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1. Introduction

1.1 Plasma

On Earth, we are most often confronted with solids, fluids and gases. As an exam-
ple, at atmospheric pressure and at room temperature, water is in what is called the
liquid state. Cooling it below the freezing point turns it into a solid, while it turns
into a gas when heated above the boiling point. It is clear that the temperature of
the water (or the amount of energy that is put into it) determines the state it is in.

Heating the water increases the average amount of kinetic energy per molecule.
Therefore, the molecules move faster and faster. When the gas is hot enough, col-
lisions between molecules make them fall apart into separate atoms, or groups of
atoms. Heating the gas even more results in collisions between atoms in which
electrons, bound to the core of the atom, gain so much energy that they overcome
this bond and escape, leaving a positively charged ion behind. This results in a
mixture of negatively charged electrons, the positively charged ions, and of course
neutral atoms which have not yet experienced such a violent collision.

We call this soup of particleglasma which is sometimes referred to as the
fourth state of matter (after the three aforementioned states), even though there
is no sudden transition from the gas into the plasma state. It now also becomes
clear why we are so unfamiliar with the concept of plasma in our every day life;
electrons are tightly bound to atoms and it takes a lot of energy to release them.
Therefore, high temperatures are involved in the creation of a plasma at atmo-
spheric pressures, temperatures we fortunately do not often experience.

In space, plasmas occur much more frequently. In fact, it is estimated that
more than 9%o0f the (visible) universe is in the plasma state. This means that
plasma is the most common state of matter in the (visible) uniygysstars (and
planets) are continuously born from huge, but very cold plasmas catbkbecular
clouds These, in a way, are enormous recycling factories in which the remnants
of stars which have since long ceased to exist, are again used to form new stars.

Stars (like the Surdre made of very hot plasma. In this plasma environment
the internal engine of the stars burns through the process of fusion. In this pro-
cess two ions are accelerated to energies high enough to overcome the repelling
electrostatic force between them, allowing them to come so close together that the
nuclear force binds them together to form a heavier element. Due to the binding
energy, the separate ions are heavier than the new element formed by the ions
fused together. This mass-deficit corresponds to a gain in energy, which is re-
leased in the form of energeticphotons. After more tham0® years of being
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absorbed and re-emitted, do these photons finally escape the Sun at a wavelength
roughly between the UV and the infrared [2]. Hot particles near the surface are
also able to escape away from the star, resulting in a constant stream of energetic
particles pouring into space, called teellar wind This stellar wind fills the
interstellar space, resulting in yet another, albeit a very tenuous, plasma.

The interaction of emitted photons and the stellar wind with objects orbiting
stars results in even more plasmas. The brighs of cometslose to the Sun
consist of gas evaporating from the surface of the cometary core, ionized by the
intense solar radiation, see the example in figure 1.1. The glow @ialae lights
is emitted by plasma, formed by highly energetic particles originating from the
solar wind interacting with molecules in the Earth’s atmosphere. These solar wind
particles are guided there by the helio- and geomagnetic fields, together forming
the magnetosphere.

Figure 1.1: The Hale-Bopp comet close to the Sun. Two tails are visible: the tenuous
plasma tail on the left, glowing blue in this picture, and the bright white dust
tail on the right. The difference in angle is due to the light pressure induced by
photons emitted by the Sun. The heavy dust particles are not influenced much
by this light pressure and therefore the dust tail is directed along the orbital
path of the comet. The plasma tail always points directly away from the Sun.
Courtesy of Wei-Hao Wang, IFA

The upper part of the atmosphere is called ith@osphereand is the result

Victor Land Computing the Complex 2007




1.1. Plasma 3

of ionization of oxygen (@), nitrogen (N) and nitric oxide (NO) by ultraviolet

(UV) and soft Rintgen (X-ray) radiation from the Sun (during daytime) and by
ionization through interactions between cosmic ray particles and the air [3, 4]. The
free electrons present in the ionospheric plasma reflect electromagnetic waves, a
property well known for its use in long-range radio communication.

In the atmosphere, charging of water vapor inside clouds can lead to electric
fields strong enough to guide electric currents to run through the insulating air.
Even though there are several types of these discharges, the most common one,
usually visible between the clouds, or between the clouds and the ground, is called
lightning. The light emitted by the lightning is due to the heating of the air by the
current, resulting in a hot, but very short-lived plasma.

Ever since techniques both to pump gases in a confined volume to low pres-
sures, as well as to apply large electric potentials to metallic surfaces were in-
vented, plasmas are widely present in laboratories and in industry, introducing
plasma to more human scales. Currently, one of the biggest efforts in plasma
physics is to harness the power of fusion in order to find a new way to produce
energy in large amounts. A promising concept uses a hot plasma confined by
strong magnetic fields in a device called a Tokamak. In this device, a plasma
is heated to 150 million degrees Celsius. The magnetic fields are used to keep
the hot plasma away from the walls, which ensures that the plasma remains hot
enough for hydrogen to fuse into helium. The field of fusion research, or high
temperature plasma physics, has shown such a strong progress that in 2015 the
world’s first burning plasma experiment, ITER, will become operational. This de-
vice is being constructed in Cadarache, in the south of France, and will produce
more energy than is needed to sustain the fusion process, during pulses of several
minutes. ITER allows fusion science to progress towards a commercially viable
fusion device within the next 50 years, or so. Therefore, fusion is a promising
source of energy, which could help solve the energy problem.

Many everyday appliances involve plasmas at more moderate tempetatures
These include gas discharge lighting, such as neon lighting used for commercial
purposes, and fluorescent lighting, such as compact fluorescence light sources
(CFLs), which have a higher efficiency than the traditional incandescent light
sources. Modern display techniques include plasma screens, in which small plasma
discharges are used to excite a phosphor layer, which then emits light. Organic
light-emitting diodes (or OLEDS) can be used as light sources or as display panels,
and are partly produced with the help of plasma assisted chemical vapor deposi-
tion [5].

IMany of the plasmas discussed in this thesis are at temperatures of a few electronvolts (eV).
One electronvolt corresponds to a temperature/éf; = 11604.5 K, or roughly twice the temper-
ature of the visible surface of the Sun.
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4 Chapter 1. Introduction

In modern microchip industry small structures are build with the help of plasma
[6]. Next generation microchips require bright sources of extreme ultraviolet
(EUV) photons. The idea is to use plasmas to create these photons [7]. Solar
cells are build using plasma deposition techniques and surfaces can be treated
with plasmas, for instance to change the wettability or the surface roughness of
artificial limbs or dental implants [8]. Plasma sources are even used for direct
sterilization of contaminated surfaces or for the treatment of cancer cells [9].

In many of the above processes, chemically active gases are used to make plas-
mas or are introduced into plasma. Through chemical nucleation, small particles,
consisting of several hundreds of atoms, form in these plasmas. Coagulation be-
tween these particles results in larger particles with a size up to 100 nm. Finally,
attachment of radicals on their surface leads to micron sized particles [10]. In fu-
sion plasmas, violent plasma-wall interactions can lead to the introduction of very
large particles in the plasma volume, up to several millimeters in size, which are
often redeposited at different locations, as shown in figure 1.2 taken from [11].
Plasma containing dust particles is usually referred to as dusty plasma, but is also
known as 'colloidal’ or ‘complex’ plasma.

Figure 1.2: Dust found in the divertor region of the TEXTOR fusion experiment. The
black and white line indicates intervals of 0.1 mm. Figure adapted from [11].

1.2 Dusty plasma
The formation and presence of dust in plasma discharges has been widely inves-
tigated both experimentally, e.g. [12], as well as numerically [13, 14]. In some

cases, it was found that the presence of dust particles had a positive influence on
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the efficiency of solar cells [15, 16], whereas small “killer particles” can destroy
microchips during their plasma enhanced fabrication [17].

In any case, dust particles collect electrons and ions from the plasma, which
means they become electrically charged. In laboratory plasmas, the higher mo-
bility of the electrons as compared to the ions leads to a negative dust charge. A
micrometer sized dust particle can have a negative charge of several thousands of
electron charges. This means that in laboratory plasmas, dust is confined inside
plasma discharges by the electric field, since the outer parts of discharges also
become negatively charged with respect to the bulk of the plasma.

Another important force acting on the dust particles results from the positive
ions being collected and deflected by the negatively charged dust particles. Fur-
thermore, dust particles will interact with each other through the mutual Coulomb
interaction, which can result in the formation of several types of dust structures.

Since dust collects plasma, the presence of dust strongly influences the plasma
properties, such as the plasma densities, potential, and the energy distribution
functions of the plasma patrticles. This means that ways to control the formation
of the dust, or ways to control the dust once it is formed, are desirable for an
efficient use of plasmas in industry. Furthermore, magnetic fields are often used,
as in magnetron sputtering devices or fusion devices. The role of magnetic fields
must therefore be taken into account for many relevant dusty plasmas.

Dusty plasmas are also interesting from a more fundamental point of view.
To understand the behavior of cometary tails, the rings around Saturn, or noctilu-
cent clouds, one has to understand the charging properties of dust particles. The
formation of stars, such as the Sun, also involves dusty plasma.

Stars are born from large atomic and molecular clouds, which fill up inter-
stellar space. When these clouds are locally perturbed, for instance by a passing
shock wave originating from a nearby supernova explosion, a small part of the
cloud starts to collapse under the influence of gravity. During this collapse, the
gas heats up due to internal friction, which increases the pressure that counters
the collapse under the force of gravity. Unless there is an efficient heat-removal
mechanism, the clouds will then stop collapsing.

