the

evaluation of all possible combinationsgij that constitute the total collision fre-

quency, which can be computationally expensive. Nevertheless, the computational

cost can be reduced using the null collision method.

3.8.2 Null collision method

The null collision method, �rst proposed by Vahedi et al [175] for LTP simulations,

includes an additional null collision type to the collision set such that the total

collision frequency is energy independent, i.e. it does not depend on the impact

velocity g. This allows an estimate of the collision events that can occur in � t

without evaluating every super-particle in the system, and reduces this evaluation

to just a small fraction of all possible ij interactions.

A null collision type, with cross-section � AB
null (g), can be added to the total colli-
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sion cross section, in equation 3.8.2, such that the product ofg and � AB
T is constant

for any value of gij ,

gij � AB
T (gij ) = ( g� )AB

max = constant : (3.8.6)

The value of (g� )AB
max must be estimated in advance, and is usually determined from

the collision cross-section data. The resulting collision probability, described in

equation 3.8.4, is then valid for any particle of speciesA without having to calculate

every gij ,

PAB
max = � AB

max � t = nB (g� )AB
max � t; (3.8.7)

where nB = N B W B =V is the number density of speciesB in the volume fraction

V . This allows to estimate the number of collision events that will happen between

speciesA and B within � t

N AB
max = PAB

max NA : (3.8.8)

Once N AB
max is established, the next step is to determine what type of collisions

take place. For this, N AB
max pairs of speciesA (subscript i ) and B (subscript j ) are

randomly selected and, for each of these pairs, the impact speedgij and the cross-

sections for the di�erent collision types, � AB
k in k = 1 ; 2; : : : ; NCT , are computed.

Each k-th collision type has a probability

PAB
k = gij � AB

k (gij )=(g� )AB
max : (3.8.9)

As the last step, the collision dynamics of theij pair undergoing thek-th collision

type are executed. In case the selected collision type is the null collision, theij

particles do not undergo a collision, and so the overestimation caused by adding

� AB
null to � AB

T is compensated. The dynamics of the remaining collision types, e.g.

elastic scattering, or excitation and ionisation processes, are treated in the following

sections.

3.8.3 Hard-sphere collision dynamics

In this thesis the colliding particles are treated as perfect solid spheres. The system

of two particles i and j with momenta pi = mA v i and pi = mB v i , is studied from

the centre-of-mass (CM) frame of reference

pi=j = mA=B u CM � p CM
i=j = mA=B u CM � � gij (3.8.10)

wherep CM = � gij is the momentum with respect to the CM frame of reference,� =

mA mB =(mA + mB ) is the reduced mass, andu CM is the CM velocity. The CM frame

of reference is convenient because the colliding particles have the same magnitude

but opposite directions, pCM
i = � pCM

j , and u CM is invariant. Therefore, the
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change in momentump ! p0 caused by a collision

p0
i=j = mA=B u CM � p0CM

i=j = mA=B u CM � � g0
ij (3.8.11)

is only re
ected in pCM and thus only requires the post-collision impact speed

vector g0
ij . The magnitude of g0

ij is determined by solving the energy conservation

equation

1
2

(mA + mB )u2
CM +

1
2

�g 2
ij =

1
2

(mA + mB )u20

CM +
1
2

�g 20

ij + E; (3.8.12)

so that

g0
ij =

s

g2
ij �

2E
�

; (3.8.13)

where E is the energy consumed during an inelastic process, e.g. excitation or

ionisation. The scattering direction of g0 = g0R̂ is determined by an unit random

vector [165]

R̂ =
R
jR j

; R = (2 R1 � 1; 2R2 � 1; 2R3 � 1); (3.8.14)

where 0� R1; R2; R3 < 1 are uniform random numbers. Note that R̂ only applies

to isotropic scattering.

The post-collision momentum is obtained replacingg0 = g0R̂ in 3.8.11

p0
i=j = mi=j u CM � R̂

s

g2 �
2E
�

: (3.8.15)

This expression is valid for any two-body collision and is applied to the collision

types described in the following section.

3.8.4 Collisions types

The collision types considered in this thesis are elastic scattering, electron impact

excitation, electron impact ionisation, and ion-neutral charge-exchange.

Elastic scatterings, can occur between electrons and neutrals,e + N ! e + N ,

and between ions and neutrals,i + + N ! i + + N , where e refers to electrons,i + to

ions and N to neutral species. These reactions only transfer momentum and total

energy is conserved, thusE = 0.

Electron impact excitation, e+ N ! e+ N 0. The neutral N transits to a higher

energy stateN 0, and thus E > 0. Only pairs with kinetic energy 1
2 �g 2 � E are able

to undergo this process.
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Electron impact ionisation, e + N ! 2e + i + . An electron is ripped o� the

neutral causing a loss of kinetic energy. Therefore an energy threshold,E > 0,

is required for the ionisation process to happen and only pairs with a kinetic en-

ergy 1
2 �g 2 � E are able to undergo this process. In the post-collision state, the

momentum and energy balance must account for a new electron [165]

vCM 0

e1
me + vCM 0

e2
me + ( mi � me)vCM 0

i = 0 (3.8.16)

1
2

me(vCM 0

e1
)2 +

1
2

me(vCM 0

e2
)2 + E =

1
2

�g 2; (3.8.17)

where the subscriptse1, e2, and i refer to the impacting electron, the new electron-

ion pair, respectively, and the superscript CM denotes vectors in the CM frame

of reference. Note that the ion energy in equation 3.8.17 is neglected under the

assumption that me � mi [165].

