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Abstract

This thesis constitutes a computational study of charge and ion drag force on micron-
sized dust particles immersed in rf discharges. Knowledge of dust parameters like dust
charge, floating potential, shielding and ion drag force is very crucial for explaining
complex laboratory dusty plasma phenomena, such as void formation in micrograv-
ity experiments and wakefield formation in the sheaths. FExisting theoretical models
assume standard distribution functions for plasma species and are applicable over a
limited range of flow velocities and collisionality. Kinetic simulations are suitable tools
for studying dust charging and drag force computation. The main aim of this the-
sis is to perform three dimensional simulations using a Particle-Particle-Particle-Mesh
(P3*M) model to understand how the dust parameters vary for different positions of
dust in rf discharges and how these parameters on a dust evolve in the presence of
neighboring dust particles.

At first, rf discharges in argon have been modelled using a three-dimensional PIC-
MCC code for the discharge conditions relevant to the dusty plasma experiments. All
necessary elastic and inelastic collisions have been considered. The plasma background
is found collisional, charge-exchange collisions between ions and neutrals being dom-
inant. Electron and ion distributions are non-Maxwellian. The dominant heating
mechanism is Ohmic.

Then, simulations have been done to compute the dust parameters for various sizes
of dust located at different positions in the rf discharges. Dust charge and floating
potential in the presheath are slightly larger than the values in the bulk due to the
higher electron flux to the dust particle in the presheath. From presheath to the sheath
the charge and floating potential values decrease due to the decrease of the electron
current to the dust. A linear dependence of dust potential on dust size has been found,
which results in a nonlinear dependence of the dust charge with the dust size when the
particle is assumed to be a spherical capacitor. This has been verified by independently

counting the charges collected by the dust. The computed dust parameters are also



ii Abstract

compared with theoretical models. Simulated dust floating potentials are comparable
to values obtained from Allen-Boyd-Reynolds (ABR) [1| and Khrapak |2] models, but
much smaller than the values obtained from Orbit Motion Limited (OML) [3] model.
The dust potential distribution behaves Debye-Hiickel-like. The shielding lengths are
in between ion and electron Debye lengths. Further, the orbital drag force is typically
larger than the collection drag force. The total drag force for the collisional case is
larger than for the collisionless case and it scales nonlinearly with the dust size. The
collection drag values and size-scaling agrees with Zobnin’s model [4].

The charging and drag force computation is then extended to two and multiple
static dust particles in the rf discharge to study the influence of neighboring dust
particles on the dust parameters. Initially, the dust parameters on two dust particles
are computed for various interparticle separation distances and for dust particles placed
at different locations in the rf discharge. It is observed that for dust separations larger
than the shielding length the dust parameters for the two dust particles match with
the single dust particle values. As the dust separation is equal to or less than the
shielding length the ion drag force increases due to the buildup of a parallel drag
force component. However, the main dust properties like charge, potential, vertical
component of ion drag are not affected considerably. This is attributed to the smaller
collection impact parameter values compared to the dust separation.

Then the dust charges on multiple dust particles located at different positions in
the discharge and arranged along the discharge axis are also computed. It is found that
the charges of the multiple dust particles in the bulk or presheath do not differ much
from the single particle values at that location. But the dust charges of multiple dust
particles located in the sheath drastically differ from the single dust parameter values.
Due to ion focusing from dust particles in the upper layers, the ion current increases
to dust particles in the lower layers resulting in smaller charge values. This is as well
the case where dust particles are vertically aligned as in the standard experiments of
dusty plasmas.

In conclusion, this work used a fully kinetic (PIC and MD or P?>M) model to study
the physics of dust charging in rf plasmas. Our simulations revealed that the dust
parameters vary considerably from the bulk to the sheath. The CX collisions increase
flux to the dust thereby affecting the dust parameters and their scaling with dust
size. Also, a dust particle affects the charging dynamics of its neighbor only when their
separation is within the shielding length. In the plasma sheath, ion focussing can cause

great reduction in dust charges.
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Chapter 1
Introduction

Plasma physics is an expanding and interesting field of physical sciences. "Plasma" is
a state of matter and can be defined as partially or fully ionized matter which contains
positive and negative particles and is on a macroscopic scale electrically neutral. More
recently there is an arising interest in the study of dusty plasmas, a very fast growing
branch of physics. As the name reveals, dusty plasmas are plasmas which also contain
nanometer to millimeter-sized particles [5|. The field of dusty plasmas mainly deals
with the study of dust charging, plasma-dust and dust-dust interaction, their collective
effects as well as the formation of dust crystals. Dusty plasmas are encountered in many
areas of physical sciences |6, 7|. They are found on a vast variety of scale lengths in
nature, e.g. in astrophysical objects like interstellar clouds, rings of planets, comet
tails [8 11]. Dusty plasmas are also encountered in laboratory, e.g. in fusion devices
[12], and also in industrial plasmas (etching, deposition, ...) [13-21]. Thus, the study

of dusty plasmas has relevance to many areas of science.

The study of charging mechanisms and forces on dust constitutes a fundamental
and important part of dusty plasma physics. The dust particles are charged due to
the inflow of the plasma species by various mechanisms [6, 7, 22|, e.g. absorption of
electrons, ions and secondary electron emission, etc. The charge and the floating po-
tential of the dust are very crucial parameters that govern many important observed
phenomena in dusty plasmas. The formation of dust structures |23-26|, wake-field for-
mation around dust in rf sheaths |27, 28] and the dust void formation in microgravity
dusty plasma experiments [29 31| are examples of such phenomena. The ion drag force
- the force exerted on dust grains by traversing ions around the dust due to collection

and scattering- plays a crucial role in the above phenomena. Hence, to fully under-



2 Introduction

stand and explain these phenomena, one has to have quantitative knowledge of the ion
drag force and how dust particles interact with other dust particles. As the ions are
deflected by the electric field of the dust, the ion drag force on the dust depends on
the dust potential, dust charge and potential distribution around the dust. These dust
parameters themselves depend on dust-plasma interaction [6| and plasma characteris-
tics. Plasma species distribution, collisions among various plasma species govern the
amounts of plasma particles flow to the dust thereby determining the dust charging and
other important dust parameters. This means that the plasma background governs all
these processes. A rf discharge plasma is commonly used as background plasma envi-
ronment for dusty plasma experiments in the laboratory [32|. Since in rf discharges the
plasma bulk and sheath have different properties (e.g. ion velocities), the dust charge
and potential can vary for dust grains located at different positions in the rf discharge.
Laboratory dusty plasma experiments are conducted with rf discharges at pressures up
to a few hundred Pa and rf voltages up to a few hundred volts. For these conditions
the background plasma is collisional and electrons are non-Maxwellian. Quantification
of dust charge, floating potential, dust potential distribution, ion drag force on dust
and study of dust-dust interaction over the entire range of collisionality and for all flow
velocities is at the heart of the dusty plasma research.

Many analytical models are existing to compute dust charge and floating potentials
[2, 3, 33-38| for a collisionless or very low collisionality plasma background, but they
do not account for streaming plasma conditions. Recently, some analytical or com-
putational works have been available [4, 39 44] which compute dust parameters over
the entire range of collisionality and also account for the ion flow. But, these works
assume electrons with a Maxwellian distribution, whereas the electrons and ions are
shown to be non-Maxwellian in rf discharges [45, 46]. The problems are similar for the
ion drag quantification |2, 40-43, 47-49|. Also, it is widely considered that the dust
potential distribution is Debye-Hiickel-like |6, 7| and that in the plasma bulk the dust
potential is mainly shielded by ions and in the sheath region by electrons [6]. But, it is
not yet clear how the flowing plasma and/or collisions affect the potential distribution
and shielding lengths, though there was some focus on this issue recently [50|, but
only for the highly collisional limit. Hence, the limitation of the analytical models is
the incomplete treatment of collisions and non-Maxwellian distributions. That is why,
quantification of dust charge, floating potential, dust potential distribution, shielding
lengths for realistic background plasma discharge conditions is still open.

It is believed that with the presence of many dust particles electron depletion takes



place and the charge on the dust decreases |6, 22|. However, the mechanism of how two
dust particles interact or how charging dynamics of a dust particle get affected in the
presence of other dust particles is yet to be studied at the kinetic level. It is usually
believed that there is a certain separation between given dust particles ("interaction
distance") within which the interaction of two neighboring dust particles must be
taken into account. It is not clear whether this separation distance is the electron
Debye length or the shielding length. Even without the issue of separation distance,
the mechanism of how dust parameters evolve with the presence of neighboring dust
particles is still open for further investigation.

In this thesis, some of the above issues are addressed using self-consistent three-
dimensional kinetic simulations with a Particle-particle-particle-mesh (P3M) code.
With this computational tool, it is possible to resolve sheath regions around elec-
trodes in rf discharges and to obtain realistic energy distributions of plasma species.
The code also resolves close-range interactions of dust with the plasma. Hence, the

main motivation of this thesis is to address the following issues:

e What is the effect of collisions among plasma species on discharge characteristics

and thereby on charging dynamics and ion drag force?

e How do parameters like charge, floating potential, shielding length, and the ion

drag force on dust vary for different positions of dust in rf discharges?

e How do values from various analytical models of dust charge and ion drag force

compare with computational results for realistic discharge conditions?

e How do the dust charge, floating potential and ion drag force on the dust evolve

in the presence of neighboring dust particles?

The thesis starts with an introduction to dusty plasmas and rf discharges. Charg-
ing mechanisms, theoretical and computational works on dust charging are discussed.
Various forces acting on a dust particle suspended in rf discharges are presented. The
analytical and computational models for quantification of the ion drag force on dust are
also discussed. Experiments to confine and form various dust structures in laboratory
and under microgravity are briefed.

The computational tool used is described in detail in chapter 3. Here, a general
introduction to kinetic (Particle-in-Cell) simulations is provided. Then, the limitation

of the conventional PIC method is described in resolving particle interaction closer
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than the grid spacing. It is also explained how this problem can be overcome with the
Particle-Particle-Particle-Mesh (P3M) code.

Before attempting to study dust charging, the characteristics of rf discharges have
to be studied carefully, as the behavior of plasma species in the discharge govern the
charging processes. Hence, the characteristics of rf discharges, sheath dynamics and
species distributions have been computed for typical laboratory conditions and are
presented in chapter 4.

After the background plasma discharge characteristics are understood, dust parti-
cles of various sizes are introduced into the discharge at different positions and the dust
charge, floating potential, shielding lengths are computed. These computed results are
presented in chapter 5. The scaling of dust charge and floating potential with dust size
is derived. The computed dust parameters are also compared to those calculated from
theoretical models.

In chapter 6, computational results for the ion drag force acting on dust particles
immersed in a rf discharge are presented. Effect of collisions on the ion drag force is
discussed in detail along with the scaling with dust size.

This study of charging is extended to two and multiple dust particles. In chapter 7,
computational results for charge and drag force on multiple static dust particles im-
mersed in the rf discharge are presented. The case of two dust particles is treated in
detail.