Dust particles in the plasma are efficient radiators and will, at intermediate
dust densities, remove the excess heat, allowing the molecular clouds to collapse
further. During the later stages of star formation, the heat produced during col-
lapse is actually needed to ignite the young star at the center of the cloud. Dust
at higher densities can no longer emit the energy outwards, but actually keeps the
heat inside the system. The pressure and temperature in the core of the collapsing
molecular cloud keep building up, until ignition occurs. From then on, the fusion
processes dictate the energy balance of the system, and a star is born [18, 19].

Once the star is ignited, the light pressure will remove most of what remains
of the molecular cloud, until only a rotating disk of plasma and dust remains, an
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6 Chapter 1. Introduction

example of which is shown in figure 1.3. It is believed that from the micron-
sized dust particles in these disks, planets form through the coagulation of these
particles to larger and larger objects [20, 21]. Indeed, recent experiments seem to
support that idea [22, 23], while recent observations around young stellar objects
proof the presence of both amorphous as well as crystalline dust around young
stars [24, 25].

A

\

Figure 1.3: A coronographic picture of the dust disk around a nearby younggstar,
Pictoris. The bright light from the young star has been blocked, using a
coronograph. The bright, yellow regions correspond to the disk of dust and
gas orbiting the young staCourtesy of J. L. Beuzit et al., Grenoble Observa-
tory, ESO

How these dust particles coagulate on the short timescales required by cos-
mological theories, is still an unanswered question, especially since they should
become negatively charged in the plasma around the young star. Jets and matter
outflows observed in such objects are indications of the presence of strong mag-
netic fields, which might play an important role in the star and planet formation
processes [26]. Energetic particles from space, as well as strong UV radiation
from the central young star might interact with the dust, removing electrons from
the dust. This might increase the probability of dust coagulation.

It is clear from the above that a good understanding of dusty plasmas is re-
quired to optimize many industrial applications of plasma, but also to fully com-
prehend the process of star and planet formation. This better understanding in-
cludes an understanding of the role of magnetic fields in dusty plasma, the in-
teraction between the plasma and the dust, the forces acting on the dust, and of

Victor Land Computing the Complex 2007




1.3. Previous work, Contribution of this thesis 7

course the effect of dust on the plasma parameters, as well as an understanding of
the charging of dust particles through different charging processes.

The behavior of dusty plasmas, especially in the presence of magnetic fields
and UV radiation, has been investigated with different numerical models, but also
in an experimental study of magnetized dusty plasma discharges. By presenting
the results of these studies, this thesis intends to bring a better insight into this
behavior, both from a fundamental, as well as a practical point of view.

1.3 Previous work, Contribution of this thesis

In the past, numerical codes for the simulation of RF discharges were developed.
A fluid model was used to simulate the deposition of silicon for the fabrication of
solar cells in silane discharges [27, 28]. This model was then expanded to include
the dust component coupled to the plasma solutions and was used to simulate
results from microgravity experiments [29].

This model includes the dust charging problem, recombination of plasma par-
ticles on the dust particles and the corresponding heating of the dust. From the
interaction between the plasma and the dust, the forces acting on the dust particles
are calculated and from these forces the dust transport through the plasma, where
the problem of the huge difference in transport time of the plasma particles (as
short as nanoseconds for electrons) and the dust particles (as long as seconds for
micrometer sized dust particles) is dealt with.

We have extended this code with a more sophisticated form for the interaction
between ions and dust particles, including analytical forms for calculating this
force in the presence of significant ion flow speeds and ion-neutral collisions,
and we added the effect of charge exchange collisions on the charging of dust
particles. We also computed the effect of a homogeneous magnetic field on the
transport of plasma particles perpendicular to this field, and the corresponding
effect on the dust transport through the plasma. Finally, we modelled the effect of
a homogeneous flux of UV ions on the charging of dust particles and investigated
the effect on dust transport and the void formation.

In fluid codes, time and space averaged plasma properties are calculated by
solving the balance equations for the plasma particle densities and the energy
density, often by using the so callddft-diffusion approximation Another tech-
nique, called Particle-In-Cell plus Monte Carlo (PIC/MC), follows a large collec-
tion of super particles in real time and solves the equation of motion for every
super particle. The electric field, which moves the particles, is found by solv-
ing the Poisson equation, which gives the electrostatic potential calculated from
the charge density, which is interpolated from the positions of the super particles.
Collisions between plasma particles and background neutrals are included in the
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8 Chapter 1. Introduction

Monte Carlo scheme. They do not collide with or among each other however, see
e.g. [30].

The latter type of models allows to examine the physics of plasmas on very
short time scales and very small length scales. Such a model in one dimension
was previously developed, including collisions between the plasma particles and
a static dust distribution, where the dust charging was solved [31]. We have ex-
tended this model with an intense UV flux and the effect of this flux on the dust
charge as well as the ionization of the background gas by this UV flux, including
the effect of optical depth.

1.4 Outline thesis

The focus of this thesis is on the interaction between plasma and dust particles
immersed in this plasma, and on the effect of magnetic fields and UV radiation on
dusty plasmas.

Chapter 2 deals with the general theory of dusty plasma, together with a short
description of the fluid code and Particle-In-Cell/Monte Carlo code used to obtain
the results of this thesis.

Chapter 3 presents modelling results for the fluid code extended with an axial
magnetic field, especially focussing on the effect of the magnetic field on the
transport of the dust through the experiment and the formation of the so called
void structure.

Chapter 4 deals with experimental measurements on the response of complex
plasmas in a DC discharge with an applied magnetic field. It explains the dif-
ferent experimental techniques used to characterize the dusty plasma, as well as
the secondary effect of applying a magnetic field when an electric field is present,
namelyE x B drifts of plasma particles and induced dust drift.

Chapter 5 presents results of the fluid code on the interaction between ions
and dust particles. It describes the specific problem of non-linear scattering of
ions in the potential around dust patrticles, together with the effect of ion flow
speed and ion-neutral collisions on the transfer of momentum on the dust, as well
as on the dust charging, and how these effects have been implemented in the fluid
code.

Chapter 6 shows the effect of the dust on the plasma parameters, especially
looking at the effect on the electron density and temperature. Special attention
is given to where the energy required for the ionization inside the dust free void
originates from and what role the electrons play in the process of void formation.

Chapter 7 shows results from the PIC/MC code on the effect of UV radia-
tion on the dusty plasmas modelled. The chapter focuses on the reduction of dust
charge by the effect of photo-detachment, while at the same time looking at the ef-
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fect of the photo-detached electrons on the discharge. It also shows computations
on the dynamic response of dusty plasma to a short pulse of UV light.

A general overview and the conclusions of this thesis are then presented, as
well as recommendations for future research.

1.5 Publications related to this thesis

Refereed journal articles related to chapters of this thesis

e V. Land, W. J. Goedheer, and M. R. Akdidust transport in a magnetized
radio-frequency discharge under microgravity conditipRBysical Review
E, Vol 72, 046403, (2005) Chapter 3

¢ V. Land, and W. J. Goedheditffect of large-angle scattering, ion flow speed
and ion-neutral collisions on dust transport under microgravity conditjons
New Journal of Physics, V@, 8 (2006) Chapter 5

e V. Land, and W. J. Goedhe€fhe plasma inside a dust free void: Hotter,
denser, or bothZNew Journal of Physics, V@, 246 (2007) Chapter 6

e V. Land, and W. J. Goedhedvjanipulating dust charge using ultraviolet
light in complex plasmaEEE Trans. Plasma Sci., V8B, Issue 2, Part 2,
280-285 (2007) Chapter 7

Articles not related to this thesis
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139-148 (2004)
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Oral contributions to various international workshops and conferences
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2. Theory of dusty plasma

As was already mentioned in the introduction, plasma is a very common state of
matter in the universe. In our everyday life, we are not often confronted with it
though. This needs some more explanation about how plasmas actually form and
which techniques are used in laboratories all over the world to make plasmas.

In order to appreciate statements about dusty plasmas, a basic understanding
of several plasma properties needs to be provided. These properties include so
called quasi-neutrality, the screening of charges by plasma, a knowledge about
how dust particles charge up in a plasma, and which forces will then act upon
them.

This chapter tries to do all that, explains the phenomenon of void formation
in dusty plasmas under micro-gravity, and gives an overview of the numerical
methods with which the results presented in this thesis are obtained.

2.1 Creating a plasma

A plasma consists of a mixture of charged patrticles, electrons and ions, and
neutrals. The ratio of ions (for instancer™) over the total particle density,

r = n,/(ny + ny) (in this example them 4+ = Ar"/(Ar + Ar')) is called
theionization fractionand differs for different types of plasmas. In a fusion ex-
periment it will be much higher than in a gas discharge light source. For a plasma
where locally the volume production balances the volume losses, for instance elec-
tron impact ionization and three-particle recombination, the ionization fraction
can be described by the Saha equation [1]. Assuming that all the components of
the plasma have the same temperatiie € 7', = 1. = T), i.e. assuming that

the plasma is ithermal equilibrium this equation becomes

3/2
( x > o, — 2U, 11 <27TmekBT) o /o 2.1)

1—2x U, h?

wherelU, = %,g, ;e Xv+/k5T s the partition function of the ionized stagavhich
has s degenerate states with statistical weight v, is the ionization energy
needed to go from state— 1 to r, typically an energy of several eV, and the
term(.. .)3/2 Is the cube of the reciprocal of the de Broglie wavelength.