The electron post-collision energy is split randomly between the two electrons

1
2

me(vCM 0

e1
)2 = R(

1
2

�g 2 � E )

1
2

me(vCM 0

e2
)2 = (1 � R)(

1
2

�g 2 � E );
(3.8.18)

where 0� R < 1 is a random number. Assuming isotropic scattering, the velocity

vectors in the rest frame are formed in the same way as in equations 3.8.14 and

3.8.15

v0
e1

= u CM + vCM 0

e1
R̂ 1

v0
e2

= u CM + vCM 0

e2
R̂ 2

v i 0 = u CM �
(v0

e1
+ v0

e2
)me

mi � me
;

(3.8.19)

where R̂ 1 and R̂ 2 random unitary vectors. The post-collision ion velocity vector is

given by the equation 3.8.16.

Ion-neutral charge-exchange, or backscattering, i + + N ! N + i + . The ion

and neutral exchange an electron so that the ion becomes the neutral and vice-

versa. This collision is simpli�ed as an elastic process in which the ion and the

neutral exchange their momentum vectors, but without any energy loss due to the

exchange of the electron, and thereforeE = 0.

3.8.5 Cold gas approximation

For collision between electrons and neutrals, where typicallyme � mN and ve � vN ,

the neutral velocity can be neglected, such that the impact speedg ' ve. This

assumption is called thecold gas approximationapproximation, as it assumes that
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neutrals are at TN ' 0 K. Its main advantage is that it simpli�es the computation of

the collision dynamics, as electron-neutral collisions can be treated at the laboratory

frame of reference and no information of the neutral is required.

The numerical method for electron-neutral collision dynamics with the cold gas

approximation is brie
y described here. A more detailed description can be found

in [174,175].

Electron-neutral elastic collision. The scattering of an incident electron can

be described by two angles, as shown in �gure 3.5 for� and  . The �rst angle, � ,

Figure 3.5: Sketch of the electron incident (red) and scattering (green) vectors. The direction of
the scattering vector can be de�ned with respect to the incident vector by the angles � and  .

sets the angle between the incident and scattering velocity vectors, and the second,

 , determines the azimuthal position of the scattered vector around the incident

angle. If the collision is isotropic the scattering angles are uniformly distributed, so

that
� = 2 �R 1

 = 2 �R 2

(3.8.20)

where R1=2 are random uniform numbers. With � and  de�ned the electron scat-

tering unit vector is determined geometrically

v̂0 =
v0

jv0j
= v̂ cos� + v̂ � î

sin � sin  
sin �

+ v̂ � (î � v̂ )
sin � sin  

sin �
(3.8.21)

wherev̂ = v=jv j is the electron incident unit vector, î is a reference frame unit vector,

e.g. Cartesianx-direction, and � is the angle between̂v and î .After determining the
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scattering vector the post-collision electron energy is

Escat =
�
1 �

2me

mN
(1 � cos� )

�
E inc ; (3.8.22)

where E inc = 1=2mev2
e is the incident electron energy. Finally, the velocity of the

post-collision electron is

v0 =

r
2Escat

me
v̂0 (3.8.23)

Electron impact excitation and ionisation. The calculation is similar to the

elastic scattering described with equations 3.8.20 to 3.8.23. The energy balance

however only accounts for excitation and ionisation losses,E ,

Escat = E inc � E (3.8.24)

and neglects losses due to spatial scattering factors as the former dominate. In case

of an ionisation process the post-collision energy is split randomly between the two

electrons, as described in equation 3.8.18. The vector of the new ion is generated

from the background gas energy distribution function.

3.8.6 Simulation of the neutral species

EPOCH-LTP implements neutral species in two di�erent ways, as a continuous

background �eld and as super-particles.

Neutral background �eld, the species is described by a density functionnN =

nN (x ; t) and a velocity distribution function, f N = f N (v; t) which are called when

necessary. The number density function is used to estimate collision events, in

equation 3.8.7, and the velocity distribution function is used to generate velocity

vectors that are required in the evaluation of collision events. The use of the neutral

background �eld is well established in LTP PIC simulations [9, 10, 12, 174, 175, 177,

225], as it avoids simulating neutral species and provides accurate results as long as

the neutral gas density is signi�cantly larger than the plasma density, nN � np.

Neutral super-particles, in this case the neutral gas is simulated with super-

particles, where each super-particle represents a fractionW of the gas. Because of

the low ionisation degree of LTPs,� iz � 1, the neutral gas density is much higher

than the plasma and therefore it is convenient to simulate the former with larger

super-particle weights, as this reduces the computational costs. However, in such

cases the collision dynamics must account for this weight di�erence.