Chapter 2
Dusty plasmas: Basics

The background plasma properties govern the charging processes thereby determining
the dust charge, dust floating potential, dust potential distribution and ion drag force
on the dust. Hence, in this chapter basic properties of the plasmas, rf discharges and

the theory of dusty plasmas are reviewed.

2.1 Plasma properties

A plasma is defined as quasineutral, partially or fully ionized gas that exhibits collective
behavior [51|. It is considered to be the fourth state of matter and is the most prevalent
state in the universe. The fundamental work in the field was done by, among others,
Schottky, Child, Chen, and Langmuir [51 57|. Plasmas are typically characterized by a
number of parameters. "Plasma density" usually refers to the "electron density"(n.),
that is, the number of free electrons per unit volume. The degree of ionization («)
of a plasma is the proportion of atoms which have lost (or gained) electrons. « =
n;/(n; +n,) where n; is the number density of ions and n,, is the number density of
neutral atoms. The electron density is obtained from the average charge state < Z >
of the ions through n, — < Z > n;.

Plasma temperature is a measure of the thermal kinetic energy per particle. If
the electrons are close enough to thermal equilibrium and their distribution function is
close to a Maxwellian, their temperature is well-defined. However, it could deviate from
a Maxwellian distribution due to various reasons, e.g. by the presence of strong electric
fields or inelastic collisions. In the case of species with non-Maxwellian distribution

function, the mean kinetic energy of the particles is equated to "kKT" to derive the
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approximate temperature of the species. Because of the large difference in mass, the
electrons come to thermodynamic equilibrium amongst themselves much faster than
they equilibrate with the ions or neutral atoms. For this reason the "ion temperature"
(T;) may be very different from (usually lower than) the "electron temperature"(7,)
. This is especially common in weakly ionized technological plasmas, where the ions
are often near the ambient temperature. "Thermal plasmas" have electrons and the
heavy particles at the same temperature i.e. they are in thermal equilibrium with each
other. "Non-thermal plasmas" have the ions and neutrals at a much lower temperature

(normally room temperature), but electrons are much "hotter".

In a neutral plasma, if one displaces by a tiny amount all of the electrons with re-
spect to the ions, the Coulomb force pulls back, acting as a restoring force. Because of
the combined effect of inertia and the restoring force, the electrons oscillate around their
mean position. These oscillations are called "electron plasma oscillations" and the oscil-
lation frequency is the "electron plasma frequency" given by w,. = \/m [sec™1],
where m, and n. are electron mass and density. Similarly the "ion plasma frequency"
is given by wy,; = \/W [sec™!], where m; and n; are ion mass and density. Since

me <K< My, wp <K wpe always holds.

2.2 RF discharges

Capacitively coupled radio-frequency discharges are normally used for dusty plasma
experiments. Hence, before discussing dusty plasmas and dust charging, one should

first understand the characteristics of rf discharges.

A schematic illustration of an rf discharge is shown in Fig. 2.1. One electrode is
powered with an alternating voltage of 13.56 MHz via a blocking capacitor and the
other one is grounded. The blocking capacitor prevents from direct currents between
the electrode and the rf-generator. Plasma created between the electrodes will shield
the electric field of the electrodes. Electrons are mobile and will respond to the instan-
taneous electric field. ITons will only respond to average fields, since w,; < wrr <K wpe
holds, where wgrp is the applied rf source frequency. Due to their larger mobility elec-
trons bombard the electrodes initially resulting in a negative net charge on them. These
electrodes begin to repel electrons and attract ions until the ion and electron fluxes
balance. The plasma must then have positive potential with respect to the wall. This

potential cannot be distributed over the entire plasma, since Debye shielding will con-
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Figure 2.1: Schematic sketch of an rf discharge.

fine the potential variation to a layer of the order of several Debye lengths in thickness.
In this region around the electrodes, the quasineutrality condition is broken, where the
net ion density is greater than the electron density, i.e., n; > n.. This space charge
region between the quasineutral plasma and the electrode is called "plasma sheath".
In this region, strong electric fields develop. This leads to a constant ion flow to the
electrodes. But, as the electrons respond to instantaneous field, they can not flow to
electrodes all the times. In rf discharges as the applied field at the Electrodes varies
with time, the sheath voltage also oscillates. At certain times, the sheath voltage
drops or even electrodes become positive. At these times, electrons flow to electrodes

in pulses.

Bohm [58| showed that in order to form this sheath, positive ions must possess a
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certain minimum energy (Bohm criterion), where the ion speed should satisfy v;,, >
CBohm = \/m where Cgopy, is called the Bohm speed (sound speed of the ions). It
has further been shown [1] that there exists a transition region (called also "presheath")
where potentials on the order of the Bohm potential (¢ponn = kT./2€) exist. In this
region the ions are accelerated from thermal speeds to Bohm speed. Hence, the plasma
sheath ranges from the boundary to the sheath entrance, where the ion speed becomes
subsonic. The presheath connects the sheath boundary to the bulk (see Fig. 2.2). In
collisional plasmas, the Bohm criterion is not met and subsonic ion flows exist [59-64].

This subject will be discussed later on.

Vplasme

Vsheath

Quasineutral

Electric potential (arbitrary units)

Transition

s h Plasma
pace charge Region Region
Region (Bulk)

(Sheath) (Presheath)
Seath Plasma
ea
Boundary Boundary

Radius (arbitrary units)

Figure 2.2: Schematic showing the regions present near a boundary of a collisionless plasma.

The mechanism of electron heating is responsible for plasma sustenance. Ohmic
heating, in which the electrons are accelerated in the strong electric field between
successive elastic collisions with neutrals, can dominate at high pressures. In a low
pressure regime (less than 10 Pa) electron-neutral collisions are rare, and the Ohmic
heating ceases to be an effective mechanism of energy deposition into the plasma. In
this case, the electron heating by time-varying fields can dominate. It occurs due to
electron oscillatory motion in spatially inhomogeneous rf fields, even in the absence of
collisions, leading to collisionless or stochastic heating. Generally, electrons are heated
collisionlessly by repeated collisions with sheath edge, i.e. with fields that are localized

within a sheath. For further reading on heating mechanism and rf discharges, one can
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refer to [32, 65].

2.3 Dusty plasma

A dusty plasma is an ionized gas containing a suspension of solid particles. These
particles are usually nanometer or micron-sized, and they are often called dust. Dusty
plasmas are also called colloidal, or fine particle plasmas, and an alternatively used
term is complexr plasmas in analogy to complex fluids, which emphasizes many fun-
damental properties of this medium that distinguishes it from ordinary gas plasmas.
Dust and dusty plasmas are ubiquitous in space. They are found in the ring systems
of the giant planets, in comet tails, in the interplanetary medium, and in interstellar
clouds as well as in mesospheric noctilucent clouds [10, 66, 67]. Dusty plasmas are
found nearby artificial satellites and spacecrafts [67, 68|, and in fusion devices with
magnetic confinement |69, 70|. Additionally, dusty plasmas are being investigated very
intensively in laboratories. Dust can be intentionally added to a plasma or it can be
spontaneously generated as a result of various chemical processes leading to the growth
of particles. From the industrial point of view dusty plasmas can have “good” and “bad”
impacts on technology. The “bad” impact is due to dust contamination problems |71].
And a “good” impact is connected to the formation of new materials [72]. An inter-
esting application of dusty plasmas was found in solar cell technology 73], where the
formation of nanoparticles inside a solar cell has beneficial effect in lifetime and effi-
ciency of the cell. Widespread occurrence of dusty plasma systems and a number of
unique properties make dusty plasmas an extremely attracting and interesting object

for investigations.

2.4 Dust charging

A dust particle in a plasma acquires a large electric charge by collecting electrons and
ions from the plasma [10, 66]. Complex plasmas with nanometer-sized particles, to
some extent, behave like negative ion-containing plasmas, where a part of the negative
electron charge is bound to heavier particles. This affects the mobility and the contri-
bution to shielding by negative charges. However, the properties of dusty plasmas are
much richer than the properties of a usual multi-component plasma of electrons and

various kinds of ions. Dust particles are the recombination centers for plasma electrons
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and ions. Sometimes they can also serve as the sources of electrons via thermo-, photo-,
and secondary electron emission processes. Thereby, a dust component can make an
essential impact upon the ionization equilibrium. Unlike negative plasma ions, the dust
microparticle charge is not fixed, but it becomes a dynamic variable, which is governed
by the surrounding plasma, and can change both spatially and temporally. Moreover,
the dust charge fluctuates even for constant plasma parameters due to the stochastic
nature of charging |26, 74, 75|.

The particle charge is the most fundamental parameter in a dusty plasma because
it determines the interaction forces between individual dust particles. Some of the
important theoretical, computational and experimental works to obtain dust charge

are described below.

2.4.1 Analytical and computational models of dust charging

The problem of particle charging is closely related to probe theory, founded in 1920s by
Mott-Smith and Langmuir [33]. Probe theories calculate the current to an electrostatic
probe as a function of probe potential and probe shape. The floating potential is derived
as the point where ion and electron currents balance. Later, probe theory has been
applied to dust charging, where given the plasma densities the dust floating potential

is derived.

OML Theory

First probe theories based on orbital motion, Orbit Motion Limited (OML) theory,
was put forth by Mott-Smith and Langmuir |3, 33, 74|. Here, the angular momentum
of the ions imposes a limit on the maximum ion current. A quasi-neutral, collisionless
plasma with Maxwellian distributions of electrons and ions is assumed. The OML
theory is often used as a "standard" model for the calculation of a particle charge.
In this theory, a single particle is considered as an isolated, floating spherical probe
and plasma parameters are assumed to be known. In this case, the ion current to the

particle with the radius r, is given by (at the particle potential ¢, < 0)

ep
I; = wrinievg, | 1— Tp 2.1
TN €V, ( ? Z) , (2.1)
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where the term n;evy,; is the ion flux to the particle at the mean thermal velocity of

ions
kT,
Uth,i = . (2.2)
T,
and the term
c — b2 = 2 1 — e¢p 23
o=t = (1- 42 23)

is the effective collision cross-section of the particle with the ions, which have the typical
ion energy of E; = kT;. This cross-section is larger than the geometrical cross-section
of the particle due to the attractive particle potential. Correspondingly, the electron

current to the particle is given by

(20
I, = —7mrineevy, P 2.4
T3 Ne€Uth e €XP (kTe) , (2.4)
where
8kT,
Uth,e = (25)
TMe

is the electron thermal velocity. The exponential factor in Eq. (2.4) is the Boltzmann
factor for electrons leading to the decrease of the electron density at the negative
particle potential. Steady state is reached if electron and ion currents balance each
other and the total current to the particle vanishes. For the equilibrium potential ¢,
of a dust particle with a charge @ holds

dQ

o Li(¢p) + Le(dp) = 0. (2.6)

This so-called floating potential is typically negative relative to the ambient plasma,
due to the much higher mobility of electrons compared to ions. Substituting Eq. (2.1)
and Eq. (2.4) in Eq. (2.6) one obtains

ep m;l. n ep
|- O JMitelte v 2,
KT, NmeTim % (kT) (2.7)
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The numerical solution of this equation gives ¢, as a function of the given plasma
parameters. Then, the dust charge can be derived from the floating potential assuming

the particle as a spherical capacitor, using

Q = 4megry (1 + ;—2) bp (2.8)

The term in parenthesis is due to the plasma shielding effect and is discussed later.