For gases where only one ionization level is important, such as atomic hydro-
gen, the electron density can be expressed in terms of the total presdwye,=
Ntk (x/(x + 1)) = Pi(z/(x + 1)), wheren,,, = n. + ny + ny. This leads
to the following expression for the ionization fractian,
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w2\ _ 20 (27mekpT 3/2 kT ot 2.2)
1 — 1'2 UT h2 Ptot

We can see that for increasing pressure, a higher temperature is needed to
achieve the same ionization fraction. This is due to the increasing chance of re-
combination at higher pressures. We also see that at fixed pressure, the ionization
degree increases for increasing temperature, which is due to the fact that on aver-
age the collisions become more and more energetic. Filling in the numbers and
usingU, = 2 andU,..; = 1, we find for partly ionized gases.( < ny) [2],

3/2
r~ 04 x 102116_’“/1“3? (2.3)
nn ny

From the above equation it is clear that very high equilibrium temperatures are
needed to get even a modest ionization fraction, because of the exponential term.
This is also the reason why we are not used to the plasma state on Earth; both the
gas temperatures are too low, and the neutral gas pressures are too high.

In experiments, such as described in this thesis, the ionization fraction is very
low (z < 107°), so that the energy transfer from the electrons to the ions and neu-
trals is insufficient to reach local equilibrium. On the contrary, electron impact
ionization is balanced by (Bohm) losses to the walls, or, in the presence of dust, in
combination with recombination of plasma on the dust particles. Both the ioniza-
tion as well as the (Bohm) loss terms are described by the electron temperature,
T., but of course, the ionization is an exponential function of the temperature,
whereas the losses are proportional to the square root of the temperature. The re-
combination of the dust is somewhat more complicated, but can also be described
by the electron temperature.

So, in low pressure experiments, the balance is not given by the Saha equation,
but by a non-local balance between production and losses. This balance is domi-
nated by the electron temperature. Due to the high electron mobility, electrons can
be efficiently heated to several electronvolts by the use of electric fields, whereas
the heavy particle temperature can be close to room temperature .

There are many different types of plasma devices, one of which is the so called
direct current glow dischargéDC discharge). Such a device was used to obtain
the results presented in chapter 4. It will also be described below. In such a
device, one of the electrodes is biased negatively (called the cathode), whereas
the other is grounded or biased positively, resulting in a stationary electric field,
which accelerates the charged species.

Another type of discharge, discussed in chapters 3, 5, 6 and 7, iadice
frequency dischargéRF discharge). In this case, one or both of the electrodes is
powered with a sinusoidal signal, usually at 13.56 MHz. In this thesis, all the RF
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2.1. Creating a plasma 17

discharges are modelled with a RF frequency of 13.56 MHz. This frequency is
too high for the heavy ions to respond to, so that only the electrons are effectively
heated by the electric field providing the energy for electron impact ionization.
For most of these experiments we have< 107°. This also means that the
dominant class of collisions is between charged plasma particles and neutrals, and
not collisions between charged plasma particles.

2.1.1 DC discharge

The oldest form of plasma discharges consists of a straight closed cylinder pumped
to low pressures. A gas is introduced in the cylinder, which has two conducting
electrodes at both ends. A constant negative potential is then applied to one of the
electrodes (theathodd. The other electrodeafiodg can be positively biased, but
here we restrict ourselves to a grounded anode.

CATHODE ANODE

=0

CATHODE FALL '|'|"

Figure 2.1: Schematic drawing of a simple DC discharge, with the dashed line showing
the plasma potential. Sheaths build up, connecting the electrode potential to
the bulk plasma potential. In these sheaths the electric field is large, acceler-
ating electrons away from the electrodes. In the bulk, the electric field is very
small. In the cathodic region, the largest potential difference occurs, called
the "cathode fall”. The true electric field in a DC discharge is much more
complicated than shown here.

Due to random processes, like radiation from natural radio-active sources or
energetic particles originating from cosmic rays, either atoms in the volume are
ionized, or electrons are emitted from one of the electrodes. The electrons are
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18 Chapter 2. Theory of dusty plasma

then accelerated in the electric field, away from the cathode, and gain energy. In
inelastic processes they excite and ionize the background gas, resulting in more
charged patrticles. The positive ions are accelerated towards the cathode and emit
electrons on colliding with the cathode through the process of secondary electron
emission. These electrons are again accelerated away from the cathode and a
self-sustaining discharge is born.

At constant applied potential, a constant current will run, therefore such a
discharge is calledlirect current glow dischargeor DC discharge. The main
source of ionization in these discharges is due to the secondary electrons emitted
from the cathode by ion-impact. This is calledonization. A schematic picture
of the most simple type of DC discharge is shown in figure 2.1.

2.1.2 Capacitively coupled RF discharge

When plasma is used to deposit layers, the electrode on which they are deposited
is often rapidly covered with layers of insulating material, such as carbon contain-
ing compounds. In a DC discharge this electrode would therefore charge up until
the discharge would extinguish. In order to overcome this problem, one can apply
an alternating potential instead of a constant potential difference between the elec-
trodes, so that both electrodes would become the anode and cathode alternately.
This would allow the charge build up during half the cycle to be neutralized dur-
ing the second half of the cycle. This is the principle betaidrnating current
or AC discharges.

A special type of AC discharge is thadio-frequencyor RF discharge, which
is powered by an alternating potential with a driving frequency in the radio-
frequency range. One frequency often used (simply because it has been reserved
for science research by international rules on radio-communication) is 13.56 MHz.
This high frequency means that electrons can follow it instantaneously, but not the
ions, sincew, + S wrr < w), for argon gas and plasma densities in the range of
ne = ny ~ 10 m=3, with the plasma frequencies given by

Cdp?j = . (24)

This means that ions only see the (moderate) effective electric field, see equa-
tion 2.65, whereas electrons are accelerated in the (much stronger) instantaneous
field. This also means that secondary electron emission is in general of minor
importance for sustaining the discharge and that most of the excitation and ion-
ization is due to fast electrons moving in the bulk of the discharge. This is called
a-ionization.
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*

Sheath

=SNG

Figure 2.2: Schematic view of a typical RF discharge. The radio-frequency potential (RF)
is coupled to the lower electrode through a matching box (MB), which allows
the impedance to match the complex impedance of the plasma-sheath system
(which could be represented by two capacitors in series with a resistor), and a
blocking capacitor (C), which allows the build-up of a self-bias on the powered
electrode.

Under certain circumstances (for instance when the size of both the electrodes
is not equal), a self-bias can occur. During one half of the RF cycle, the amount
of negative charge collected is then not neutralized during the second half of the
cycle. This results in a negative charge on the electrode. This will continue until
the extra negative charge repels enough of the extra electrons to the electrode so
that the total electron and ion flux during one cycle becomes equal again. In this
case, the negative bias can result in significant ion impact and then secondary
electron emission can again become important, which can result in a significant
contribution to the discharge. This process is referred to aa they transition.

In this thesis we will model symmetricapacitively coupledRF discharges, with
negligible self-bias.

The term capacitively coupled refers to how the power is coupled to the plasma.
In this case, the electrodes together with the sheaths act as a capacitor, as indicated
in figure 2.2. It is also possible to couple the power by applying a time-varying
magnetic field, which induces an electric field in the plasma. These discharges
are callednductively coupleRF discharges. These are beyond the scope of this
thesis. A broad overview of plasma discharges can be found in [3], whereas a
numerical comparison between DC and RF discharges can be found in [4].
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20 Chapter 2. Theory of dusty plasma

2.2 Properties of dusty plasma

Plasma has some very specific properties, but the presence of dust particles in
the plasma alters these properties slightly. Looking from "far away” to an iso-
lated plasma, one would not see any net charge of the plasma, since for every
ionic charge created, a corresponding electron is created. This is caiesi
neutrality. This quasi-neutrality still holds when dust particles are introduced,
even though these particles act like 'sponges’, collecting electrons and ions, and
become charged

Micrometer sized particles can carry a considerable amount of charge on their
surface. The fact that these large charges are not seen from far away means that
the plasma organizes itself in such a way asteeenthese charges from the
surrounding plasma. Beyond a certain distance from the charge, which is called
the screeningor Debye lengthusually indicated by the symbal,, the potential
of the charged particle is no longer experienced by another chastpch also
determines what "far away” means.

We now continue to define these notions mathematically, using simple phys-
ical considerations. We start with showing why a plasma is quasi-neutral except
within the small length-scale of the Debye length.

2.2.1 Quasi-neutrality

To derive the condition for quasi-neutrality, we start with a neutral plasma with a
homogeneous electron and ion background density= n,, = nq, at constant
finite temperature throughout the volume of the plasmaV.¢, = VT, = 0.
When the ion density is disturbed locally, see figure 2.3, sorthat> ng +
n,1, the induced net space charge accelerates the electrons towards the region of
increased ion density. However, with this acceleration, an electron gradient builds
up, which results in a pressure gradient acting in the opposite direction. Due to this
restoring force, a net space charge remains within a small volume of the plasma.
The exact spatial extent of this charge separation can be derived from the force
balance of the electrons after the perturbation,

F.=—enE— VP, =0. (2.5)
Here, the electric field is due to the induced charge separation,

V.EZEZM_ (2.6)

€0 €0

LIn fact, the Deybe length is defined as the length where the strength of the potential around
a charge is 1/ez 0.37 times the potential at the position of the charge. So another charge would
still experience some potential, but it will in principle be a small fraction of the particle potential.
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Figure 2.3: lllustration of a perturbation to a homogeneous plasma with initial plasma
densityng. The ions are perturbed. The electrons respond to the positive
space charge. This results in an electron pressure gradient which acts against
the electric force. A net charge separation is the result.