When the particle weight of the colliding species is equal,W A = W B , the col-

lision frequency of a super-particlei (speciesA) interacting with a super-particle
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j (speciesB ) is the same as of the super-particlej colliding with i , � AB
ij = � BA

ji

(see equation 3.8.1), and thus the estimation of collision events for speciesA and

B is equal, N AB
max = N BA

max . However, when the species have di�erent particle

weights, W A 6= W B , the estimation of collision events is di�erent, N AB
max 6= N BA

max .

This inconsistency is resolved by selecting the highest number of collision events,

Nmax = max( N AB
max ; N BA

max ), and, for each event, performing an additional Monte

Carlo evaluation on each particle involved in the collision.

After calculating the post-collision momentum vectors, the momentum of the

involved super-particles changes according to the probability given by the super-

particle weight ratio [165]

PA
i =

W B

W AB
max

(3.8.25)

PB
j =

W A

W AB
max

: (3.8.26)

where W AB
max = max( W A ; W B ). This additional evaluation balances out the overes-

timation of collision events on the species with super-particle of larger weight.
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3.8.7 Monte Carlo collision implementation in EPOCH-LTP

The MCC algorithm is implemented in two steps in EPOCH-LTP. The �rst step

consists of preparing the MCC method and loading it for optimal use in the main

simulation loop. The second part executes the MCC algorithm within the main

simulation loop, as shown in �gure 3.1.

Initialisation of the MCC method

The initialisation of the MCC method, as described in algorithm 5, loops through

the colliding species pairsA-B and for each collision typek it loads data from an

input �le. The input �le contains the required data for de�ning the collision process:

Algorithm 5 Setup Monte Carlo collision method in EPOCH-LTP

1: for SpeciesA = 1 ; 2; : : : ; NS do
2: for SpeciesB = A; : : : ; N S do
3: for Collision type k = 1 ; : : : ; N AB

CT do
4: Identify collision type
5: Identify reactants and products
6: Read threshold energy,E AB

k
7: Read cross-section data table, (E AB , � AB

k ) i 2 i = 1 ; 2; : : : N k
table

8: Read various: data units, output name, etc.
9: Convert energy into impact speed data,E ! gAB =

p
2E AB =�

10: Prepare cross-section data, (gAB ; gAB � AB
k ) i 2 i = 1 ; 2; : : : N k

table
11: end for
12: Set max. super-particle weight,W AB

max
13: Compute (g� )AB

max
14: end for
15: end for

the collision type, the reacting and product species, the collision threshold energy;

data tables for cross-section with respect to energy, and some additional data such as

units of the data and output label. The energy and cross section data, are converted

into impact speed E AB ! gAB =
p

2E=� , and � AB ! gAB � AB as these forms are

more convenient for data interpolation and probability calculations (equation 3.8.9)

required during the simulation. Once all collision data for a given species pairA-B

is loaded, W AB
max is set, and (g� )AB

max is computed, using the available data tables

(gAB ; gAB � AB
k ) i 2 i = 1 ; 2; : : : N k

table; k = 1 ; 2 � � � N AB
CT , where N k

table is the number of

data points in the cross-section data table of collision typek.



3.8. MONTE CARLO COLLISION ALGORITHM 54

Algorithm 6 Monte Carlo collision algorithm in EPOCH-LTP

1: Sort super-particles by position in grid cells
2: for SpeciesA = 1 ; 2; : : : ; NS do
3: for SpeciesB = A; : : : ; N S do
4: for Grid cell c = 1 ; 2; : : : ; NG do
5: Species densities,nA

c = N A
c W A =� x, and nB

c = N B
c W B =� x

6: Max. collision events (real), N AB R

max;c = nA
c nB

c (g� )AB
max � t=W AB

max

7: Max. collision events (integer), N AB
max;c = ceiling( N AB R

max;c )

8: Boyd factor, f B = N AB R

max;c =NAB
max;c

9: for each collision pair 1; 2; : : : ; N AB
c do

10: Random particle i from speciesA in cell c, vA
i

11: Random particle j from speciesB in cell c, vB
j

12: Impact speed,gAB
ij = jvA

i � vB
j j

13: for each collision typek = 1 ; 2; : : : ; N AB
CT do

14: Interpolate gAB
ij � AB

k (gAB
ij ) from tabular data

15: Collision probability, PAB
k = f B gAB

ij � AB
k (gAB

ij )=(g� )AB
max

16: end for collision types k
17: Uniform random number, R1

18: for each collision typek = 1 ; 2; : : : ; N AB
CT do

19: if
kP

t=1
PAB

t > R 1 >
k� 1P

t=1
PAB

t then

20: Uniform random number, R2

21: if W B =WAB
max > R 2 (eq. 3.8.25)then

22: Execute collision type k on particle i (speciesA)
23: end if
24: if W A =WAB

max > R 2 (eq. 3.8.26)then
25: Execute collision type k on particle j (speciesB )
26: end if
27: Exit collision type k for-loop
28: end if
29: end for collision type k
30: end for collision pairs
31: end for grid cell g
32: end for speciesB
33: end for speciesA
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MCC method in the main simulation loop

The implementation of the MCC algorithm in the main simulation loop is described

in algorithm 6. The execution of the MCC algorithm has been extensively described

in section 3.8, which consists of estimating a number of collision events and, for

each collision event, selecting random pairs of superparticles, interpolating their

corresponding cross section value, determining the collision type and calculating the

collision dynamics. However, there are some computational aspects that are worth

highlighting.