Limitations: There have been many refinements to the OML theory. Limitations
and applicability of these theories have been dealt previously by e.g. |1, 3, 34-38, 58,
76 78]. Here, we mention a few limitations. The OML model assumes collisionless ion
trajectories. This condition is often violated in plasma discharges. It has been shown
[34] that due to collisions near the probe, some of the charged plasma particles can
be trapped in the potential well and this can play a very important role, e.g. affect
shielding lengths. OML does not include the existence of an absorption radius around
the dust and predicts a dust potential independent of dust size |34, 35, 76]. The other
limitation is important for big particles (rqy > Ap) and connected with the existence of

an angular moment barrier.

OM Theory

More general Orbital Motion (OM) theory [34, 35| involves solving simultaneously for
the surface potential, the potential distribution around the probe, and the distribution
of ion trajectories. Here, the angular momentum of the plasma particle around the
probe is treated as an effective radial potential energy [79| and is added to the probe’s
electrical potential and the trajectories of plasma particles are solved in the total radial
potential as a function of particle’s angular momentum. In the OM theory, the probe
radius becomes an important factor in determining whether a particle of a given energy
and angular momentum will contribute to the current towards the probe, i.e., the
current is no longer a function of probe cross section as in OML theory. For zero
angular momentum, i.e., for purely radial motion, all particles will eventually strike
the probe, irrespective of the particle’s initial energy and the probe radius. It also shows
the existence of an absorption radius when the angular momentum is less than some
critical value. All particles that pass the absorption radius will eventually reach the
probe, i.e., the absorption radius determines the probe characteristics, not the probe

radius. The main limitation of the OM theory is that the collisional effects between
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charged plasma species and the background gas have not been considered.

ABR Theory

Radial Motion theory proposed by Allen, Boyd and Reynolds (ABR)[1, 36| includes
a pre-sheath transition region where quasi-neutrality is satisfied but potentials on the
order of the Bohm potential [58] are allowed to exist. ABR theory is the limiting case
of the OML for the limit of vanishing impact parameter (b — 0) and the limiting
case of the general OM theory for the limit of vanishing angular momentum (J — 0).
This work results in floating surface potentials as a function of probe radius as shown
in Fig. 2.3. This is used to compare with the simulation results of the dust surface
potential shown in chapter 5 of the thesis. A limitation of the ABR model is that it
predicts a single value for the dust potential for a given dust size and Debye length ratio,
irrespective of collisionality. The collisional effects between charged plasma species and
the background gas have not been considered.

Lampe et. al. |37, 38|, Ratynskaia et. al. [80| and Khrapak et. al. |2| considered
charge-exchange collisions between ions and neutrals, as these collisions are particularly

effective in creating trapped ions. These models are reviewed below.
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Figure 2.3: Probe floating potential ® = —e¢,/kT, as a function of probe radius p—rq/Ap from the
ABR model (extracted from [36]).
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Lampe Theory

Lampe et. al. [37, 38] considered charge-exchange (CX) collisions between ions and
neutrals to compute the corrections to OML ion flux due to these collisions. Due to CX
collisions, high energy ions are replaced by low energy ions, which might be absorbed
by the dust grain or can be trapped. Trapped ions experiencing further collisions will
fall onto the grain. Lampe’s model considers these issues and computes the trapped
ion density near the grain and then computes the collisional contribution to the ion
current to the probe. This work delivers floating potentials as a function of collisionality
index vAp /vy, for the cases of collisionless plasmas and weak collisionality as shown
in Fig. 2.4 (extracted from [38|). Here v is the mean free path for CX collisions, Ap is
Debye length and vy, is ion thermal velocity.

The Lampe model assumes Maxwellian distributions for all plasma species in the
ambient plasma and the dust grains are assumed to be small compared to the linearized
Debye length ()\). Here A\™2 = )\Bi—i—)\jj? where Ap. and A\p; are electron and ion Debye
lengths respectively. The model is applicable for weakly collisional background. The

model also assumes nonflowing plasma.
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Figure 2.4: Probe floating potential ® = —e¢,/kT, as a function of collisionality index vAp /v,
from the model of Lampe (extracted from [38]).
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Khrapak Theory

Khrapak et. al. |2| also considered charge-exchange collisions between ions and neu-
trals, including collisions occurring in the sheath around the dust grain, to compute
the additional collisional ion current to grain. It is a simplified form of the Lampe’s

equation and is given by

A
I =V8rrin;vp ®7 [1—1—0.1 (I)’T(l—>:| (2.9)
where [; is the mean-free-path of CX collision, 7 = T, /T; is electron-to-ion temperature

ratio. The Khrapak model is applicable for weakly collisional and nonflowing plasmas.

Zobnin Theory

Both Lampe and Khrapak models provide approximations to ion currents to the grain
at zero or small collisionality. For highly collisional cases, a continuum fluid approach
is valid. However, the above models do not provide collisional ion current contributions
at intermediate collisionality. Zobnin’s work fills this gap.

The kinetic equation with a Bhatnagar-Gross-Krook collision term |4, 39] was solved
to obtain the ion flux on a small attractive spherical dust and the electric potential
distribution around the dust. It is shown that the ion current nonmonotonically de-
pends on the ion-neutral collision frequency and exhibits a maximum when the mean
free path length of ions is comparable to the effective absorption radius of the probe.
An analytical fit was proposed to calculate the ion current for intermediate collision-
ality over a restricted range of probe sizes and probe potentials [4] where neither a
collisionless theory nor a continuum fluid approach is valid. This approximation can
also be used for the calculation of the floating potential and charge of the dust in an
uniform plasma with known electron distribution function.

The above mentioned analytical fit is used in this thesis to compare with the re-
sults from our simulations. The Zobnin theory does not account for non-Maxwellian

electrons and for flowing plasmas.

Hutchinson’s work

Hutchinson et. al. [40 42, 44] performed kinetic simulations using the SCEPTIC PIC
code to compute ion currents to a probe. Here, only ion trajectories are followed while

electrons are treated as background with Boltzmann distribution. They computed
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initially [40-42| ion currents to a probe for both stationary and flowing collisionless
plasmas over a wide range of Ap/rg ratio and ion temperatures. From the computed
ion currents and known electron density, the potential distribution around the grain
was derived. The results show that for large values of \p./ry, OML expression with
a proper drifting ion distribution provides reasonable measure of the total ion flux to
a floating sphere. The asymmetry in ion flux to the sphere surface was studied in
detail for a wide range of Debye-lengths and found a reversal of the asymmetry of
the collection flux at values of the Debye length of the same order of magnitude as
the probe radius. The enhancement of collection on the downstream side was due to

focusing of the ions by the shielded potential surrounding the probe.
Later, they extended their study by including CX ion-neutral collisions [44]. The

work computes the ion flux to the dust grain over the full range of collisionality from
zero to the continuum limit. It was shown that a low level of ion-neutral collisions
enhances the ion collection to a sphere in a plasma with shielding length larger than its
radius. The ion flux matches with OML values for collisionless case and with continuum
fluid theories for highly collisional (continuum) case. Maximum flux enhancement
observed was roughly equal to values predicted by ABR theory. All these computations

assume Boltzmann electrons.

Kinetic simulations

The above analytical theories generally do not account for streaming ions leading to
difficulties in determining the charge of dust located in the sheath. In the case of OML
[3|, streaming effects can be included in ion flux calculations. Maxwellian distributions
for the electrons are assumed in nearly all cases, and a variety of distributions from
monoenergetic to Maxwellian are typically assumed for the ion distributions [81 84].
However, for rf plasmas, electrons usually have non-Maxwellian and sometimes bi-
Maxwellian energy distributions |45, 46|. Ions are also far from Maxwellian, as they

become accelerated in sheaths acquiring a high streaming velocity.

Kinetic simulations are promising tools for computations of dust charge, potential
and potential distribution around dust for realistic experimental conditions. The rea-
son is that these models include nearly all types of possible collisions, they track the
trajectories of the plasma species and also account for non-Maxwellian distributions of

the plasma species.
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2.4.2 Experiments for dust charge measurement

Here, we briefly mention main experimental techniques employed to derive the dust

charge. These include

e oscillations in the sheath [26, 75, 85 88|: In this method, dust is driven and
made to oscillate in the sheath either by inducing a time varying potential across
the sheath or by using a laser. The dust particle trajectories are recorded and
analysed. Harmonic resonance equations exploiting the force balance of electric

field force and gravity are then solved to determine the charge.

e collisions of dust particle pairs [29, 89-91|: Here, collisions between dust
particle pairs are employed to deduce the interaction potential of the collision

and from this potential the dust charge is derived.

e waves [92, 93]: In this method, waves are excited in a dust system by the
radiation pressure of a laser beam and the dispersion relation is measured. The
measured dispersion relation is compared with that of a dust lattice wave to

obtain the dust charge and shielding length.

e direct measurement with Faraday-cup |94, 95|: Here, dust is dropped into
the plasma by a dropper at the top and the charge is measured by a Faraday cup

below the plasma.

The experimentally determined charges are normally of the same order expected
from the models. The experimental results support the existence of a harmonic sheath
potential. The charge numbers obtained from experiments agree somewhat better with
ABR theory. The experiments also deliver coupling parameters (see below) and shield-
ing strengths. However, the following factors are some of the sources of inaccuracies in
the charge numbers obtained from experiments. Assumptions about sheath potential,
uncertainties in locating sheath boundary, inaccuracies involved in mapping of dust

positions from recorded images.

2.4.3 Dust potential distribution

In plasmas, electrons and ions screen out electric fields so that the interparticle interac-
tion potential decreases more rapidly with the distance than a Coulomb potential. This
effect is taken into account through the so-called Debye-Hiickel or Yukawa potential

with the screening length A\p. The shielded potential is expressed by
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o(r) = 4730 —exp (—é) . (2.10)

Considering the shielding effect the particle charge can be written as

Q = 4dmegry (1 + ;—2) bp (2.11)

which in the typical case of r; < Ap reduces to the vacuum value 4megrq@,.

2.4.4 Temporal evolution of the particle charge

In the previous discussions, the particle charge has been considered as static. How-
ever, the temporal evolution of the particle charge can have a strong influence on the
dynamical properties of dusty plasmas [74, 96]. The time scale of ion charging can be

written as [97]

ET; 1

e TrienUm;’

T, = 4megry (2.12)
which can be understood as the charging time 7 = RC of an RC system with the
particle capacitance C' = 4megry and the resistance R = U/I. U = kT;/e is the usual
electric potential of the particle and [ = ﬂrflenivthyi is the typical OML ion current to
the particle. The expression for the electron charging time is similar to Eq. (2.12). The

difference is only that the ion quantities are replaced by those of electrons:

kT, 1

e Trien.vge

Te = 4megry (2.13)
Usually, 7, < 7; because the particle encounters with electrons are more frequent than
with ions so that the charging time is dominated by the slower ions.