Taking the divergence of equation 2.5, assuming the ideal gas law for the elec-
trons, P, = n.kgT,, and assuming constant electron temperature during the per-
turbation,7.; = 0, we find

—6(710 + nel) (V : E) —eE - V(TLO + nd) - k)BTevz(no + nel) =0. (27)

Remembering that the initial plasma was homogeneous, ané thialty depends
on perturbed quantities, we use equation 2.6 and linearize to get

—627’LQ

kpT.eo
Assuming that the perturbation of the background densities is periodic in space,
ne1 « sin(z/L), with L the characteristic length of the perturbation, so that
V?n. = —n.1/L? we end up with

(TL_H — nel) — V2nel =0. (28)

(n+1 - nel) Tel
N L?
Here) = (eoksT,/e*no)"'? is the (electron) Debye length. We find this way,

— 0. (2.9)

)\2
Ne1 (ﬁ + ].) =MNy1. (210)

We see that.; =~ n,; if L > ), so that the plasma is always neutral over
distances larger than the Debye length, as long as the amplitude of the perturbation
is small so that the problem can be linearized. Therefore, the quasi-neutrality
condition in the absence of dust, for a plasma with only singly charged positive
ions and electrons, can be written as:

ny —ne = 0. (2.11)
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22 Chapter 2. Theory of dusty plasma

2.2.2 Quasi-neutrality with dust

Particles in a plasma collect ions and electrons and become charged. Due to the
high electron mobility, this charge will in general be negative, as will be explained

in section 2.2.4. Therefore, the dust charge must be taken into account when
rewriting equation 2.11 for the case where dust is present. It therefore reads

Ny — Ne — nD@ =0, (2.12)
e

with Qp = eZp the dust charge.

Since in a dusty plasma the ions are no longer the heaviest species, the screen-
ing of charged dust particles will be some combination of screening by the mobile
electrons and the less mobile positive ions in the plasma. We will derive the ap-
propriate screening length in the next section.

2.2.3 Screening

We consider the response of plasma to a dust particle with surface adharge
eZp, which is assumed to be known. To obtain this response we need to solve
Poisson’s equation,

V-E=-V2%(r) =L =% (n—ny). (2.13)
We now make three approximations:

1. The energy distribution function of the ions and electrons are described by
a Maxwellian distribution.

2. The dust charge is negative, so that the potential is repulsive for electrons
and attractive for ions.

3. The disturbance caused by the charged particle is small, so that the potential
energy of the ions and electrons is much smaller than their thermal energy.

The first approximation allows us to write the (collisionless) solution for the
density of the electrons and ions around the dust particle, found from the Vlasov
equation, by the Boltzmann distribution; ~ exp (—E,./kg1;). The second
approximation determines the sign in front of the exponential terms in this distri-
bution, while the third allows us to linearize these exponential terms.

The potential energy for the electrons and ions respectivelyeis(r) and
ep(r), so that we can write the densities as,
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Ne(r) = N exp (Zigij), (2.14)

ne(r) = neexp (%%r))

Here,n, is the density of charged plasma patrticles far away from the test charge
in the potentialy(r) around the charged particle.

For the ions we use the mean energy rather thgfi, since ions can have
drifts close to the sheaths in front of the electrodes. The mean energy is given by
[5] Es = myv? /2 = my (v} + 8kpTy /mmy) /2. uy = py Eepy is the ion (with
mobility ;) drift velocity in the effective electric field. ;. We can rewrite this
in terms of the thermal ion Mach numbét; = u, /vy = uy//8kpTy/mTmy,
ask, = m, vi(1+ M2)/2.

Linearizing equations 2.14, and using them in equation 2.13, we end up with,

Vi) o) e [ Lo T (2.15)
N €0 ]CBTe 4]<IBT+(1 + M%) ’ .
which becomes:
9 1
D
: P -2 2noo s — - s -2
In this equatiom\,” = < kBlTe + 4kBT+(1+M%)} = [)\62 + mh .

Ap is called thdinearized Debye length
The solution to the above equation in spherical coordinates is given by the
Debye-Hickel potential:

o(r) = ﬁir exp (;—;) . (2.17)

Close to the test charge, the'r term dominates and we see that the poten-
tial is simply the Coulomb potential around the test charge. Further away, the
exp (—r/Ap) term dominates and the potential falls off more rapidly, due to the
screening of the test charge by the plasma.

One approximation often made is to write the above solution as:

TEQT

p(r) =22 Vr < Ap, (2.18)
=0 ,V?” > )\D-
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24 Chapter 2. Theory of dusty plasma

This is also the reason why sometimes it is said that; "charged particles do not
'feel’ each other, when they are farther apart than the Debye length”, but techni-
cally speaking this is not so.

An important assumption in this derivation is that the perturbation of quasi-
neutrality by the test charge is small. This is not so wheéfr)/kg1,. . 2 1. In
this case the linearization of the exponent is no longer valid. Making the assump-
tion that this happens close to the test charge, we thendaye= Qp/4meor.
So the radius for which this deviation from linearity happens, is then given by:

eQp
dreokpT, +

SinceT, > T, the largest radius applies to the ions. The above radius,
po, is referred to as the "Coulomb radius” and it defines the radius within which
screening is a non-linear problem. Writing the ion Coulomb radius, using the ion
Debye length, we find:

(2.19)

Tmaz = 2ﬂ0,e,+ =

o+ = 8N AL
Making an estimate of the different sizes in a typical dust free plasmaXyjth-
q. ~ 1 at room temperature and with a densityf = 10'> m=3, we find;

(2.20)

3
Po X E <A< >\+, (221)

where we have written., oc A3, with A the inter-particle distance. For such a
dust free plasma, screening of an ion by the surrounding plasma is always a linear
problem.

For a dust particle immersed in a plasnia, > 1. This means that the
Coulomb-radius can be much bigger than the average distance between the ions,
so that there are always some ions inside the volume where the screening is non-
linear. This happens when

)\2
p0>A<—> |ZD| >A—J;. (222)
It is of course also possible that the region of non-linearity extdey®nd the
Debye lengthIn that case, the screening bif the ions will be non-linear. This
happens when

3

A
po > Ay o | Zp| > 5. (2.23)

Equation (2.22) is fulfilled fotZp| = 75, whereas equation (2.23) is fulfilled for
|Zp| 2 620 for the plasma parameters mentioned. Figure 2.4 illustrates this.
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Figure 2.4:Left: The Coulomb radius is smaller than the screening length, but is bigger
than the average distance between ions, so that some of the ions screening the
dust particle are in the non-linear regime.

Right: The Coulomb radius is bigger than both the average distance between
the ions,as well asthe screening length. This means that all the ions that are
screening the dust particle are in the non-linear regime, resulting in a larger
scattering cross section.

Micrometer sized dust particles can carry several thousands of electron charges.
This means that the screening of these particles by ions at room temperature
(which is important in the bulk of the discharge, away from the sheaths), is a
strongly non-linear problem. A description of this problem in fluid calculations of
a dusty plasma is presented in chapter 5 in which a central role will be played by
the ratio of the Coulomb radius over the Debye length,

B(o) = L) (2.24)

2.2.4 Particle charging

In the above discussion of the screening of dust particles, the surface charge was
assumed to be known. In typical laboratory dusty plasmas, collection of charged
plasma patrticles by the dust particles is the dominant charging process. Because
of the low mass of the electrons with respect to the ions, the dust surface charge
becomes negative, unless there are other important charging processes. The ba-
sic classical charging theory follows the trajectories of particles in the potential
around the dust particle. This theory is calledhital Motion Limitedtheory.
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Orbital Motion Limited theory (OML)

The ion-collection cross section of a negatively charged dust particle will be big-
ger than the geometrical surface, since the ions are attracted by the particle. Con-
sider an ion which passes at the dust particle surface with zero radial velocity, as
shown in figure 2.5 (it either "just passes”, or is "exactly captured”).

Figure 2.5: An ion comes with velocity,, from the plasma with impact parameteand
is attracted by a negatively charged dust particle with radius R. When it passes
the dust particle exactly at the surface, it has velocjtywhich is tangential
to this surface.

Assuming that the potential energy of the particle far away is zero, energy
conservation says,

1 1
E= §m+vzo = §m+v12f + e¢p, (2.25)

whereg¢p, is the dust particle surface potential. At the same time, conservation of
angular momentum results in,

Lo = myvoh = Ly = myvgR. (2.26)
Solving for v, from equation 2.26, and substituting in equation 2.25, gives the

impact parametef,
ePp
h = 1 - == 2.27
Ry1- 22, (2.27)

This corresponds to an initial angular momentum of

Lo = Lipaz = MyVsch = myv By 1 — %, (2.28)

where we have labelled it ds,,,.., Since we assume that any ion approaching with
more angular momentum will miss the dust particle, whereas any ion with less or
equal angular momentum will be collected.
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This way, the ion current contribution is given by [6]:

dl = —ef(v)u(r)d®v L < Lz (2.29)

Integrating over the sphere and over velocity space, gives for the total collected
ion current,

I, = 47r7“2/ ef(v)u(r)d*v. (2.30)
L<Lmaz

f(v) is the ion velocity distribution function, andr) is the radial velocity at po-
sitionr > R, positive being radially outwards. Assuming that the ion distribution
is a Maxwellian?, but using the mean energy, rather than the thermal energy, and
using equation 2.25, and 2.26 to find

u(r) = \/2(E — eV (r))/m4 — L?(r)/m?%r?, and changing variables, we find for
the ion collection current:

Es e|¢pl
—_— 2.31
2m+ ES ? ( )

I, = 41 R%enqy

Es (1 — €¢D) ~ 4T R%en.,
2m E;
wheren, is the ion density far away from the dust particle.