Before the MCC algorithm is actually executed, the super-particles are sorted

by their position in the grid cells so that density calculations and super-particle

selection can be performed quickly and e�ciently.

Once the super-particles are sorted, the estimation of collision events is conducted

on each grid cellc

N AB R

max;c =
nA

c nB
c

W AB
max

(g� )max � t (3.8.27)

is conducted usingW AB
max to account for di�erent super-particles weights. In case the

neutral species, for instance speciesB , is de�ned as a background �eld the density

is obtained from a density function, nB
c = nB (xc), and W AB

max = W A . BecauseN AB R

max

is a real number it must be rounded to an integer

N AB
max = ceiling( N AB R

max ) (3.8.28)

and this implies that the number of collision events is slightly overestimated. There-

fore, the real-to-integer conversion rate is stored in the factor

f B =
N AB R

max

N AB
max

; (3.8.29)

called hereBoyd factor, which is used later to compensate for the rounding error

[226].

Once N AB
max is determined, collisions are executed in randomly selectedij super-

particle pairs. For each ij pair, the impact speed gij is computed and used to

linearly interpolate the gAB � AB (gij )k values for eachk = 1 ; 2; : : : ; N AB
CT collision

type. The gAB � AB (gij )k values are used to determine the probability of eachk-th

collision type, PAB
k , using equation 3.8.9, howeverPAB

k must be rated with the Boyd

factor [226]

PAB
k = f B

gAB
ij � AB

k (gAB
ij )

(g� )AB
max

: (3.8.30)

Whether the collision type k will be executed for the given ij pair is given by
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the following condition
k� 1X

t=1

PAB
t � R <

kX

t=1

PAB
t (3.8.31)

whereR is a uniform random number generated to evaluate this expression. Once the

k-th collision type is determined the corresponding subroutine is called to compute

the collision dynamics.

In the distinct cases where both species are super-particles, and not a background

�eld, each particle is evaluated with the probabilities described in equations 3.8.25

and 3.8.26.

3.9 Simulation stability and accuracy conditions

Spatial and temporal discretization are essential in PIC methods to obtain a nu-

merical solution. However, discretization cannot be arbitrary, but has a number

of constraints to ensure that the numerical results are stable and physically accu-

rate. Here we describe the main constraints that must be taken into account when

performing simulations with a PIC model.

3.9.1 Grid cell constraints

The spatial discretization of space must ensure that the cell width � x is smaller than

the Debye length, � x < � D . This ensures that the smallest features in a plasma,

such as sheaths, are resolved.

It is also important to note that both the length of the simulation domain L and

� x limit the wavelengths that can be resolved. The smallest wavelength that can

be solved is� min = 2� x, while the longest wavelength is� max = L [129].

3.9.2 Time step constraints

The following time step restriction must be ful�lled:

ˆ The Courant-Friedrichs-Lewy (CLF) condition

� t <
� x

vmax
; (3.9.1)

ensures that simulated particles do not move more than a one grid cell within

a time step.

ˆ Plasma characteristic frequencies must be resolved [129],

� t <
�
! p

(3.9.2)
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where ! p should be the natural mode with the highest frequency that may

be present in a plasma: the electron plasma frequency! pe =
p

e2ne=me"0,

the electron cyclotron frequency 
 e = eB=me, the upper hybrid frequency

! UH =
q

! 2
pe + 
 2

e, the upper cut-o� frequency ! 1 =
q


 2
e=4 + ! 2

pe + 
 e=2,

etc. [227]. Any other externally driven excitation frequency ! d should be also

resolved following the condition in 3.9.2.

Similar to the grid discretisation, the time discretisation imposes constraints on

the range of frequencies that can be resolved. The lowest frequency resolved is given

by the simulation time f low = 1=tend, while the highest frequency is given by the

time step f high = 1=2� t.

3.9.3 Accuracy conditions for collision modelling

In PIC models the MCC method is applied as a separate step in the simulation

cycle, after the integration of motion, as shown in �gure 3.1. This decoupled imple-

mentation of collisions is physically accurate only if [165]

ˆ � t � � � 1,

ˆ the CFL condition described in section 3.9.2 is ful�lled, and

ˆ changes in the super-particle speed are much smaller that the original speed,

� t jFL j=m � j v j.

3.10 Inductive heating method

3.10.1 Inductive heating method from Meige et al

The use of electrostatic �eld solvers has several advantages for the simulation of

LTPs, but its main limitation is that the electric and magnetic �elds are not self-

consistely solved. This hinders the simulation of, for instance ICPs, as they are

heated by currents induced by an oscillating magnetic �eld, which are assumed to

be negligible in electrostatic solvers as described in section 3.5.1.

To overcome this limitation, Meige et al developed a heating method that re-

places the currents induced by a magnetic �eld and allows inductive-like heating

e�ects in 1D3V electrostatic PIC simulations. This method has proved useful and

has been implemented in the context of inductively coupled plasma research [228,229]

and space propulsion research [230]. Therefore a similar method is implemented in

EPOCH-LTP to investigate inductive currents in HF CCPs.