The typical particle charging time is of the order of micro-seconds. This is much
less than the typical dynamical time scale of the particles, which is of the order of tens
of milliseconds. It means that the particle charge should always be in equilibrium with
the particle motion. However, as it was observed by Nunomura et. al [91], the finite
charging time of particles can lead to a delay in charge variation with the local plasma
conditions when particles move.

Another evolution mechanism of the charge of dust particles is due to the discrete-

ness of the charge carries and their charges [96]. At floating potential the probabilities
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of collecting a single ion or electron by the particle are equal, hence the particle charge
fluctuates stochastically around its equilibrium position. The amplitude of this fluctu-
ations are 6Z,,s = 0.51/Z¢q, where Z,, is the mean particle charge.

2.4.5 Charging with high dust densities

log;oP

Figure 2.5: Particle floating potential as a function of the Havnes parameter P, for T /T;—100 in
Helium [98].

So far, it was assumed that the dust does not have an essential influence on an
ambient plasma. At higher charge density, the dust charge density contribution nyZge

modifies the quasineutrality condition by
Ne = N — NgZge = ne — Ng 4Tegry Pp. (2.14)

Thus, high enough dust densities ny lead to electron depletion in the plasma. Then,
there are not enough free electrons available to charge the dust particle to the undis-
turbed potential value. The influence of the dust is described through the so-called

Havnes-parameter [98], which is the dust charge density in units of the electron density

P = 6957, ey —2, (2.15)
n,

e
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where T, .y is the electron temperature in electron volts and a,,, is the particle radius
in microns.
In the single particle limit P — 0 the floating potential ¢, corresponds to the

undisturbed floating potential and approaches ¢, — 0 as P — oo as shown in Fig. 2.5.

2.5 Forces acting on dust particles

Generally, the trapping and transport of dust particles in a plasma is governed by
the forces acting on them [47|. The forces acting on the dust include gravity, electric
forces, ion drag force [48, 49, 99 102|, thermophoresis due to temperature gradients
[103], polarization forces due to electric field gradients [104 106|, and the neutral drag
due to gas molecules collisions with dust particles when the particle is moving [107|. In
a plasma under laboratory conditions, the electric field force, gravity, the neutral drag
and thermophoresis are found to be the most important [75, 101, 102, 108, 109]. In
the Fig. 2.6 a conceptual sketch is shown which represents how these forces act. Here,

a short description of these forces will be given.

Plasma

Electric Force (é) |

lon dra

Sheath

Gravity (ny 9)
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Lower Electrode

Figure 2.6: A sketch showing various forces acting on dust particle in rf discharges.
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Gravity

A dust particle in a plasma has a huge mass compared to other plasma species. This
makes the gravitational force to be one of the dominant forces in dusty plasmas. The
gravitational force is proportional to the particle mass, i.e. to the dust particle volume
and its mass density p:

Fy = maj = %Wﬁpdﬁ, (2.16)
where ry and p, is the dust particle radius and density, correspondingly. This makes

the gravitational force to be proportional to the cube of the dust particle radius.

Electric force

Due to its charge, a dust particle is affected by electrical fields that are present in the
plasma. The large inertia of a dust prevents the particle from following the oscillating
rf field. Hence, the microparticles are only affected by time-averaged electrical fields.
In rf-plasmas, the time-averaged plasma potential reaches its maximum value in the
center of the discharge and decreases towards the plasma reactor walls and electrodes
[32]. Thus, an electric force pushes the negative dust particle towards the discharge
center.

An electrostatic force acting on the dust particle in a plasma in the presence of an

external electric field E is well approximated by the vacuum force [104]
F,=QE (2.17)

when the dust particle radius a is smaller than the linearized Debye length Ap.

It is important to note that, although the sheath around a dust particle shields
it from the surrounding plasma, it does not screen the particle from an externally
applied electric field. It was pointed out in [105| that the Debye sphere around the
dust particle is not attached to the particle and represents only a local perturbation of
the background plasma.

In the space charge sheath, a spatially dependent electric field prevails. Due to
the drop of plasma potential towards the electrode the electric force increases in this
direction. As a result, there will be in many cases a unique vertical position where this
force acting on the negatively charged dust particle balances gravity. At this position

the dust particle is trapped and a horizontally extended plasma crystal can be formed.
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Such crystals contain typically one to several thousands charged dust particles [24, 26—
28, 110-116]. In the plasma bulk, the electric force is much weaker compared to the

sheath situation.

Neutral drag

Dust particles moving in a plasma environment experience a friction force due to mo-
mentum transfer with the residual gas [117|. There are two regimes of this force which
depend on the Knudsen number K,. The Knudsen number is the ratio of the mean
free path of a neutral gas molecule and the radius of the dust particle, K, = \,,/rq.
For small K,, values the neutral drag force is obtained from Stokes’ law. However, in
the regime typical for rf discharges of dusty plasma experiments, the mean free path of
the gas molecules is much larger than a few hundred micrometers. This is much larger
than the typical dust particle radius r4, which is of the order of several micrometers.
It makes the Knudsen parameter to be much larger than one. Such a regime is called
'kinetic’ or long mean free path’.

For low relative speeds between microsphere and neutral gas the neutral drag in

the kinetic regime can be well approximated by the Epstein relation [107]

— 4 —
FNd = —5§7TT§mgasngasvth,gasud' (218)

Mgqs is the mass of the gas molecule, vy, 405 is the thermal velocity of gas molecules,
is the mean velocity of dust particles relative to the gas. Thus, the neutral friction is

proportional to rfl.

The Millikan coefficient 6 denotes the type of reflection. Eq. (2.18) with 6 = 1
is the expression for specular reflections of gas molecules from the particle. Here the
molecules colliding with the dust particle with their velocity components perpendic-
ular to the dust particle surface are reversed after collision. d=1 + 4/9 expresses the
regime of perfect diffuse reflections, when the molecules are absorbed and re-emitted
by the surface of the dust particle. They are emitted with a semi-isotropic Maxwellian
distribution at the dust particle temperature. The 0 value depends on the mass ratio
of gas molecules and surface molecules, on the gas and surface temperature and on
the adsorption energy [100, 118, 119]. At the pressure of 50-110 Pa the ¢ values were
experimentally found to be 1.284+0.01 , which is in agreement with other measurements

[117, 120] and corresponds to the regime with diffuse reflections.
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In the case of ideal gas ngqs = p/(kT,,) Eq. (2.18) can be written as
ﬁNd = —mafplq (2.19)

with the Epstein coefficient
8 p
Pe =0—

S — (2.20)
T PdTdVth,gas

where p is the gas pressure, and my = (4/3)7r7"2pd is the mass of the dust particle.

Thermophoretic force

The thermophoretic force is of crucial importance for the formation of Yukawa balls.
This force arises due to the gradient of the neutral gas temperature. In this case, the
momentum exchange rate during collisions between gas molecules and the dust particle
is larger for the hotter side of the particle. Thus, there is a net moment transfer from
the ambient gas to the particle. The absolute value of the thermophoretic force is
proportional to the temperature gradient. The force is directed from the region of
higher temperature to the region of lower temperature (opposite to the temperature

gradient). An analytical expression for the thermophoretic force [121] is given by

, 32 12 5
L= "d [1 + 200 - 04)] kN Thas, (2.21)

_E Uth,gas 32

where kp is the translational thermal conductivity of the gas and Ty, is the gas tem-
perature. Thus, the thermophoretic force is proportional to rfl like the neutral drag
force.

A reasonable approximation for the accommodation coefficient is v &~ 1 [121] if the
gas and the dust particle surface temperatures is less than 500K. If the pressure is high
enough this expression does not depend on the gas pressure. Both these conditions are

met in typical experiments.

Ion drag

An ion drag force arises due to momentum exchange between the streaming positive
ions and the dust particle. The streaming motion arises due to ambipolar diffusion
or in strong electric fields in the sheath. This force has a significant influence on the
particle in laboratory plasmas in regions where the ion flux is large. It can play a

significant role if the discharge power is large enough [42, 48, 122-125].
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The total ion drag force (Fj4) on a grain is the sum of two contributions: the
collection (or absorption or direct) force, F.,; and the orbital (Coulomb or indirect)
force, F,,,. The collection force is contributed by those ions which collide with the
dust grain and transfer their momentum (see Fig. 2.7). The orbital force is due to ions
which exert a momentum on the dust through Coulomb collisions, i.e. the deflection
of ion trajectories in the field of the dust.

The discussion concerning a quantitative description of the orbital force was dealt
with by many researchers [47 49, 84, 99, 100, 119, 123|, but still a complete theory
or model for computation of orbital force over the full range of collisionality is not
existing. The most widely used are the approach of Barnes et. al [47] and a recent
model of Khrapak et. al [48]. Some of the models are described briefly hereunder.
Recently, there is much attention given to quantify this force [126, 127|. In the present
work, we also try to compute the ion drag force for a collisional plasma background

existing in rf discharges.

2.6 Analytical models and Experiments for ion drag

J : :
b | Orhbital (or) Indirect Force
max

bC Collisional (or) Direct Force

Figure 2.7: Different contributions for the ion drag force.

The problem of Coulomb collisions was first dealt with by Chandrasekhar [128| to
study stellar collisions. Here, a point-like central object was considered taking not into
account the finite size of the central object (dust particle) and hence not accounts for
the collection ion drag contribution. This model was modified for the dusty plasma
case |2, 40-43, 47-49].
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The orbital drag force for a point-like object can be calculated due to those ions
which are deflected in the electric field of the dust.

Forp = momentum transfer x fluxr X orbital cross section (2.22)

In reality, the range of Coulomb field is infinite which will result in infinite orbital (or
Coulomb) collision cross section. But, to obtain a finite orbital collision cross section,
the integration is truncated at some value of the impact parameter, the so-called "cut-
off" distance, beyond which the collisions are considered to be of negligible contribution.
Usually, this truncation length is the Debye length Ap. Then, the orbital cross section
is given by

Ap

= 47b2 ,In
/2 /2 bﬂ/Z

bmax

Oorb = 47?[)7%/2 In (2.23)

where by o = €?/(4megm;v?) is the impact factor for 90° deflection. Then the orbital

ion drag contribution is given by

Ap
bﬂ/Z

Fory = miusnivsoom, = mivsnivfllﬂb?rﬂ In (2.24)
Here v, = (v + v2)Y/2 is the mean velocity. n; is the unperturbed ion density, v;; is

the ion thermal velocity, v; is the ion flow velocity.

Barnes Model

Barnes et al. [47] derived an expression for the ion drag force including the finite size of
the dust particle and hence also the collection contribution. The collection contribution
is given by the ions which are responsible for the charging, given by (using the OML

ion current to the grain)

F.ou = momentum transfer x flux X collection cross section (2.25)
2e¢
2 2
= Musn Vb, = MV TS (1 — mié) (2.26)

where ¢, is the floating dust potential and b. is the collection impact parameter. All
the ions within b, collide the central object (see OML charging).
Barnes also corrected the above Coulomb cross section for finite-size dust, where

it was proposed that the minimum collision impact parameter should be taken as
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collection impact parameter (b.). So, here the Coulomb collision cross section was

integrated between b. and A\p, resulting in the orbital drag force:

)\%eriﬂ)m

b2 + bfr/Q

Fop = mivsnivfélwarp In ( (2.27)
Hence, in this model only Coulomb collisions within one Debye length Ap are consid-
ered. Also, it is not clear which Debye length has to be used, the electron or the ion
Debye length. Usually the electron Debye length is used, but this is subject to a large

number of discussions.