The derivation for the electron currentis much more straight-forward [7]. Sim-
ply assuming that the density of electrons in the repelling potential around the
dust particle is given by the Boltzmann distribution, and integrating over velocity
space, we find for the electron current, assuming quasi-neutrality far away from
the dust particle,

—e|¢pl kT,
I, = —4rR? \/ . 2.32
. TR enq exp( in T, ) Srm, (2.32)

In case of a positively charged patrticle, the role of the ions and electrons is re-
versed, in the sense that in that case the ion current has the Boltzmann factor, and
the electron current the linear term, with opposite sign.

In equilibrium, the electron and ion current to the dust particle will be equal.
This means that the dust particle surface potential can be found from

€¢D kBTe Es €¢D
— \/ 1/ 1-— =0. 2.33
P <kBTe) 27Tme * 2m+ ( ES ) ! ( )

Defining the effective dust particle potentla), = —e¢p/kgT, andz = kT, /Fj,
a = m, /m., We can rewrite the above as

: ; 3/2 —myv2y
2f(v)d3v = n+(72ﬂ;”;T+) / exp(72,:;+T\1r Yd3v
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exp (Vp) — \/g(l —2zUp) =0, (2.34)

which can be solved numerically for different values:@ndm., . For argon ions
at room temperature, probe theory gives an approximate value for the effective
floating potential with respect to the plasma potentialgf = ¥, ~ —5 [8].

The charge carried by the dust partidle, = 47 R%0, with o the surface
charge density, which is given by = —¢,V(V),_p, is then found by filling in
the screened Coulomb potential of equation 2.17, which gives

)\D €

Usually, the linearized Debye length is much larger than the particle radius
(which is a requirement for the validity of the derived OML currents). Thus, the
above becomes for a dust particle in argon plasma,

kpT,
Qp = 4me R (1 + ﬁ) ey (2.35)

kpT,  20meoksT,
Op = dmegRU p B¢ ~ _ZITONB
e

R. (2.36)

e

Therefore, at given electron temperature, the dust charge is a linear function of the
particle radius only.

lon-neutral collisions

The above OML derivation of the dust charge does not include ion-neutral col-
lisions, in which energy and angular momentum might be lost by the ion, i.e.
charge-exchange collisions. Suppose now that an ion, which originally has too
much angular momentum to be captured, collides with a neutral atom and loses
angular momentum. It is then possible that the dmesenter the solid angle

for capture by the dust particle. This means that charge-exchange collisions can
increase the ion collection current. This is true as long as the ions can not gain en-
ergy and angular momentum in collisions with neutrals. We assume here that the
ions thermalize rapidly in these collisions, so that they are in thermal equilibrium
with the neutrals, ruling out hot neutral populations.

In [9], an approximation was derived for the extra ion flux due to these colli-
sions. It was stated that any ion having a charge-exchange collision closer to the
particle than the radius for which its thermal energy equals the potential at that
radius, dubbed, will eventually be captured by the dust particle. For small
(equation 2.24)y exactly equals the Coulomb-radius, whereas for interme-
diate values ~ 1, it is equal toAp. The probability that such a collision will
happen scales approximately as the ratie;obver the average mean-free path of
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the ions,l,,,. The extra flux of ions to the dust particle due to the collisions is
then given by,

Fo = () 7 F, (2:37

whereF};, is the thermal flux of ions in the ambient plasma. In [10] an expression
was derived for the total ion currentforl < 5 < 10, (which are values important

for the discharges modelled, as shown both in our simulations in chapter 5 as well
as in experiments [11]) which is written as

E, A
L por = —ATR?eny 2Up (1-0120p22 ). (2.38)
’ 2m. I pp
It is important that even thoughy /1,,,r, might not be very large; ¥, can
be, so that the charge-exchange collisions are still important for the dust particle
charging.

Electron depletion and the Havnes parameter

Another important effect not yet considered is strong electron depletion by the
dust. When the dust density is high, many electrons are lost from the plasma
volume. This can lead to a situation where the dust charge becomes much less
negative than predicted by the OML currents. We can show this by starting at
equation 2.33, but in stead of assuming simple quasi-neutrality, we use the com-
plete form of the quasi neutrality equation,— n, + Zpnp = 0 to substitute for

n. . Defining theHavnes parametgl 2], P = npZp/n., this leads to,

exp(¥p) — \/g(l +P)(1—2¥p)=0. (2.39)

We see that for increasing, which means for increasing depletion of free
electrons from the plasma, the positive contribution to the charging becomes larger,
leading to a reduction of the number of electrons carried by the dust. Figure 2.6
also shows this. In chapter 7 this also plays a role.

Charging time

When a dust particle is introduced to the plasma, the electrons will be able to
reach the dust patrticle first, due to their high mobility. After some time, the dust
particle becomes negatively charged, repels electrons and attract ions. This means
that the final dust equilibrium is determined by ibasand not the electrons. An
estimate for the final charging time can then be found from
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Effect of electron depletion
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Figure 2.6: The sum of the currents of equation 2.39, for argon with 120. When it
equals 0, the effective dust particle potentilal;, equals the floating potential.
The different lines correspond to, solid lin® = 0 (no electron depletion),
dashed line:P = 0.1, short dashed lineP = 1 (just above typical electron
depletion), dot-dash line? = 10 (very high electron depletion), dot-dot-dot-
dash line:P = 100. We see that the dust charge without depletion (solid black
line) is closer to¥p ~ —3 (—2.6) than¥p ~ —5.

dQp 2 E epp
—— =4 1-— 2.4
0 TR*n,e o ( B ) (2.40)

Inserting a solution of the forrp(t) = Cy exp(—t/7e) + Ca, representing
a charging curve of a capacitor, with, the "RC-time”, which is the time needed
to charge a capacitor through a resistor in a RC-circuit, we find,

Teh Teh m dregRE,

— e(Cexp(=) 4+ C
L v ep(Zhy = an R, QES <1— (G elz,) 2)>. (2.41)

For the limitt — oo, we must have’, = 4meqg RE;/e. Filling this in, results in
the solution for the charging timey,;

6Ulys

Tech — —E .
2 | _Es
e?’Rn S

For an one micron radius dust particle in an argon plasma at room temperature
with negligible ion drift and typical densities af, ~ 10'°* m=3, charging times

(2.42)

Victor Land Computing the Complex 2007




2.2. Properties of dusty plasma 31

are in the order ol0~% s < 7., < 10~® s. This means that for our simulations
TrRr = 1/vpr < 7o < Tp, With 7 a typical dust time scale, which can be

the inverse dust plasma frequeney, = 27/w, p = 27r(\/nDQ%/mDeo)_1. In
the quasi-neutral bulk, the dust charge can be assumed to be constant during a

RF-cycle, whereas for the movement of the dust, we can assume it is adjusted
instantaneously. In the sheaths however, during part of the RF-cycle, the electrons
are swept away by the time varying electric field. This means that ions temporarily
are able to reduce the negative charge. This is further shown in [13].

Charging mechanisms

Up to now, only charging by collection of plasma has been considered. Of course,
different mechanisms of (de-)charging are possible. We will discuss the different
charging mechanisms in dusty plasma and show whether or not they are of im-
portance for this thesis. An extended discussion of the different charging mecha-
nisms in (astrophysical) dusty plasma can be found in [14]. The different charging
mechanisms include:

¢ Field emission Charged particles can be emitted from a surface when the
local electric field is high enough. Assume we have a spherical particle with
radius R and a surface charge density(C m~2). The electric field at the
surface is then given by’ = o /¢y, and the electrostatic pressure on the
surface charges is given By = ¢, E? /2, which acts outwards, against the
forces binding the charges onto the surface.

Suppose we now want to lift this charged surface away from the particle.
The work required to do so AU = P - AV, with AV the change in vol-
ume. This is roughly given byr R? - Ar. Typical binding energies of band
electrons in metals, or electrons on carbon nanotubes is in the range of (1-6)
eV. If we then lift the charged surface over roughly an inter-atomic distance
(Ar ~ 107 m), and require that the work done by the electrostatic pres-
sure has to exceed typical binding energies, we can solve for the required
electric field; P - 47 R?2Ar > (1 — 6) eV, ¢E?2nrR*Ar > (1 —6) eV,

E > 5.44/(1 —6)R™' V. m~L. For a 1um particle, we then find a required
electric field at the surface @f ~ 9V um~!. Surprisingly, this corresponds

to only 6500 electron charges.

Of course, no quantum mechanical effects were taken into account, and the
above derivation underestimates the observed electric fields. In multiwall
carbon nanotube field emitters used in novel field emission displays, the
electric field at the surface is roughly 20/Am=! [15]. For metal tip field
emitters, such as used in field emission microscopes, it can be as large as
1-10 V nnT! [16].
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Such strong fields then require sharp points or edges, which locally enhance
the macroscopic field. However, in this thesis we only present results of
particles which are assumed to be perfectly spherical, so that field emission
plays no role. In many experiments, specially fabricated dust particles are
used, which are spherical, or have other pre-defined shapes, but are typically
very smooth. In-situ grown particles can have a different shape, for instance
fractal-like. In that case, field emission might play an important role, also
for smaller particles. It results in a reduction of the number of electrons
carried by the dust.