The inductive heating model from Meige et al is based on Ampere-Maxwell's

law (equation 2.1.7), which describes that the total induced current density

J (x; t ) = Jdisp (x; t ) + Jcond(x; t ); (3.10.1)
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is composed of a displacement current

Jdisp (x; t ) = "0
@Ey(x; t )

@t
; (3.10.2)

caused by time variations in the electric �eld Ey(x; t ), and by conduction current

Jcond(x; t ) =
X

s

qs� y;s(x; t ); (3.10.3)

caused by transport of electric charges. Note that"0 is the vacuum permittivity, Ey

is the electric �eld responsible for the displacement current, and the subscripts refers

to a given species that carries an electric chargeqs, has a particle 
ux � y;s = ns �vy;s,

a number density ns and a mean velocity �vy;s in the perpendicular direction.

Figure 3.6: Simulation environment for a 1D PIC method with the inductive heating method
developed by Meige et al [8].

The implementation of the inductive heating method in a 1D3V PIC model as

in [8] is sketched in �gure 3.6. It consists of imposing a sinusoidal current density

function J (t) = J0 sin(!t ) over an arbitrary spatial extent L S and computing Ey

from equation 3.10.1 using 3.10.2 and 3.10.3

Z
Eydt =

1
"0

Z "

J (x; t ) �
X

s

qs� y;s(x; t )

#

dt: (3.10.4)
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The discretization of equation 3.10.4 for its numerical implementation is

E t+� t
y = E t

y + � t

"

J (t) �
eWe

L S

X

i 2 source

ve;y;i

#

(3.10.5)

where W e is the weight of electron super-particles andvey; i is the velocity term

in the y-direction of i -th electron within the source region L S. The resulting Ey is

then used in the integration of the particle equations of motion such that inductive

heating e�ects are re
ected in the particle kinetics.

Although induction heating can be simulated with this method, the electromag-

netic �eld is not self-consistently resolved and therefore electrostatic approximations

prevail. Therefore, electromagnetic e�ects such as the skin depth e�ect cannot be

observed with this method.

3.10.2 Inductive heating method in EPOCH-LTP

The heating method implemented in EPOCH-LTP is based on the work of Meigeet

al [8] described in section 3.10.1, but has been further developed to improve spatial

resolution.

In the work of Meige et al [8] Ey is calculated globally over the whole induc-

tive source length L S, whereas the method implemented in EPOCH-LTP executes

Meige's model on each grid celli . This improves the spatial resolution, enabling

interactions between plasma and induced currents to be taken into account when

there are large spatial variations in the plasma, such as in the case of sheaths.

Figure 3.7: The implementation scheme of the inductive heating method (black blocks and text)
within EPOCH-LTP's simulation loop (grey).

The implementation of the heating method in the main simulation loop of EPOCH-

LTP is as shown in �gure 3.7. For each time stept ! t + � t and for each grid cell

i , it does as follows:
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1. Computation of the plasma conduction current, making use of equation 3.10.3

Jcond(x i ; t) =
X

s

qs� y;s(x; t ) =
X

s

qs
W s

� x

X

j 2 x i

vs
y;j : (3.10.6)

2. Computation of the perpendicular electric �eld time di�erential, using equa-

tions 3.10.1 and 3.10.2

@Ey(x i ; t)
@t

=
1
"0

�
J (x i ; t) � Jcond(x i ; t)

�
: (3.10.7)

3. Integration of the electric �eld applying an implicit Euler method

Ey(x i ; t) = Ey(x i ; t � � t) +
@Ey(x i ; t)

@t
� t: (3.10.8)

Note that the time integration of Ey requires an initial condition at t = 0

which, assuming no initial induced �eld, is set to Ey(x i ; t = 0) = 0.

With regards to the time resolution, the numerical implementation is executed

for each simulation cycle,t ! t + � t, and the CFL time restriction (see section 3.9)

is considered to ensure su�cient accuracy and stability.

3.11 Validation problems

EPOCH-LTP has been validated with four di�erent test problems that ensure the

code is working as expected. The test cases have been selected from the existing

literature on problems that are considered to be well known. The test problems

proposed are: CCPs operated in helium, between 4-133 Pa, and 450-120 V, from

Turner et al [9] where the most important plasma physics blocks and diagnostics

are tested; a CCP operated in argon, at 10 Pa, and 250 V, from Donkoet al [10] which

is a similar problem to the previous ones but operated in argon; CCPs operated in

argon, between 1-10 Pa, and 350 V from Schulenberget al [11] that includes non-

perfect absorbing walls and compares against numerical and experimental data; a

non-sinusoidal CCP operated in argon, 10 Pa and 300 V from Refs. 12, 13, that is

used to test the e�ects of an external blocking capacitor; and an ICP operated in

argon at 10 Pa from [8] to test the inductive heating method.

The test problems presented have similar simulation setups and execution meth-

ods. The simulation setup consists of a 1D domain bounded between two electrodes.