Khrapak Work

Khrapak and coworkers |2, 48, 49| have provided improved expressions for the Coulomb
logarithm for finite size dust grains with a Yukawa potential (shielding) and consid-
ering collisions outside the Debye sphere. Here, the Coulomb collision cross section
is obtained by using for the upper impact parameter cut-off, the orbit whose closest
approach to the dust is equal to the Debye length (in order to include collisions outside

the Debye sphere). Here, the orbital drag force is given by

Ap(v) +b,r/2)

2.28
T'd—l-bﬂ/g ( )

F,, = mivsnivf47rb72r/2 In (

Hutchinson Work

Hutchinson, et.al. [40 43| performed extensive computational studies using the SCEP-
TIC PIC code to compute currents to the dust grain and the ion drag on grains for the
full range of dust sizes and Debye lengths for collisionless plasma backgrounds. Only
ion trajectories are followed while electrons are treated as background with Boltz-
mann density. From the computed ion currents and the potential distribution around
the grain, the collection and orbital ion drag forces have been computed on a virtual
spherical region around the dust. This work delivered ion drag forces as a function of

ion drift velocities.

Further, they proposed analytical fits to their numerical results, which are based

on OML currents considering into ion drift. There, the collection contribution to the
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drag force is given by

2 /T (2.29)

F.ou=n; 7"dmthZ 5

u (2u® + 1+ 2y) e 4 [du* +4u® — 1 —2 (1 — 2u°) ¥ g erf(u)| /u?

where u = vy /vy is the normalized flow velocity and x = —Ze¢,/T; is the normalized
floating dust potential. The terms in the parenthesis account for the ion drift. The
orbital drag force is given by

;o

12
Yt

Fop=mn,; r3 87 G(u) In A (2.30)

with the Chandrasekhar function G(u), which includes the effect of finite flow velocities,
given by

[erf(u) — 2ue_“2/\/ﬂ
G(u) = 5 (2.31)

and Coulomb logarithm In A given by

b As
In A=1In { %0+ ] (2.32)
boo + 74
and impact factor for 90° deflection is given by
Z
boy = efp (2.33)
M Vg

and the adopted form of effective shielding length and effective velocities are given by

2
)\2 )\De
S 1 4 QZTe
Ueff

+ 73 (2.34)

and

ve// ZT./m;

0.6 +0.05 In(mi/Z) + (Ape/5r4) <\/T 7T, — )
(2.35)

T; is the ion temperature, T, is the electron temperature and q;(—Ze) is the ion charge.

mvZy = 2T, +mlvf 1+



28 Dusty plasmas: Basics

Experimental methods to derive ion drag

Experimental techniques to derive the ion drag force are only relatively few. The works
include laboratory experiments [123-125, 129-131| and experiments under microgravity
[31, 132].

e The dust particle trajectories are analyzed to derive the ion drag force from the
force balance equation |31, 123, 129, 131, 132].

In experiments under microgravity [31, 123, 129, a focused laser beam is moved
in a controlled way to drive particles in the extended dust cloud and at the void
boundary. From the observed particle motion together with Langmuir probe
measurements, the forces on the particles in the dust cloud and at the void
boundary are derived. Then from the force balance equation between the inward
electric field force and the outward ion drag, the ion drag is derived. The derived
ion drag is compared with Barnes, Khrapak and Hutchinson’s models and some

deviations are found with Barnes model.

In [131], hollow glass microspheres are dropped into the plasma and allowed to
fall due to gravity. The ion drag force was derived from the particle trajectory

deflection from the vertical direction.

e In Yaroshenko et al. work [124, 125|, the ion drag force is derived from two
experimentally determined quantities: the particle drift velocity and the electric
field. This method does not require a priory knowledge of the particle charge,

but uses the charge gradient determined from the same experiment.

Discussion of the ion drag models

The above theoretical and computational works mainly deal with a collisionless plasma
background, where the mean free path (mfp) of collisions is very large compared to the
Debye length. Very recently, Hutchinson and coworkers [44, 127] as well as Khrapak
and coworkers [126, 133-137| have further extended their investigations to compute the
ion flux and drag on the grain in collisional environments.

Khrapak et al. showed analytically that the force acting on a small absorbing grain
in a collision-dominated plasma with slowly drifting ions can decrease substantially in
comparison with the force acting on a nonabsorbing body. In addition, their work [137|

constitutes investigation of the effect of plasma production and losses on the ion drag
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force. The results show that for a nonabsorbing grain the ion drag force is positive, i.e.,
it acts along the direction of the ion drift independently of the loss mechanisms; The
magnitude of the ion drag force is unaffected by plasma production for weak ionization
rate and reduces strongly for high ionization rates. For an absorbing grain, the ion drag
force is negative for low ionization rate and reverses its direction for high ionization
rate. However, these drag computations are for a highly collisional (hydrodynamic)
background.

Hutchinson et al. computed the ion drag force on a spherical dust over the entire
range of charge-exchange collisionality. It has been shown that the ion drag force shows
a local maximum where the CX collision mean free path is smaller than the effective
shielding length (A, < As) and reaches a limiting value at high collisionality.

A general agreement between experiment and calculations has been obtained, but
direct quantitative comparisons are lacking, also because precise measurements for a
detailed comparison are not available so far. Additionally it is known that in low-
temperature laboratory rf plasmas, the distributions are non-Maxwellian [45, 46]. Fur-
ther, the dust potential is asymmetric in the sheath region due to streaming ions.

Hence, to quantify the ion drag force under experimental conditions, it is important
to self-consistently quantify the plasma background, the electron distribution functions,
the dust charge, the dust potential and the potential distribution around the dust
grain. Kinetic particle simulations are suitable tools for such studies, as they are able

to resolve the trajectories of all plasma species in the dust field.

2.7 Dust structures

Depending on the strength of interaction between charged particles, plasmas can be
divided into ideal or weakly-coupled and non-ideal or strongly-coupled plasmas. The
strength of interaction is represented by the coupling parameter I', which is the ratio
between the mean potential energy (E,.) of Coulomb interaction between two charges
()1 and )5 and the thermal energy Fyin,

E 1 1
po oo 1 @@ 1 (2.36)

" By Amey T2 KT

where 715 is the mean distance between the particles. For ideal or weakly coupled
plasmas I' < 1, and plasma components can be treated as an ideal gas. Most of

the ordinary plasmas in space and laboratory are weakly coupled. The system of
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charged particles is said to be strongly coupled when the electrostatic interaction energy
between the particles exceeds their thermal energy (I' = 1). Due to the large charges
of dust particles the interparticle interaction energy is also large. Thus, even the
crystallization (at T' > 1) in the dust particle system becomes possible. The particles
in such systems are trapped by an external harmonic potential. Such ordered finite
systems are called dust clusters in contrast to ordered expanded dust systems, which
are called dust crystals.

Experimentally, two-dimensional ordered systems of dust particles were first discov-
ered in 1994 in a cathode sheath of a radio-frequency discharge, where strong upward
sheath electric fields compensate gravity, and the particle levitation is possible [23 26].
Because of this force balance the particles arrange in a horizontally extended 2D struc-
ture. Under an additional horizontal confinement the particles arrange in 2D finite
clusters (see Fig. 2.8). Later, dust crystals were found in a thermal plasma at normal
pressure [138], in a positive glow gap of a dc discharge, and in nuclearly excited dusty

plasmas [139].

grid
electrode.—
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electrode with
parabolic trough
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)

Figure 2.8: (a) Schematic picture of a two-dimensional dust crystal experiment [26], and (b) A
typical 2D dust crystal.

Three-dimensional dust clusters and crystals are much more difficult to realize in
the lab due to the huge gravity force acting on dust particles. Due to this reason
3D dust crystal experiments had to be made under microgravity conditions on board

of a space station [140| or during the plane parabolic flights [141].
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In 2004 the spherically 3D dust clusters, so-called Yukawa balls, were first ex-
perimentally observed in dusty plasmas under laboratory conditions [108, 109|. The
confinement of Yukawa balls is obtained from a superposition of various forces acting
on dust particles. There, a glass box is placed on the powered rf electrode (see Fig. 2.9).
The lateral Yukawa ball confinement is attributed to the horizontal component of the
plasma-induced electric force. This force acts on the negatively charged particles to-
wards the center of the glass box and thus confines negatively charged dust particles
in the glass box center. The vertical Yukawa ball confinement is due to the compensa-
tion of gravity. An upward thermophoretic force was applied by heating the powered
electrode. The ion drag force was shown to be negligible [108, 109]. The upward ther-
mophoresis pushes the dust particles into the plasma bulk. The thermophoretic force
is supported by additional electric forces, which result from surface charges on the
glass walls. Thus, superposition of gravity, the plasma induced electric force, and the
thermophoretic forces models the Yukawa ball trap which was found to be harmonic
in 3D [109].

9 (o

b

Hot water~

Figure 2.9: (a) Schematic picture of three-dimensional Yukawa ball formation and force balance
[109] and (b) A typical Yukawa ball

The parabolic flight experiments or experiments on the International Space Station
show [141], however, that under microgravity other forces like the ion drag become
important, that lead to the formation of large dust-free areas in the center of the
plasma discharge as shown in Fig. 2.10.

Hence, it can be seen that dust parameters like dust charge, floating potential and
dust potential distribution are very important for dust structure formation. Hence,
computing these parameters for actual discharge conditions is necessary to characterize

the system, which is the goal of this thesis.
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Figure 2.10: Typical appearance of a dust-free void in microgravity experiments [141].

The basic elements of dusty plasmas, charging of dust, forces acting on the dust
in a plasma have been introduced. Before discussing the computational results, the

computational tool used for this thesis will be introduced in the next chapter.