Photo-detachment When photons with energies above the work function
interact with the dust, electrons can be removed through the effect of photo-
detachment. Many plasmas in space are exposed to intense ultraviolet ra-
diation, for instance plasmas around young stars, as discussed in chapter 1
and also the dusty plasma in the ionosphere. In fusion reactors there can
also be significant UV fluxes [17]. Plasma itself can also emit UV radia-
tion, even though the intensity is relatively weak, however, commercially
available UV sources are abundant, which could provide an interesting tool
to control dust charge in laboratory dusty plasmas. This is investigated in
chapter 7.

Radio-active emission When dust particles consist of radio-active mate-
rial, electrons (viad-decay) ora particles can be emitted. Depending on
the material, this can result in either more positive dust, or more negative
dust. In this thesis we do not consider radio-active dust, but in fusion plas-
mas, carbon dust can absorb tritium from the plasma, which is radio-active
and decays emitting an electron. In space, radio-activity might also play an
important role.

Thermionic emission When dust particles are heated, for instance by re-
combination of the collected charged plasma particles, the electrons and
ions collected on the surface gain thermal energy. When this energy be-
comes larger than the binding energy, the collected particles can be emitted
into the plasma [18, 19]. For negatively charged patrticles this is most likely
for the electrons, due to the repelling potential. In [20] it was shown that the
particle heating in typical experiments modelled in this thesis is very small.
Therefore, we do not include it here.

Tribo-electric emission When two particles come in contact, surface fric-
tion can transport electrons from one to the other. In this thesis, dust parti-
cles carry a significant amount of charge. Due the repulsive force between
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them, they are always well separated. Nanometer sized particles carry only
few charges, which means they are more likely to come in contact.

e Secondary electron emission by electrons or ionswhen electrons and
ions are accelerated to large energies, they might release electrons from the
surface when they collide with the dust. For secondary electron emission
to become effective, high impact energies are requiped(el”), which
are not present in large quantities, as calculations in chapter 7 will show.
Therefore, we do not include this effect here.

2.3 Forces acting on dust particles

Charged particles in plasma experience several forces and settle in equilibrium
positions according to the way these forces act. The first and most obvious force
is that of gravity. Dust particles in the micrometer range are in general massive
enough to experience a significant gravitational force.

Since electric fields are present in plasma, charged objects are accelerated
in these fields. Furthermore, they capture and deflect charged plasma particles.
Especially ions are heavy enough to transfer a significant amount of momentum
to the dust, which results in the so called ion drag force. This force depends on
the dust charge, but also on charge-exchange collisions, the non-linearity of the
screening of the dust by the plasma, and on the ion flow speed.

Due to the low ionization degree, dust-neutral collisions are abundant. This
means that dust particles moving through a discharge experience a neutral drag
force. Since the neutral atoms can be heated by collisions with ions, there is a
difference in the amount of momentum transferred to the dust on the side of the
dust patrticle facing a hotter neutral gas volume, than on the side facing a colder
volume. This results in a net force called the thermophoretic force.

Finally, the screened charged patrticles interact with each other through the
screened Coulomb potential, once they get close enough to each other. This inter-
action is an important source of internal pressure and plays a role in the diffusion
of charged dust.

We will give the mathematical forms of these forces and illustrate their impor-
tance by calculating their magnitudes for dust particles with a radius of 2 microm-
eter and a mass density of 2000 kgin typical plasma parameters.

2.3.1 Electrostatic force

The highly charged dust particles interact with electric fields due to space charges,
or due to externally applied electric fields. They will be accelerated in the time-
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averaged electric fielH, and the corresponding force is given by [21]

Fr = QoE (1 L @Dy ) | (2.43)

3(1+ (R/Ap))

The term between brackets is due to the polarization of the dust charge by
the plasma around the dust particle, which causes a dipole term to arise. (Higher
order terms are neglected.) Ffir < Ap, the usual form for the electrostatic
acceleration is found, which is used from here on,

Fz = QpE. (2.44)

Since@)p x R, we see that this force scales linearly with For a particle with a

2 micrometer radius, the typical charge in the quasi-neutral bulk of the discharges
modelled in this thesis is approximatellyy, < 10*e, whereas the electric field in

the bulk is approximatelyy ~ 102 V m~!. This gives an electrostatic force of

Fz ~1.6-107"* N. In the sheath region in front of the electrodes the dust charge
is smaller,Zp ~ 10%¢, but the electric field is much highet, ~ 10* V m~!. This

gives a force oft’s ~ 1.6-107'2 N.

2.3.2 Gravity
On Earth, particles are accelerated by the force of gravity, which has an average
value ofg = —g 2= —9,81 m s? z. For a dust particle with mass densitythis
force is given by
drpR3
F, = g 9. (2.45)

This force scales with the volume of the partick, o« R*. For nanometer sized
particles in typical laboratory discharges it is therefore an unimportant force, while
for micrometer sized particles it is an important force, playing a dominant role in
the spatial ordering and equilibrium positions of the particles in the plasma.

For our test particle we find a gravitational force f6f = 6.6 -10~'* N. We
see that the force of gravity can not be balanced by the electric field in the bulk
of the discharge, but only in the sheath regions in front of the electrodes. In order
to study the full three dimensional structure and dynamics of dusty plasma of
micrometer sized particles, micro-gravity experiments are required.

2.3.3 londrag force

The ion drag comes from the interaction between ions and charged dust particles.
lons are both collected and scattered, and transfer momentum to the dust. In
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general form it can be described as [22],

Fuon = s / VOl (V) [00(0) + 04(0)] dV. (2.46)

with v the ion velocityp = |v|, f1 (V) the ion velocity distribution functions.(v)
ando,(v) the ion collection momentum transfer and ion scattering momentum
transfer cross-section. The collection cross section was already derived in the
section on dust particle charging, so that we simply have from equation 2.27,
o.=mb? = n7R*(1 — e¢p/Es).

The derivation of the scattering cross section is as yet an unsolved problem for
all possible values of the ion flow speed. Furthermore, the non-linear screening
of dust particles in plasma is important for ion-dust interaction, as well as the
presence of ion-neutral collisions, similar to the problem of dust charging. The
original approach [5] assumes only linear scattering of ions very close to the dust
particle, which is callegmall angle scattering

Small angle scattering

The general form of the scattering cross section for ions approaching very close
to the dust particle, so that they move through the unscreened Coulomb potential,
is given by [22],

ow)—dn [ pdp 2.47
R W vro (240

where the integration is over all the scattering impact paramgtbetween the
minimum impact parameter for captuye,;, = b., as given above, and the max-
imum scattering impact parametet,,.., which is yet to be determinedpy(v)

is the Coulomb radius for arbitrary ion velocity so thatlim,,, po(v) iS po

as defined in equation 2.19. The solution to the above equation is given by
os(v) = 4mpt(v)A(v), with A(v) the Coulomb logarithm,

2 2 1/2
A(v) = In {po(;” - pm;x(”)} . (2.48)
po(v) + b2(v)

In the small angle solution, it is then assumed that the maximum scattering
impact parameter is given by the Debye length,. = A\p, so that the scattering
cross-section becomes,

3In a way this is an interesting name, since ususitall angle scatteringefers to scattering
of projectiles in orbits far away from the scattering target, over tiny deflection angles, like in
X-ray scattering. Here it means that ion scattering takes place well outside the radius where
eVp/ksT+ > 1, but not necessarily over "small angles”.

Victor Land Computing the Complex 2007




36 Chapter 2. Theory of dusty plasma

24 2 11/2
os(v) = 4mpj(v) In [%] (2.49)
This can be rewritten, using(v) = po(v)/Ap, to
os(v) = 27p5(v) In [52@1)?_52((5))//\%] : (2.50)

This form implies that the ions scattered with impact parameters larger than
the Debye length do not transfer a significant amount of momentum to the dust,
which is only true for very small values gf(v). This is typically not so for
dust grains in a plasma, as was shown in section 2.2.3. Therefore, the effect of
scattering over large angles needs to be taken into account.

Large angle scattering

Taking interactions beyond the Debye length into account, one needs to redefine
the maximum impact parametgy,... The cut-off condition in terms of the dis-
tance of closest approach for an iep, becomes(p,...(v)) = Ap. By analogy,

in [13], the maximum impact parameter corresponds to an ion grazing an imagi-
nary sphere with radius,. Similar to the OML collection radius, we then find

Prmax(V) @S,

Pmas(v) = AD\/ 1 - “’“E;AD) = Ap\/1+26(0). (2.51)

Any ion approaching the dust with ener@ly = mv? /2 with an impact parameter
less than or equal t@,,...(v) then contributes to the scattering momentum transfer.
Using this in equation 2.48, we have

1 N [p%(v) + A2+ 2/\D,00(U):| I [ 1+ 5(v)
p5(v) + R+ 2Rpo(v) Bv) + R/Ap

This then is used to calculate the scattering cross-section taking non-linear
scattering of ions beyond the Debye length into account, but still by assuming an
unscreened Coulomb potential. The above form is validifer) < 5, and there-
fore only covers moderate non-linearity. For the case of collection and moderate
non-linear scattering of ions, we thus find an ion drag equal to,

} . (252)

2
Fion = mymR? /vvf+(V) {(1 - 2%) + % In <%)] dv  (2.53)
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wherepy, Ap, andg depend on.