In the case of the CCPs, the simulation setup is as sketched in 3.2(b), with the left

electrode powered by an oscillating potential source,Vs(t), and the right boundary

grounded. In case of the ICP, the simulation setup is as sketched in 3.7, with both

electrodes grounded. The initial super-particles loaded follow a uniform spatial dis-

tribution and a Maxwellian energy distribution. The simulations are run until the
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problem converges to a steady state condition where the bulk plasma and sheath

regions are identi�ed. The steady state is reached when there is an equilibrium

between particles lost across boundaries and particles gained through ionisation

processes. Therefore, the convergence of the simulation can be assessed by following

the evolution of the number of super-particles present with time. Once the number

of super-particles is constant over time, the plasma has reached a steady state and

can be diagnosed. The results collected from the simulations are taken once the

plasma has reached steady state and averaged over a time de�ned asaverage time

in the tables listing the simulation parameters.

3.11.1 Helium capacitively coupled plasmas

Four di�erent CCP cases operated in helium, based on the experimental work in

Ref. 137, are de�ned by Turner et al [9] as benchmark problems to test 1D3V

electrostatic PIC codes with MCC. The validation is conducted by comparing the

ion (He+ ) density simulation results, ni , with mean �ni and standard deviation �

data, that is provided in Ref. 9. This data enables a quantitative evaluation us-

ing a � 2 distribution function. The validation is considered to be successful if the

corresponding� 2 value

� 2 =
X

g

jni (xg) � �ni (xg)j2

� i (xg)2 ; (3.11.1)

is within the given con�dence range, listed in the �rst two lines of table 3.1. If the � 2

values are within these ranges, there is a high probability that the code is consistent

with PIC codes already established in the LTP research community.

Table 3.1: Ion density spatial pro�le � 2 values for the helium CCP test cases 1 to 4. The �rst
two rows are the con�dence ranges provided in Ref. 9. The following two rows list the results from
EPOCH-LTP with the MCC method described in section 3.8 and with the cold gas approximation
(section 3.8.5), respectively.

Case 1 2 3 4
95% 55-303 177-435 405-693 417-665
99% 48-405 160-548 382-798 392-730
EPOCH-LTP 807 4427 7153 2946
EPOCH-LTP (Cold gas approx.) 116 362 530 586

The simulation parameters for the cases 1 to 4 are detailed in Ref. 9 and listed

in table 3.2 as they are used in EPOCH-LTP. They also including the collision set

listed in table 3.3, and using the cross-section data provided in Ref. 9, which are

plotted in �gure 3.8. The benchmarking problems are executed twice: a �rst run

using the MCC method described in section 3.8; and a second run implementing

the MCC cold gas approximation (described in section 3.8.5), as used in Turneret

al [9].
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Table 3.2: Simulation parameters for helium CCP test cases which are similar to that in Ref. 9.
The corresponding results are shown in �gures 3.9 and 3.10.

Simulation parameters Value

Case 1 2 3 4

Gas species Helium

Gas pressure,P [Pa] 4 13 40 129

Gas density, nN [1020m� 3] 9.64 32.1 96.4 321

Gas temperature,TN [K] 300

Voltage waveform sin(2�f t )

Voltage amplitude, Vs [V] 450 200 150 120

Frequency, f [MHz] 13.56

Blocking capacitor, C [nF/m 2] N/A

Electrode gap,L [m] 0.067

Grid cells, NG 128 256 512 512

Time step, � t [s] 400/f 800/f 1600/f 3200/f

Simulation time [s] 1280/f 5120/f 5120/f 15360/f

Average time [s] 32/f

Init. super-part./species/cell 512 256 128 64

Initial plasma density, nP [1014m� 3] 2.56 5.12 5.12 3.84

Initial Ti [K] 300

Initial Te [K] 30.000

Boundary conditions Perfect abs. walls
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Table 3.3: Helium collisions implemented in the MCC model. Eexc and E ion are the excitation
and ionisation energy thresholds, respectively.

Reaction Description Ref.

1 e + He ! e + He Electron-neutral elastic collisions 9,231

2 e + He ! e + He Electron impact excitation ( Eexc = 19:82 eV) 9,231

2 e + He ! e + He Electron impact excitation ( Eexc = 20:61 eV) 9,231

3 e + He ! 2e + He+ Electron impact ionisation (E ion = 24:587 eV) 9,231

4 He + He+ ! He + He+ Ion-neutral elastic collision 9,232

5 He + He+ ! He+ + He Ion-neutral charge exchange 9,232

Figure 3.8: Cross sections ofe + He and He+ + He collisions. The number in brackets in the
legend corresponds to the reaction number in Table 3.3.
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The simulation results for the spatial ion density pro�le are shown in �gure

3.9a). The density peaks between 1014 and 3 � 1016 m� 3 show that the plasma is

Figure 3.9: Spatial variation in the ion (a) and electron (b) density for the helium CCP test
problems de�ned in table 3.2. The red-dashed lines are EPOCH-LTP results, and the blue-dotted
lines are EPOCH-LTP with the cold-gas approximation. Black-solid lines are the results from Ref.
9.

formed by a central bulk region of higher density surrounded by two sheaths, where

the plasma density drops by up to an order of magnitude at the electrodes. The

simulation results for the spatial electron density pro�le are shown in �gure 3.9b).