Chapter 3

P3M code

In this chapter, the computational tool used for the simulation of multicomponent re-
active rf discharges and for dust charging process is described. As already mentioned
in the previous chapter, these are low temperature plasmas with low ionization. The
fluid approximation [142]| or fluid codes cannot be used to study such plasmas, as the
fluid description is valid only when plasma particles have a Maxwellian velocity distri-
bution, and plasma parameters are not changing much on the mean free path length.
But in the case of low temperature plasmas, due to the strong potential drop in the
sheath, distribution functions of both ions and electrons are non-Maxwellian |61, 143].
Hence, a kinetic approach with the particle-in-cell (PIC) method [144, 145] is suitable
for the study of such plasmas. One-dimensional Particle-in-Cell (1D PIC) simulations
were performed for multicomponent reactive plasmas in order to study the effect of an
ion extractor system on ion energy distributions (IEDs) [see appendix A|. A three-
dimensional Particle-Particle-Particle-Mesh (3D P3M) code was applied for studying
the dust charging and the ion drag force on single and multiple static and dynamic dust
grains immersed in rf discharges. These codes have been obtained from K. Matyash
and modifications have been done for dust parameter diagnostics. For a detailed de-
scription of the code, one can refer to [46, 146, 147]. Here a brief description of the
PIC method, its limitations in estimating charging dynamics and the P3M method is

provided. The modifications and additions done to the codes will be presented later.
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3.1 PIC method

In the PIC method, one follows the kinetics of 'Super Particles’ (each of them rep-
resenting many real particles), moving in self-consistent fields (electric and magnetic)
calculated on the grid according to the Maxwell equations. In this work, only electro-
static calculations are done and therefore only the Poisson equation is solved. ’Super
particles’ are simulated because the number of charged real particles in systems of in-
terest is usually very large (10'?) and not possible to simulate even on the fastest com-
puters. The particle collisions are handled by Monte-Carlo collision (MCC) routines,
which randomly change particle velocities according to the actual collision dynamics.
Hence, these codes are also called PIC-MCC codes.

Output
Nes ‘bu fe

Initialize (Input)

Particles(R, V)

grld (X,Y,2) \ Boundary conditions
o

(particle loss or gain)

e e,

Integration of Particle
Eqns. of motion MCC

F>VR " (elastic, inelastic,..)
i At |

Force calculation at Calculation of
Particle position Plasma Parameters, n,...

Weighting E > F Weighting R- p

/

Integration of Field Eqns.
onmesh p—> E

Figure 3.1: Computational algorithm in a typical PIC-MCC code.

The computational algorithm of the PIC scheme is presented in the Fig. 3.1. Main

steps involved in the computation are the following:

(i) Compute the approximate plasma characteristics of the system.

e \p. = \/ekpT./n.e?, similarly Ap;, mean free paths.
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(i)

(vi)

(vii)

o Wy = \/Ne€%/egme

Prepare a computation grid in the physical system with grid width Az < Ap,.
Usually Az = 0.5\p, is used.

Initiate the plasma species (electrons, ions, neutrals) in the grid.

From the particle positions in the neighboring cells of a grid point, charge and

current densities are computed at the grid point, using extrapolation techniques.

Usual extrapolation methods used are Nearest Grid Point (NGP) method, Cloud-
in-Cell (CIC) method, etc. [144]. NGP weighting scheme is relatively noisy and
introduces artificial forces (self-forces) to the solution [147|. In our simulations
the CIC weighting method is used, in which charged particles are treated as rigid
"clouds’ of uniform density with dimensions equal to grid width in all directions

and can freely move through each other.

In electrostatic problems, the Poisson equation is solved on the grid to update

fields at the grid locations from the charge densities. VZ¢ = —p/eg

For three-dimensional simulations, the Poisson equation is discretized on the
grid using a 7-point finite-difference scheme [148|. The resulting sparse system
of linear equations is solved using the LU-decomposition method [149]. For this
purpose the SuperLU software library [150] is used. Then, the components of the

electric field on the grid are calculated with a centered difference scheme:

(Ea:)k,m,n - (¢k—1,m,n - d)k—l—l,m,n)/ZAI
(Ey)k,m,n - (¢k,m—1,n - d)k,m—l—l,n)/ZAy
(Ez)k,m,n - (¢k,m,n—1 - d)k,m,n-i—l)/ZAZ

Grid field values are used to compute field values at the particle positions using
the same weighting techniques. The same weighting scheme is used to ensure

momentum conservation.

With these field values, particles are moved according to the equations of motion.

mie 7 - Qi,eEi,e (31)

== Ve, T=2,Y,%2 (3.2)
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(viii)

(ix)

Boundary conditions are implemented. For absorbing boundaries particles are
absorbed or lost and for periodic boundaries particles leaving from one side are

introduced from the opposite side.
Collisions are implemented and the resultant plasma species (electrons, ions,
neutrals) are updated.

Collisions play a very important role in the formation and the sustaining of rf
discharges. Details of how collisions have been implemented in the code are de-

scribed in [148]. In the present code, following collisions have been implemented.

e clectron-electron Coulomb collisions

e clectron-ion Coulomb collisions

e ion-ion Coulomb collisions

e clectron-neutral elastic collisions

e ion-neutral elastic collisions

e clectron-neutral ionization collisions

e clectron-neutral, electron-ion dissociation collisions

e dissociation with ionization collisions

e dissociation with electron-recombination collisions

e charge-exchange collisions

e excitation collisions
Coulomb collisions between charged particles are important for transport pro-
cesses in plasmas. The electron-electron Coulomb collisions play a key role in
populating the high-energy tails of electron distributions, pushing the distri-
bution function towards Maxwellian. The high energy electrons, despite their
relatively small number, strongly influence the properties of the whole system,
because only electrons from the high energy tail of the distribution can partici-
pate in electron-impact ionization collisions with neutrals. In bounded plasmas
the flux of very high energy electrons to the wall is responsible for compensation
of ion current and formation of a sheath potential structure. Ion-neutral colli-
sions in the bulk or the sheath determine the ion energy distributions (IEDs) and

ion angular distributions (IADs). In the codes used, a binary Coulomb collision

model described in [146, 151] has been implemented.
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(x) Neutral particles can be updated or can be treated as a fixed background with
constant density and temperature, as its density is much higher than the densities

of charged species.

(xi) Steps (iii)-(ix) are repeated over prescribed timestep (At). Usually for accuracy
of the differencing scheme [144], we use At = 0.2/w,.. Due to higher masses ion
equations are integrated over a bigger timestep than At, usually a few tens bigger

timestep.

3.2 Limitations of PIC
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Figure 3.2: Interaction force from grid field between two charged particles in PIC model compared
to the "right" Coulomb field [152].

The conventional PIC-MCC code can describe the details of rf plasmas including
the sheath in front of the electrodes. This code has previously been extensively used
for studying the formation of dust structures in low temperature laboratory plasmas,
where originally a constant dust charge was prescribed [146|. But, the PIC-MCC can

not handle the charging dynamics of a micron-size dust. It is because of the draw-
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back in a conventional PIC method that the spatial resolution is limited by the size of
the grid which is typically of the order of the Debye length, which is a fraction of a
millimeter for rf plasmas. Whereas the size of the dust grains used in the laboratory
experiments is much smaller than this, i.e. in micrometer-nanometer range. As men-
tioned in the previous section, due to the CIC weighting method, the particles in the
conventional PIC algorithm which are represented by charged clouds of the grid size,
can penetrate each other [146, 147, 152]. This leads to high inaccuracy for interparticle
interaction when the distance becomes smaller than the cell size [152|. Fig. 3.2 shows
the dependence of the interparticle interaction force on the distance, where the distance
is normalized to the cell size, as calculated with the PIC model. The interaction force
from the grid field strongly deviates from the Coulomb force for small distances and
tends to go to zero as the inter-particle distance decreases. Therefore, the PIC model,
being able to resolve long-range interaction between the particles (of the order of the
Debye length), misses the close-range part for distances comparable with the radius of
the dust grains.

One approach to overcome this is to use a PIC-MC particle collision operator [153]
for describing plasma species absorption at the dust with the collision cross-section
obtained from analytic OML [3] theory. This model is sufficiently fast, but can fail
when plasma is strongly nonunifrom and/or non-Maxwellian. Another approach is
to resolve or follow in an MD algorithm ion trajectories around dust until they are
absorbed or scattered [41, 42, 152, 154|. The present simulations are based on the
latter approach.

3.3 P3M code

In order to accurately resolve close-range interactions between dust grains and plasma
particles, the PIC model was combined with a molecular dynamic (MD) algorithm. In
the resulting Particle-Particle Particle-Mesh (P3M) model, the long-range interaction
of the dust grains with charged particles of the background plasma is treated according
to the PIC formalism. For particles which are closer to the dust grain than a Debye
length their interaction force is computed according to a direct particle-particle MD
scheme using the exact electrostatic potential. This is implemented in the following
way: in the computational domain, the cell in which the dust grain is located together

with the neighboring cells form the "MD" region as shown in Fig. 3.3. All particles
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outside the MD region are treated according to the conventional PIC scheme. For
plasma particles (electrons and ions) inside the MD region the electric field is calculated
as: B — Fg.q + Egus. For the calculation of the grid field Fy,q, the charge density
as in the PIC part is used from which the dust grain contribution is subtracted. The
dust contribution is accounted for by the exact Coulomb electric field Ey, calculated
pairwise between the dust and the plasma particles. In order to resolve the particle
motion on scales of the order of the dust grain size, particles in the MD region are
moved with a smaller time step (ty;p). Usually typ = At(rq/Az). Typical PIC time
step (At) is about 1.1x107' sec and Az =200 pum. Hence for a 1 um dust particle,
tarp is about 6x 10713 sec. Plasma particles which cross the computational dust grain
boundary are assumed to be absorbed. The dust grain charge is updated each MD time
step. This approach allows to follow the charged particles trajectories in the vicinity of
the dust grain and by this to include finite-size effects for dust grains, self-consistently
resolving the dust grain charging due to the absorption of plasma electrons and ions.
The P3M code is parallelized using the MPICH library. The computational algorithm
in the P3M code is shown in Fig. 3.4, where shaded boxes show the modifications for

studying the dust charging with additional MD region.

A DeO
—

Figure 3.3: Schematic diagram showing MD region around the dust grain.

The additional computation in P3M code includes the following:
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Figure 3.4: Computational algorithm in a typical P3M code.
Checking for the existence of the dust particles. If particles exist, determine the
MD region boundaries around the dust.

Determine the MD subcycling timestep depending on the ratio of dust size to
grid width.

Determine the dust density at grid locations from the dust particle positions.
Compute the grid field due to dust (Eg,s).

For each MD subcycle push the plasma species (electrons and ions) and check
for their absorption at dust or crossing the MD boundary. If plasma species
are colliding with the numerical dust boundary count them and update the dust

charge (see chapter 5).

Compute the collection ion drag force from ions colliding with the dust and orbital

drag force from all other ions in the MD region (see chapter 6 for details).

Output the dust parameters: dust charge, ion drag force, electric field around

the dust to derive the dust floating potential and potential distribution.
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e Any other diagnostics, such as test ion trajectories.

Till now, the basic elements in dusty plasmas and the P3M code have been intro-
duced. In later chapters, the computational results for charge and ion drag on single
and multiple dust particles located in rf discharges are presented. Before studying the
dust charging, first the characteristics of the rf discharge which govern dust charging

are studied and these properties are presented in the next chapter.
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Chapter 4
Plasma discharge characteristics

Discharge properties, such as plasma species densities and velocity distributions, govern
the charging process of the dust grain. The dust charge itself determines the dust
potential and field around the dust, which again influences the shielding and ion drag
force. Therefore, the presence of dust will modify the local discharge characteristics.
Hence, it is necessary to study the discharge characteristics to gain an insight into the
charging processes. The characteristics of rf discharges have been experimentally and
theoretically studied by many researchers [32, 45, 46, 84, 148, 155]. Here, we present

the computed rf discharge characteristics and recapitulate the physics of them.