A typical form used for the ion distribution functiory,, (v), is a so called
shifted Maxwellian distribution. After integrating the above with this distribution,
a simple analytical form of the scattering ion drag force is obtained in the limit
uy < vp. To allow for a larger range of drift velocities, the mean veloaity,is
used, as defined in section 2.2.3. The differences in the results with the complete
solution to the integral [23] are small for the discharges under consideration, as is
also mentioned in chapter 3. Since our approach is computationally more robust
and straightforward, we use the analytical form. This way, we find for the ion drag
force,

Fion = nim_iouy |:7TR2 <1 + 2—20) + 4 pg In (%)} ., (2.54)
D

for moderate non-linear scattering. Depending on the mean free path, as well as
on the particle potential, ion-neutral collisions can play an important role in the
momentum transfer, similar to the way these collisions change the dust charging.

lon-Neutral collisions

In [24, 25], the appropriate form of the collision operator was derived for sub-
thermal ion flow, withe = A\p /1.y, as,

K(z) = warctan(z) + (v/7/2 = 1)(2%/(1 +2%)) — /7/2In(1 + 22),
so that the ion drag including ion-neutral collisions, and moderate non-linearity,
is given by

Fion = nymiovuy x
2 20 5 1+ B(v) Ap
(WR <1 ¥ ?) g? {4111 (M +R/AD) iK <W)D - (255)

lon flow

In order to take the screening anisotropy caused by ion flow into account, an ana-
lytical approach has been derived in a recent Particle-In-Cell approach [26]. The
mean ion energy as used in the calculation of the Coulomb logarithm, has to be
changed according to,
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2
-myvy = + smyuy

) (2.56)

3
1 AkpT, 1 T
“my? = 2 omgd? |14 (”i/(o.5+0.051n (%) + _+)>

2 s 2 up A T,

up = +/kgT./my is the Bohm velocity, andn, /Z, = 40 for argon. It was
shown [26], that this form becomes significant when> 0.55u . This way, the
final form of the ion drag, including ion-neutral collisions, moderate non-linearity,
and significant ion flow becomes,

Fion =nim4ovup X

(e (o) =t o G o) + < (07)]) - @9

For supersonic ion flowj (o) | 0, so that the small angle scattering approach is
valid, but with the electron Debye length as the screening length, which follows
automatically from the definition of the linearized Debye length Mt > 1.

According to [23] the effect of finite grain size is important wheéf) <
R/Ap < 1, which happens whei/, 2 ,/zx. Herex = e |¥p|, the dimension-
less grain charge, and= T./T;. Sincezx = 100, we have the effect of finite
grain size forMy = 10, in which case the Coulomb logarithm becomesx
In(Ap/R). The collection force becomes more important than the scattering force
for large ion flow in the sheaths. This happens wiiép > /zx/81n(\./R),
which is aboutM; = 20. In typical discharges modelled here, most of the bulk of
the discharges is sub-thermal and shows moderate non-linearity. Near the sheaths,
the ion flow quickly rises up to the point where collection dominates. Therefore,
the above form used for the ion drag force is suitable for our calculations.

Taking ions streaming withV/; = 1, temperaturél’, = 293K, and as-
suming that the density of interacting ions is the same as the ions in the unper-
turbed plasma; ~ n. ., the magnitude of the ion drag force for ~ 5 is
Fion ~ 800v/21n(1.2)m v2eokpT, /e? ~ 1.7 - 10712 N. We see that),, ~ F.

2.3.4 Neutral drag force

The ionization fraction in typical experiments is very low. Therefore, the most
important constituent of the plasmas in such experiments will simply be the neu-
tral gas. Dust particles moving through the background gas will experience many
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collisions with neutral particles, resulting in a friction force. This friction force is
called the neutral drag force. The original derivation of the force acting on spheres
moving through a flowing background is given in [27].

For a dust particle velocity relative to the backgrouwd spherical particles
with radius R, moving through the background of density, massm,,, with an
average velocityr = /8kgT,.s/mm,, the neutral drag force is given by:

4
F,,= —gﬂRanmanV. (2.58)

This equation is correct for specular reflection of neutral particles colliding with
the dust. This force is proportional to the squard?of

For argon plasma (m = 40 m,) at room temperaturé’ = 293K, at typical
pressures between 100 and 300 mTorr (13 and 40 Pa), we find a neutral drag force
1.42-1072V < F,y < 4.35- 10712V N. Typical relative dust flow speeds will
turn out to be in the range of cnts or even mm s!. This gives a neutral drag
force in the range of,; ~ 107! — 10~ N. This force is small compared to
gravity and the electrostatic force. It plays an important role in the time needed
for dust to reach equilibrium positions when introduced into the plasma, but also
damps waves moving through a dust cloud, or oscillations of dust particles. For
a completely dynamic calculation of the dust transport one would therefore have
to include the), + v - Vv term in the dust transport, but this is beyond the aim of
this thesis, where the calculations are based on the equilibrium solution.

2.3.5 Thermophoretic force

lons collide with neutral atoms and locally heat the neutral background gas. This

leads to temperature gradients. A further source of gas heating could be heating
by the walls. When neutral atoms are scattered off the walls, which are at a higher
temperature, they could come off the wall with a higher temperature themselves.

lons and electrons recombining, can also result in hot neutral atoms [28].

These neutral atoms impinge on dust particles, during which they transfer mo-
mentum to the dust. More neutral atoms will hit the side facing the hot part of
the gas per second, than on the side facing the colder part of the background gas.
Furthermore, hotter atoms will on average transfer more momentum per collision
than cold atoms. Therefore, the dust particles will experience a net force against
the temperature gradient. This force is called thermophoresis, and can be calcu-
lated as,

Fth = ———HTVTn, (259)
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wherex is the thermal conductivity coefficient for Argon gas, which at 300 K
has a value 06.01772 W K~! m~!. This force is again proportional to the square
of R.

In [20] it was found that typical temperature gradients in the PKE (Plasma
Kristall Experiment) chamber are in the range of 100 K!mThis results in a
thermophoretic force of}, ~ 9.6-107 N. Like the neutral drag force, ther-
mophoresis plays only a minor role for micrometer sized dust particles in the dis-
charges modelled in this thesis. Sometimes heated electrodes are used to create a
temperature gradient in discharges, large enough to balance the force of gravity.
This allows the study of three-dimensional dust structures, without the need for
micro-gravity environments [29], but requires large experimental efforts to reduce
inhomogeneities in the temperature profile.

2.3.6 Mutual Coulomb interaction

One can imagine that a dust cloud consisting of highly charged patrticles at large
densities is much harder to compress or deform than a cloud consisting of particles
with a low charge at low densities. A measure for this is given bycthgling
parametef I' = Ecou/En = (Q%exp(—A/Ap)/4neyA)/(kgTp), where we
have defined the thermal energy &8s = kgTp andA = n51/3 is the average
inter-particle distance.

WhenI" > 1, the coupling between the dust particles is very strong and the
dust forms an incompressible crystal. The dust pressure for such a crystal was
derived in [30] as,

1+ akx

P.p= Nl Pp, (2.60)

with o a geometrical factor, which depends on the type of crystal ordering of
the particlesa = 1.12 for face centered cubic (fcc) and hexagonal closed packing
(hcp) crystals, which both have a number of nearest neighbgrsz12.T is then
a "geometrically corrected” coupling parameter, wh— aA. Pp , = npkgTp
is the simple dust "gas-phase” pressurelfok 1, andx = A/\p.

In betweenl’ < 1 andI” > 1, we are not aware of any analytical solutions.
In [30] a linear interpolation is used, such tii& = Pp ,(1 — z) + Pp . x, where
r=(T-1)/(T.—1),andl’. = 106 exp x/(1+x+r?*/2) is the value of" beyond
which the dust is assumed to be in a crystalline state.

Using the above pressure equation, we can define the dust diffusion coefficient
as,

dPp 1
Dp=—2=

(2.61)

dn mpVmp’
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with v, p = 47 R*n,vr(m,/mp)/3 the dust-neutral momentum transfer fre-
quency, which has a value in the order of s !, andvy = +/8kgT,/mm,

the neutral atom thermal velocity [11]. The role of this diffusion is to smoothen
out the dust density and act against the compressing action of the ion drag and
electrostatic force.

2.3.7 Summary

We have seen that for the transport of micrometer sized particles, the electrostatic
force, gravity, and the ion drag are the dominant forces. Thermophoresis is not
important for most discharges modelled in this thesis. For smaller particles ther-
mophoresis can be important. Neutral drag mainly determines the time-scale on
which an equilibrium position is reached and damps small scale dust dynamics.
Finally, the mutual Coulomb interaction sets the diffusion of the dust particles.

2.3.8 Void formation

In experiments in sounding rockets, or on board of the International Space Sta-
tion [31], gravity no longer plays its dominant role. Therefore, ion drag and the
electrostatic force are the most dominant forces. lonization in the center of the
discharge results in ions diffusing outwards in the time averaged electric field,
which form a dust free void region. Figure 2.7 shows the difference between a
ground-based experiment and an experiment under micro-gravity conditions.
The Coulomb interaction between the charged particles determines the thick-
ness of dust layers, but also the compressibility and diffusion of dust clouds. For
the appearance of a dust cloud in the final equilibrium, the ion drag, electrostatic
force, and the mutual Coulomb interaction are then the most important forces.

2.4 Simulation models

Except for the results presented in chapter 4, the chapters of this thesis are based
on different simulation models. This section describes what our models solve and
how they do so. First, we will describéflaid mode] which solves time-averaged
guantities in two dimensions. Second, we explain howRaurticle-In-Cell model
follows many particles in a one-dimensional dusty argon plasma.