As expected, they are in good agreement with the results in Ref. [9].

The results with both MCC implementations, with and without cold gas approx-

imation, are qualitatively in excellent agreement with the results in Ref. 9. There

is however a better agreement of the results with the cold gas approximation (blue-

dotted lines) that is con�rmed when applying equation 3.11.1 to the results. This

is expected as the benchmarking problems are designed using the cold gas approxi-

mation. The � 2 results are listed in table 3.1 and these show that simulations with

the cold gas approximation are within the 95% con�dence range provided in Ref. 9.

Results of the electron and ion power absorption, and ionisation rate spatial

pro�les, and the electron energy distribution function (EEDF) at the mid-plane are

shown in �gure 3.10. The electron power absorption,Pabs;e = hJx;eEx i in �gure

3.10(a), peaks at the interface between the sheath and the bulk of the plasma. The

ion power absorption, Pabs;i = hJx;i Ex i in �gure 3.10(b), shows large energy gains

in the regions of the sheath where the ions are accelerated by the large potential

gradients. The ionisation rate, Rion = neh� eN
ion i in �gure 3.10(c), is most important

where the electrons gain the most energy and, therefore, these regions coincide with

the electron power absorption peaks. The EEPF results, in �gure 3.10(d), show

that the stochastic heating leading to high-energy tails is of less importance with

increasing pressure, decreasing applied voltage amplitude, and wider bulk plasma

regions. In general, the results presented in �gure 3.10 are as expected and are in

good qualitative agreement with the results presented in Ref. 9 (black lines). There
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Figure 3.10: Spatial variation in the (a) electron power absorption, (b) ion power absorption,
and (c) ionisation rate for the helium CCP test problems de�ned in table 3.2. Correspondingly in
(d) the EEPF measured at the midplane ( x = 3 :35 cm). As described in the legend to �gure b, case
1 is shown in blue, case 2 in red, case 3 in green and case 4 in yellow. The results of Turneret al9
(black lines) are described in the legend to �gure (d).

are some discrepancies between the results of EPOCH-LTP and Ref. 9, mainly in

the electron power absorption peaks and in the EEPF at higher energies, but these

are considered to be small and are mainly related to the fact that EPOCH-LTP does

not use the cold gas approximation.

In summary, the results presented in �gure 3.9 and in table 3.1 show that the

simulation results of the benchmarking problems proposed by Turneret al [9] are

satisfactory and bring EPOCH-LTP in line with well-established PIC models. The

diagnostics of ion density, electron and ion power absorption, ionization rate and

EEPF, shown in �gure 3.10, con�rm that EPOCH-LTP is performing as expected.

Therefore, it can be con�rmed that the �eld solver, the integrator of equations of

motion and the MCC algorithm, with a helium background �eld, in EPOCH-LTP

are performing as expected.

3.11.2 Argon capacitively coupled plasmas

The validation process of EPOCH-LTP is extended by simulating argon CCPs stud-

ied by Donko et al [10] and Schulenberget al [11]. These test cases are used to verify

three aspects of the code. Firstly, to ensure that argon plasmas are simulated cor-

rectly. Secondly, to validate non-perfect absorbing wall boundaries. Thirdly, to vali-

date ion 
ux energy distribution function (IF-EDF) on electrodes and phase-resolved

plasma parameters, as these are important diagnostics in research on plasmas with
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industrial applications.

The following simulations use the collision set listed in table 3.4 and plotted in

�gure 3.11.

Table 3.4: Argon collisions implemented in MCC model. Eexc and E ion are the excitation and
ionisation energy thresholds, respectively.

Reaction Description Ref.
1 e + Ar ! e + Ar Electron-neutral elastic collisions 233
2 e + Ar ! e + Ar Electron impact excitation ( Eexc = 11:5 eV) 234
3 e + Ar ! 2e + Ar + Electron impact ionisation (E ion = 15:76 eV) 233
4 Ar + Ar + ! Ar + Ar + Ion-neutral elastic collision 232
5 Ar + Ar + ! Ar + + Ar Ion-neutral charge exchange 232

Figure 3.11: Cross sections ofe + Ar and He + + Ar collisions. The number in brackets in the
legend corresponds to the reaction number in Table 3.4.

Characterization of an argon capacitively coupled plasma

The problem proposed in Ref. 10 is simulated to characterise an argon CCP. The

simulation parameters are described in table 3.5.

The results of the steady state electron and ion (Ar+ ) densities and plasma

potential, in �gure 3.12, show a symmetrical plasma surrounded by two sheaths.

The densities, in �gure 3.12(a), are equal at the bulk plasma and peak atne '

ni � 7 � 1015 m� 3. At the sheaths, quasi-neutrality is broken and electrons and ions

present di�erent density drop rates, as expected. The EPOCH-LTP density results

(coloured lines) show a discrepancy of� :7% with the results presented in Ref. [10].

Considering that there are signi�cant di�erences between the codes, e.g. di�erences

in the collision method, in the cross section data, in the �eld solver method, and
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Table 3.5: Simulation parameters for argon CCP test case which is similar to that in Ref. 10.
The corresponding results are shown in 3.12.