4.1 Method of computation

We have applied the P3M model (only PIC-MCC modules are employed and sufficient)
to build-up the rf discharge plasma in argon, after equilibration of which the dust grains
are immersed to study charging and drag forces. The parameters of the simulation
were chosen to represent the conditions of the experiments with Yukawa balls (see Ref.
[109]). As background gas, argon with pressure p = 50 Pa and neutral gas temperature
T — 300 K was used.

The computational domain representing the rf discharges is shown in Fig. 4.1. The
discharge system dimensions are taken as 0.15 cmx2.4 cmx0.15 cm. The plasma vol-
ume is divided into 8 x128x8 computational cells (see Ref. [152] for selection criteria
for cell-widths and time-step). The electrodes are aligned in the XZ-plane and the
electrode separation is 2.4 cm. The lower electrode at Y = 0 cm is grounded and the

upper electrode at Y = 2.4 cm is powered with a sinusoidal voltage at frequency f,; =



44 Plasma discharge characteristics

A

7’ Electrode
&

00
\00
6\0
Qé\o
Electrode

Figure 4.1: Schematic of 3D computational grid for simulation of rf discharges.

13.56 MHz and amplitude U,y — 30 V or 50 V. At the electrodes absorbing wall bound-
ary conditions for the particles are applied. At boundaries in the X and Z directions
periodic boundary conditions are used, both for particles and potential. The neutral
argon was treated as a fixed background with constant density and temperature, as its
density is much higher than the densities of charged species. Only the charged particle
dynamics was followed. In the simulation, the plasma was sustained self-consistently
due to electron impact ionization of the neutral gas by the electrons accelerated in the

applied rf voltage.

In the present P3M code, a binary Coulomb collision model described in [146, 151]
has been implemented. Coulomb collisions between charged species, electron-impact
ionization, efficient excitation, electron-argon elastic collisions and momentum transfer
charge-exchange collisions were taken into account in the simulation. The collisions

implemented for current study are listed in Table 4.1.



4.2 Results 45

Table 4.1: List of collisions included in the current simulations

Collision Reference
e-e, e-ion, ion-ion Coulomb [156]
e-Ar Elastic Collision [157]
Ar* - Ar Elastic Collisions [157]
Tonization : e + Ar — Ar™ + 2e [157]
Charge-exchange : Ar + Ar™ — Art + Ar [157]
Excitation : e + Ar — Ar* + e [157]

4.2 Results

Here, we present the characteristics of the rf discharges after equilibration.
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Figure 4.2: Time-averaged density and potential profiles. Vertical lines represent the y-coordinates
of the dust.
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Figure 4.2 shows the computed electron and ion densities in a rf discharge between
the electrodes on the central axis, for a pressure of p = 50 Pa. The ion density equals
the electron density in the bulk satisfying quasi-neutrality and exceeds the electron
density in the sheaths. After equilibration, the bulk plasma parameters are n,—1.22
x 10° em™3 and T, = 5.5 eV respectively, yielding an effective electron Debye-length
Ag—550 pm. Similarly, the effective ion Debye-length is ~ 37 um (7;/T. = 0.0045),
which is one order smaller than the electron Debye-length. Fig. 4.2 also shows the time-
averaged plasma potential between electrodes. A steep potential drop occurs near the
electrodes within oscillating positive space-charge layers (in rf sheaths). The electric
field in the bulk plasma is negligible in comparison with the field in the sheaths. This
strong electric field in the rf sheath regions is directed toward the electrodes, preventing
electrons from leaving the plasma for most of the rf cycle. The electrons are able to
escape to electrodes only during a short time, when the rf sheath collapses. From the
deviation from quasineutrality, the sheath width can approximately be derived to be
about 0.5 cm. As ion plasma frequency is smaller than the rf frequency (due to high
mass), ions are not able to react to the fast changing rf electric field. Thus ions respond
only to the averaged electric field. Thus, the flux of energetic ions, accelerated in the
sheath electric field to energies of about average sheath potential drop, constantly flows
to the electrodes. The electrons respond to the instantaneous electric field and oscillate
between the electrodes in the static background of the positive space charge of the ions.
In the sheath regions the positive space charge of the ions during most of the rf period
remains uncompensated because the electrons reach the electrode only for a short time,
during the collapse of the sheath potential, to balance the ion current on the wall. The
change of the net space charge near the electrode during the rf cycle, resulting from
the different response of ions and electrons to the applied rf voltage, is responsible for
the dynamics of the rf sheath electric field.

Electron distributions

The time-averaged electron energy probability function [32] at the center of the dis-
charge is shown in Fig. 4.3. It can be seen that the electron distribution is non-
Maxwellian, and rather Druyvesteyn-like |45, 46, 146| where a strong drop of high-
energy electrons is observed. Similar electron distributions were experimentally found
in low-pressure capacitive rf discharges [45]. Such electron distribution in the discharge

indicates the Ohmic heating |45, 146] in a Ramsauer gas like argon. The mean free
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Figure 4.3: Time-averaged electron energy probability function

path of electron-neutral elastic collisions is ~ 0.08 cm, which is much smaller than the
system length 2.4 cm and also smaller then the sheath width 0.5 cm. Thus, the Ohmic
heating in the sheath region, when the electrons are accelerated in the strong electric
field between successive elastic collisions with neutrals, is the mechanism of electron
heating.

The deviation of electron distribution from the Maxwell distribution could have
important consequences on dust charging. Due to the absence of high energy elec-
trons compared to Maxwellian distribution, the electron flux to the dust is small when
compared to the Maxwellian distribution case, which can result in smaller dust charge
numbers and smaller floating dust potentials. This issue will be addressed in detail in
chapter 5, where we compare the computed dust charges with the theoretical models

which use Maxwellian distribution for electrons.

Ion distributions

Figure 4.4 shows the time-averaged Ion Velocity Distribution Function (IVDF) between
the electrodes at the center of the discharge. In the bulk, the ions stay cold where their
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Figure 4.4: Time-averaged ion velocity distribution function along the discharge axis Y.

mean energy of random motion is close to the thermal energy of the background gas.
In the sheath regions low-energy ions from the bulk plasma are sharply accelerated in
the strong electric field toward the electrodes.

Figure 4.5 shows the time-averaged ion velocity (normalized to local sound speed)
between the electrodes. It can be seen that ions are subsonic even in the sheath, except
very close to the electrode. The approximate value of v;/cs near the sheath edge is
0.12. Ions are not accelerated to Bohm velocity near the plasma-sheath edge. This is
due to the collisions in the system. The mean free path of ion-neutral charge-exchange
collisions (A, f,) is only about 85 micron, which is less than the sheath width. Thus,
this is a highly collisional sheath.

Now to summarize, the plasma discharge characteristics and various length scales
are listed in the Table 4.2.

Plasma species distributions at low pressures

The rf discharge characteristics at very low pressures (a few Pa) differ very much

from the above discussed. We have done simulations to study ion energy distributions
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Figure 4.5: Time-averaged ion mach number (v;/cs) along the discharge axis Y. Vertical lines
represent the y-coordinates of the dust.

(IEDs) at electrodes at pressures of 2-5 Pa in Ar/CH, gaseous mixture (please refer
to the appendix for details). We also studied the effect of ion extraction system on
[EDs. Hence, for the sake of comparison we list the differences in the characteristics
of rf discharges at high and low pressures.

At low pressures of a few Pa,

e Predominant heating mechanism is the Stochastic heating. In the EVDF,
there exist two groups of electrons: Cold electrons in the center of the discharge,
and the tail of high-energy electrons oscillating between the electrodes. The elec-
trons from the low energy group are not energetic enough to overcome the am-
bipolar potential barrier and penetrate the sheath region. Thus they are locked
in the center of the discharge. The energy of these electrons is far below the
energy threshold for the majority of inelastic collision processes, thus they are
not participating in collisions with neutrals, except for elastic scattering. Even-
tually, due to elastic collisions, these electrons diffuse to the sheath region. This
group of electrons is most likely populated by the low-energy secondary electrons,

produced in electron- neutral ionization collisions. Unlike the electrons from the
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Table 4.2: rf discharge characteristics and various length scales for p—50 Pa, U, ;=50 V.

Bulk electron density 1.22 x 10° cm™3
Bulk electron temperature 5.5 eV
Bulk ion temperature 0.025 eV
Electron Debye length 550 pum

Ion Debye length 37 pm
System length along discharge 2.4 cm
Sheath width 0.5 cm

mfp of CX collision 85 pum

mfp of electron-neutral elastic collision 0.08 cm

low-temperature group, the electrons from the high-energy tail can easily over-
come the ambipolar potential barrier and penetrate into the region of strong
electric field in the sheath. These electrons oscillate between the rf sheaths, get-
ting reflected from them by the strong retarding electric field. Although during
single reflection from the sheath, an electron can both gain and loose energy, de-
pending on the phase of the rf field, but on average, electrons are accelerated due
to stochastization of their motion, similar to the Fermi acceleration mechanism

132].

e The electron distribution is biMaxwellian, i.e., it is a sum of two Maxwellian

distributions with different temperatures. The low temperature part corresponds
to the static group of cold electrons in the bulk region, whereas the high- tem-
perature component is contributed by the energetic electrons, oscillating between
sheaths. [45, 158, 159).

e Jon energy distributions resemble the high pressure case, i.e., in the bulk the

ions stay cold and into the sheaths the ions are accelerated upto average sheath

potential drop.

4.3 Summary

rf discharges have been simulated using a three-dimensional PIC-MCC code for the

discharge conditions relevant to the dusty plasma experiments. After equilibration
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of the rf discharges, its characteristics, including species density, potential, species
distribution functions have been studied. From the mean free path analysis, the system
is collisional, charge-exchange collisions between ions and neutrals being dominant.
Electron and ion distributions are non-Maxwellian, electrons behave Druyvesteyn-like
and ions are subsonic even in the sheath due to charge exchange collisions.

After fully understanding the characteristics of the rf discharges, now the dust par-
ticles are located at various positions in the discharge to address the issues of charging

mentioned. The results will be presented in the next chapters.
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Chapter 5

Charging of single dust particles

5.1 Introduction

The dust grain attains a charge (positive or negative) due to various charging mech-
anisms 6|, such as absorption of electrons, ions, secondary electron emission, etc.
Charging of a dust grain is determined by the background plasma properties, where
collisions between various plasma species play an important role. The dust charge
governs the electrostatic potential around the dust and interdust grain interaction and
hence the formation of dust structures. Also the ion drag force - the force exerted on
dust grain by traversing ions around the dust due to coulomb interaction - which plays
a crucial role in phenomena such as wake-field formation in rf sheaths [28] and dust
void formation in microgravity dusty plasma experiments [31|, depends on the dust
potential and dust charge. So, in order to quantify these various properties for realistic
discharge conditions in rf discharges, dust charge and potential have to be determined
accurately. Since in rf discharges the plasma bulk and sheath have different proper-
ties (e.g. streaming of ions), the dust charge and potential might vary for dust grains

located at different positions in rf discharge.