2.4.1 Fluid model

The fluid model [32, 33, 34] solves the particle balance for both the electrons and
the ions in two dimensions in a cylindrical geometry. The particle balance for
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lower electrode
-—_

o

- «. - Electrode

Figure 2.7:Left: Side view of a typical dusty plasma experiment in a ground-based lab-
oratory. Gravity dominates and only allows a thin two-dimensional layer in
which the sheath electric field acts as the balancing force. The mutual repul-
sion determines the thickness of the layer.

Right: Without the force of gravity a three-dimensional dust crystal forms.
Due to the plasma production in the center, ions diffuse outwards and cause
a strong radial ion-drag force, which acts against the electrostatic force. This
results in a dust-free void region. The mutual Coulomb repulsion determines
the compressibility of the crystal.

specieg is written as,

% - V.T,; 45, (2.62)

which is a mathematical translation of the statement that the change in time of
the particle density,; equals the net fluX'; of the particles over the boundary of
the volume, plus the creation and destruction of the quantity inside the volume,
with source termsS;. As was explained before, only collisions between charged
plasma particles and neutrals are considered, due to the low ionization degree.

Assuming a distribution function which is isotropic in the direction perpen-
dicular to the flux [32], the particle flux can be expressed using the so called
drift-diffusion approximation

Fj = ,ujnjE - Djan, (263)

with 1;, andD; the mobility and diffusion coefficients respectively. The electric
field is found by solving the Poisson equation, including the dust charge calcu-
lated at every grid point using the OML currents, equation 2.31, 2.32, with the
calculated plasma quantities as input;

V2V = S (n.—ny +npZp), (2.64)

€0
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E = —VW

For the electrons this instantaneous field is used, however, the ions are too heavy
to follow the RF field, therefore, an effective fieliel ;; , is calculated using the
ion-neutral momentum transfer frequeney, , = e/pm-,

dE.
% — Upms (E—Eeprt) . (2.65)
The energy balance is also solved, however, only for the electrons. The ions
are assumed to deposit their thermal energy locally in charge-exchange collisions
[35]. For the electron energy density, a similar drift-diffusion approximation
is used to solve the second moment of the Boltzmann equation,

dwe
a“; — —V-Ty +J. E+S,, (2.66)
r,., = —gueweE — gDvee,.

where the termdJ . - E is Ohmic heating of the electrons in the electric field. The
source terms for energy and particles include electron-impact excitation, ioniza-
tion, charge-exchange, but of course also recombination of plasma on the dust
particles. So both for the electric field, as well as for the source-terms, are the
plasma equations coupled to the dust equations.

For the transport of the dust, the electrostatic, ion drag, and thermophoretic
force are assumed to be in balance with the neutral drag at every time step of the
simulation. This way, we can solve for the dust flux, using a drift-diffusion type
of equation,

rp= 5 _ by, + eFn  oFin (2.67)

MmpVm,D MmpVm,D MmpVm,D

These equations form a closed set. Initially, no dust is introduced and the code
is run until a periodic solution for the plasma quantities is found, so that the set
of solutions,U (t), obeysU (t) = U(t + 7rr). When this is achieved (the code
is said to "converge”), source terms for the dust are added, corresponding to ap-
proximately7.5 - 10° particles per second. The dust transport is then solved using
a much larger time step, which is necessary because of the much larger dust mass.
This transport creates space charge regions leading to instabilities. To adjust for
this, the ion density profile is adapted to maintain quasi-neutrality. When too large
a discrepancy between the new and the old solution occurs, the dust is frozen and
the plasma equations are solved on the small sub-RF timescale to adapt to the new
situation. This is repeated until final equilibrium is reached [34].
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Magnetic field

In chapter 3, the above code is used to include the effect of a homogeneous axial
magnetic field on the plasma transport, and investigate the effect of this on the
formation of a void.

Charged particles gyrate around magnetic field lines, which reduces their mo-
bility and diffusion coefficient perpendicular to the field. The degree to which the
charged particles are prevented from crossing the magnetic field lines, is indicated
by the Hall parametert!; = w;/v,, j(= p;B) [36], wherew; = ¢;B/m; is the
cyclotron frequency and,, ; is the momentum transfer frequency. The diffusion
across magnetic field lines is strongly reduced (a particle species is magnetized)
whenH; > 1.

For the ions we find in our argon discharge at 40 Pa background pressure
H, = py(40Pa)B = (133/40)x0.145x B = 0.48 B. For the electrons, we
find this wayH., = p.(40Pa)B ~ 100 B [32]. For the magnetic fields used in
our simulations (.01 < B < 0.57), we see that the ions are never magnetized,
whereas the electrons always are. Therefore, we rewrite the mobility and diffusion
coefficient for the electrons perpendicular to the magnetic field (thus in the radial
direction) as:

He, L (De,J_) —

Ve

1+ ( e ) ] % fies (Det). (2.68)

In the center of the discharge, quasi-neutrality and the particle balances result in
ambipolarconditions that couple the ion flux to the electron flux via the average
electric field that is generated. This means that the ion transport is also changed
by a change in the electron transport.

2.4.2 Particle-in-Cell plus Monte Carlo

Using a fluid code as described above is useful for finding time and space av-
eraged quantities. Such a code typically requires transport coefficients, while a
certain energy distribution function for the electrons is assumed. If one wants to
solve plasma at small length- or time-scales, or if one wants to find the energy
distribution function (or does not want to assume one), a kinetic approach is nec-
essary, such as tharticle-In-Cell plus Monte Carl@approach.

In this kind of modelling, one solves the motion of particles on a grid, solv-
ing their trajectories from the electrostatic force, which comes from the charge
density the particles form on the grid. It is impossible to compute the motion
of the huge amount of particles present in even the smallest plasmas. Therefore,
super-particlesare followed, which represent many real particles. The movement
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of these patrticles is solved in the Particle-In-Cell module, whereas the collisions
between charged plasma particles and the background gas, as well as the interac-
tion between charged plasma particles and the dust, is solved in the Monte Carlo
module.

In our model of a dusty RF discharge, we assume that the electrodes are par-
allel and infinite, which allows us to only consider the position of the particles on
the central symmetry-axis, and the three velocity components v,, v,. Two
dust clouds are fixed in position at two grid-point intervals within the discharge,
but the dust charge density will vary, due to the collection of plasma by these dust
clouds. The general approach is as follows [37]:

1. The charge; of every super-particle at positiaf is interpolated to the two
nearest grid points.

2. The charge density on the grig is calculated. The dust charge density on
the gridp;,, p is added, to find the total charge density on the gyid,, =

Pk + Pk.D-

3. The Poisson equatioW?V, = —px. p/¢o is solved to find the potential on
the grid. The electric field in between the grid points is then found from
Ek—l—l = __Vk+A17Vk .

3 z

4. The electric field found is then linearly interpolated to the nearest patrticles,
to find the force acting on particlg ;. Using a leapfrog scheme, the new
velocity and position, j, z; can then be found. Return to 1.

The above scheme enables us to follow the particles in space and time, but
does not model a dusty plasma, since this requires collisions between plasma and
neutrals, and between plasma and dust. To calculate this, we need the energy of
the particles, which we getin step 4, fraff) = mvj?/Q. From literature, we need
the cross-sections for thaifferent collision processes(E;).

The average number of particles which experience a collision during a time-
stepAt is calculated as follows. First, the total collision cross-section, which is
the sum of all the collision cross-sections over the energy range considered in the
code, is determined. The ion-neutral cross sections are taken from [38]. The elec-
tron collision cross-sections are taken from [39]. Then the corresponding total
collision frequency is determined and the maximum is determamee
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U < % Collision type 1
L < U < (”((Iey{n;”f(e)) Collision type 2
A IC) R i Null collision

j=1 Vmazx

Table 2.1: The determination of the type of collision for every partidtem a total of
N types of collisions.

or(e) = oi1(€)+ ...+ on(e) (2.69)
vr(e) = ngasor(€) % (2.70)
Vimaz = Ngasmazc(or(€) %) (2.71)

The average fraction of particles experiencing a collision in the discharge within
the time intervalAt is then given by,

Praz = 1 — exp (—Vpaa At). (2.72)

The colliding particles are randomly chosen from the total number of super-
particles. For each particle is decided which kind of collision (assuming there
are N different types of collisions) it will undergo, using a computer generated
random numbet/ C [0, 1), as shown in table 2.1. The "Null Collision” is an
artificial collision, which changes nothing to the particle velocities. It only serves
to keepyr constant over the whole energy range.

For the collisions with the dust particles a similar approach is followed, but
now only between the boundaries of the dust clouds, at,, andz;, z,. The
cross-sections are given by [40],

Ocapt = MiN |:7TR2 (1 + A) ,ﬂLin} ,

dreqwy R
Oseqt = in <7T/\2D, 7TL72m) — Ocapt,
3 1\
AL .
41 ng

AT = AT A
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2€0We,+

2
A = 3ene
For collisions with the dust particles, the maximum collision frequency has to be
calculated every time-step, since it depends on the dust charge, which changes ev-
ery time-step. Once the type of collisions is chosen, the number of super-particles
as well as the dust charge density within the clouds and the velocities of the col-
liding particles are updated.

When a collision occurs, the energy of the particles is changed (for instance
in an ionization, the ionization potential is substracted and the remaining energy
divided over the two electrons), and the new velocity components are calculated,
using computer generated random numbers for the angles. A complete description
is given in [39, 41].
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