Simulation parameter Value
Gas species Argon
Gas pressure,P [Pa] 10
Gas temperature,TN [K] 350
Voltage waveform, Vs(t) V0 sin(2�f t )
Voltage amplitude, V0 [V] 250
Frequency, f [MHz] 13.56
Blocking capacitor, C [nF/m 2] N/A
Electrode gap,L [m] 0.025
Grid cells, NG 400
Time step, � t [s] 1:2 � 10� 11

Simulation time [s] 4000/f
Average time [s] 1000/f
Initial super-part./species/cell 32
Weight, W [part./m 2] 7 � 108

Initial Ti [K] 350
Initial Te [eV] 2
Boundary conditions Perfect abs. walls

Figure 3.12: Spatial variation in the (a) electron and ion (Ar + ) densities and (b) plasma potential
for the test problem based on Ref. 10. Operation parameters are described in table 3.5.

that small variations in the de�nition of the simulation parameters have an impact

on the �nal results, as shown in [235], the results are considered satisfactory.

The plasma potential, in �gure 3.12(b), is consistent with the density pro�les

and presents a 
at potential, of about � 112 V, in the quasi-neutral region and a

symmetrical potential drop at the sheath to match the 0 V time-averaged potential

at the electrodes. These results are consistent with those of Refs. 7,10,219,225.




	Abstract
	Contents
	Author's declaration
	List of Figures
	List of Tables
	Acknowledgements
	Introduction
	Low temperature plasmas
	Technological applications of low temperature plasmas
	Operating pressure

	Plasma etching
	Etching with capacitively coupled plasmas
	Current challenges in plasma etching

	Vacuum ultraviolet radiation in plasmas
	Sterilisation
	Radiation in material processing
	State-of-the-art and current challenges

	Numerical models for low temperature plasmas
	Brief history review
	Fluid methods
	Kinetic methods
	Current challenges in LTP numerical modelling

	Objective and scope of this PhD thesis

	Background theory
	General description of a plasma
	Plasma definition
	Field equations
	Equation of motion
	Sheath and pre-sheath
	Wave propagation and skin effect
	Plasma reactors

	Conservation equations
	Kinetic description: Boltzmann-Vlasov equation
	Macroscopic quantities: conservation equations

	Numerical models for low temperature plasmas
	Particle-in-cell models
	Zero dimensional plasma chemical-kinetics models


	EPOCH-LTP: particle-in-cell model for low temperature plasmas
	EPOCH
	EPOCH-LTP simulation scheme
	Super-particles and shape functions
	Particle-grid interpolation
	Particle-grid interpolation at the boundaries

	Field solver
	Electrostatic approximation
	Electrostatic field solver

	Integration of the equations of motion
	Particle boundary conditions
	Periodic boundaries
	Perfect absorbing walls
	Non-perfect absorbing walls

	Monte Carlo Collision algorithm
	Collision probability theory
	Null collision method
	Hard-sphere collision dynamics
	Collisions types
	Cold gas approximation
	Simulation of the neutral species
	Monte Carlo collision implementation in EPOCH-LTP

	Simulation stability and accuracy conditions
	Grid cell constraints
	Time step constraints
	Accuracy conditions for collision modelling

	Inductive heating method
	Inductive heating method from Meige et al
	Inductive heating method in EPOCH-LTP

	Validation problems
	Helium capacitively coupled plasmas
	Argon capacitively coupled plasmas
	Argon capacitively coupled plasma with blocking capacitor
	Argon inductively coupled plasma

	Parallel scalability
	Concluding remarks

	Kinetic effects of inductive heating in capacitively coupled plasmas
	Considerations for 1D electrostatic simulations
	Simulation setup
	Characterisation of inductive heating effects
	Steady state results
	Phase-resolved results

	Current amplitude variation
	Direct current bias variation
	Dual-frequency capacitively coupled plasmas
	Steady state results
	Phase-resolved results

	Concluding remarks

	Zero-dimensional chemical kinetics global model for argon and oxygen
	Main features and structure of the global model
	Species and plasma-chemical reaction scheme
	Mass balance equations
	Electron energy conservation equation
	Ion fluxes to the reactor walls
	Neutral particle diffusion to the reactor walls
	Atomic energy transitions and radiative processes
	Concluding remarks

	Vacuum ultraviolet emission in oxygen species
	Initial simulation conditions
	Ar/O2 double inductively coupled plasma
	Electron density and temperature
	Neutral temperature variations
	Neutral species densities
	Oxygen radiation

	Vacuum ultraviolet emission in oxygen species
	Absolute VUV emission intensities
	VUV emission to ion flux rate
	VUV emission to atomic oxygen diffusion to the wall

	Concluding remarks

	Summary and future work
	Bibliography
	Plasma-chemical reaction scheme
	Electron-oxygen
	Electron-argon
	Oxygen-oxygen
	Argon-argon
	Argon-oxygen
	Recombination

	Additional global model validation problems
	Sato et al
	Gudmundsson et al
	Hayashi et al

	Ion flux rates