The analytical theories of charging described in chapter 2 do not account for stream-
ing ions leading to difficulties in determining the charge of dust located in the sheath.
Also, they assume Maxwellian distributions for the plasma species, which is not shown
to be true in the chapter 4 and also in [45, 46]. Kinetic simulations are suitable tools
for charging studies for realistic experimental conditions. The present work is an ex-
tension of work by K. Matyash [152, 160| to obtain more insight into collisional effects

on the dust charging and shielding in rf discharges. In this work, we present the dust
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parameters computed for a single static spherical dust grain located at different po-
sitions in an rf discharge. We compare the simulation results with existing charging
models. The dust potential distribution is compared with the Debye-Hiickel potential,

as it is widely used in the dusty plasma community.

5.2 Method of computation

We have applied the P3M model to investigate the dust grain charging process in a
capacitive rf discharge in argon. The parameters of the simulation were chosen to
represent the conditions of the experiments with Yukawa balls (see Ref. [109]). As
background gas, argon with pressure p = 50 Pa and neutral gas temperature T = 300

K was used.
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Figure 5.1: Schematic of 3D computational grid for simulation of dust in rf discharges. The MD
region (cube) of the central dust particle is projected onto the left wall.

The computational domain representing the rf discharges and dust locations is

shown in Fig. 5.1. The computational domain and boundary conditions are similar to
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the ones described in the previous chapter. Dust particles with radii R; = 2.5, 5.0, 7.5
and 10.0 ym were introduced into the discharge with zero starting charge. The position
of the dust particles was fixed at three different positions of y — 0.12, 0.49 and 1.08
cm, which correspond to locations in sheath, presheath and bulk regions respectively
(in x,z the particles are centered in the simulation domain). The cell in which the dust
grain is located together with the neighboring cells form the "MD" region, as shown
in Fig. 5.1.

Plasma particles which cross the computational dust grain boundary are assumed to
be absorbed. The absorbed plasma species are counted to obtain the dust charge. Other
charging processes, such as secondary electron emission, or surface photo emission, have
not been considered. In our model, the dust potential is computed independent of the
dust charge. It is derived from the computed electric field around the dust. From this

field, the potential is derived by integration.

5.3 Results

Here, we present the simulation results for dust parameters (dust charge, potential and
potential distribution) computed for static spherical dust grains located at the three

positions in the rf discharge. The results will also be compared with theoretical models.

5.3.1 Dust potential

After the background plasma of equilibrated rf discharges has been characterized, we
have computed the floating potential on the dust particles of different radii, located at
different positions in the rf discharge plasma. Figure 5.2 shows the dust potential along
the horizontal /vertical (X/Y) axes for dust particles in the plasma bulk. It can be seen
that the floating potential on the dust grain is about -2.98 V and radially symmetric
around the dust.

Figure 5.3 shows the dust potential along the horizontal /vertical axes for dust par-
ticles in the plasma sheath. In determining the dust potential profile in the sheath, one
has to account for the strong change of the plasma potential in the sheath. The poten-
tial profile observed in the sheath along X is symmetric, but is asymmetric around the
dust along the Y-direction (which is along the electrode separation). This asymmetry
is introduced due to the streaming ions in the sheath. The dust potential profile will

be analyzed in more detail below.
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Figure 5.2: Spatial dust potential distribution for a 5 micron dust grain located in the plasma bulk
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5.3.2 Dust Potential vs. Dust size & location
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Figure 5.4: Dust potential as a function of dust size

Now the dust potential is analyzed for dust of different sizes (see Fig. 5.4). It can
be seen that the dust potential scales nearly linearly with dust size (Ry). As already
mentioned, the dust potential is computed by the integration of the dust field around
it. From the collisionless models like OML|3]|, one expects that the dust potential
is independent of dust size. But for this collision-dominated plasma, the ion current
(I;) to the dust grain increases (the issue of ion current will be dealt with in detail
in the chapter 6), resulting in a size-dependence other than R2 in OML [4, 39]. This
collisional ion current contribution results in a dust-size dependence of the dust surface
potential. These results qualitatively agree with the simulation results of Zobnin et.al.
[4, 39], where a dependence of dust potential on dust size has been demonstrated.
There, an additional collisional contribution to the ion current onto the dust grain
in a stationary plasma has been obtained by solving the kinetic equation accounting
for charge-exchange ion-neutral collisions. Zobnin et.al. derived ion current, surface
potential, etc., for intermediate collisionality. For particles with rq/A\s > T;/T. the

absolute value of the surface potential increases with the particle size linearly. In



58 Charging of single dust particles

our case, for a 5 um particle r4/As =~ 0.03, T; /T, ~ 0.0045 this condition is fulfilled.
Zobnin et.al. [4] also proposed analytical approximations for the ion currents. These
analytical formulae show that the ion current is a complex function of collisionality
and particle size, resulting in a size-dependence of the surface potential. In Fig. 5.5,
dust surface potential for various dust sizes obtained in the present simulations have
been compared with the values obtained from the analytical formulae given in [4],
for the shielding lengths obtained in our simulations (see below). Both results show
the same tendency, but shifted by about 1 volt. This deviation can be attributed to
the use of a Maxwellian distribution for electrons in 4], whereas here the distribution
is Druyvesteyn-like. The Maxwellian distribution contains more high energy electron
population (high energy tail) which contributes additional electron flux to the dust
resulting in a more negative dust potential. Hence, dust potential values from Zobnin

fit are smaller than the values obtained in our simulations.
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Figure 5.5: Dust size dependence of floating potential (in plasma bulk) determined in our simulations,
compared to the analytical fit given by Zobin et.al. [4]
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5.3.3 Shielding

We now discuss the dust potential distribution around the dust. The potential around
a charge or probe in a plasma is screened or shielded by the plasma particles. It is
usually assumed that dust potential screening is a Debye-Hiickel (or Yukawa) type.

Here, the potential at a distance R from dust is therefore compared to

da(R) = Uy "4 exp (—R — ”) (5.1)

where Uy is the floating potential on the dust. This is an important parameter, which
governs the particle interactions. The dust potential around the dust is plotted in
units of log (Uyrg/R) versus (X —1r4), as in these units the Yukawa potential is linear.
From our kinetic simulations thus the shielding length A, is retrieved. Here, only the

horizontal X-coordinate is used for this study due to streaming of ions in Y-direction.
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Figure 5.6: Computed dust potential in the sheath compared to the Debye-Hiickel potential (dashed
line) for various sizes of dust. The resulting screening lengths are also listed.

In Fig. 5.6, the simulated dust potential distributions for various sizes of dust grains
located in the sheath are compared to the analytical Debye-Hiickel potential. Thus, the
dust potential from the P3M code behaves like a Debye-Hiickel potential in a region
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close to the dust particle up to a distance R = A\, to R = 1.5)\,. Due to finite MD region
size, discussion of the long range behavior of the shielding is not possible. Shielding
lengths derived for all the cases are about 320 um. Moreover, the shielding length is
found between the electron and the ion Debye lengths. Hence, it can be concluded
that the effective shielding is done both by electrons and ions. Deviations of shielding

lengths from ion Debye length have already been discussed in [4, 38, 161].
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Figure 5.7: Computed dust potential distributions for three dust locations in the discharge compared
to the Debye-Hiickel potential (dashed line). The resulting screening lengths are also listed.

Figure 5.7 shows the simulated dust potential distributions for 5 ym dust grains
located at the three positions in the discharge. In the bulk and the presheath, we find
a similar behavior: the potential is Debye-Hiickel-like with screening lengths 200 and
220 pum respectively. The screening lengths in the presheath and the sheath are larger
than the cell size and are reliable. The screening length in the bulk is comparable to
the cell size. However, these values are in agreement with the values of the shielding
length which are found to fit the charge and potential calculations in Sec. 5.3.4 very
well. From the bulk to the sheath the ion velocities increase and ion shielding becomes
increasingly ineffective. Hence, the shielding length slightly increases from the bulk to
the sheath.
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Physically, the deviation of shielding length in the bulk from the ion Debye length
can be attributed to the ion-neutral collisions in the vicinity of absorbing dust grain
[50]. The work of Khrapak et al. [50] shows the effect of ion-neutral collisions on
the potential distribution. It has been shown that the effect of collisional flux is to
extend the potential distribution beyond the ion Debye length indicating an increased

shielding length.

5.3.4 Charge evolution on dust

We have also computed the charge on dust particles of different radii, located at the
three positions in the rf discharge plasma by counting the plasma particles arriving at

the numerical particle boundary.
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Figure 5.8: Temporal evolution of the dust charge for a 5 micron particle in the bulk. The inlet
shows a magnification of the first 1.5 us of charging.

In Fig. 5.8, we present the evolution of the electric charge of a dust grain with
a radius of 5.0 um located in the plasma bulk. A fast initial charging takes place
due to the collection of electrons, while equilibration takes place on the ion time scale

(of the order of 0.5 us in our case)[146, 152|. The equilibrium dust charge is subject
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to stochastic fluctuations due to the discrete nature of charge carriers. Stochastic
fluctuations have been studied by Cui et. al. [96], and it has been shown that the
amplitude of the stochastic fluctuations is approximately equal to 0.5v/Z;, where Z is
the equilibrium number of the charges. For the 5.0 ym dust particle case presented here,
(Q4=-10482¢ and so the amplitude of the fluctuations should approximately be equal to
5le. In the simulations, the amplitude of the stochastic fluctuations is approximately
equal to 825e. This deviation is due to the fact that in the simulation one computational

particle represents 89 real electrons or ions.
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Figure 5.9: Temporal dust charge evolution of a 5 micron particle for different locations

Figure 5.9 shows the charge evolution for a 5.0 micron dust particle located at the
three different positions in the discharge. It can be seen that the charge is reduced in
the sheath compared to the bulk or presheath value. The charge in the presheath is
equal or slightly larger than the bulk value. This can be explained as follows: Charging

is due to electron and ion currents to the dust grain. The electron or ion current is
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proportional to the density (n), velocity (v) and collection area (o4) of a dust grain.
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Figure 5.10: Discharge parameters (v, v;, neve, n;v;, electron to ion flux ratio, potential) between
electrodes. All the parameters are scaled to fit into the scale of flux ratio.

The variation of the dust charge for locations from the bulk to the sheath in a
discharge can be explained by analyzing the electron to ion flux-ratio, individual species
flux profiles and other discharge parameters along the discharge axis (see Fig. 5.10).
The electron (and ion) density decreases from the bulk to the sheath (as shown in
Fig. 4.2), whereas the velocities increase. As the ions, due to high inertia, respond
to the average electric field, the ion velocity profile (v;) resembles the time-averaged
potential profile, i.e., the ion velocity monotonically increases from the bulk to the
sheath. Electrons respond to the instantaneous electric fields, but due to the strong
electric field in the sheath directed towards the electrodes prevents electrons from
leaving the plasma for most of the rf cycle. The electrons escape to electrodes during a
short time, when the rf sheath collapses. Hence, the electron velocity profile does not

follow the average potential drop. The electron flux (n.v.) increases nonlinearly from
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bulk to presheath and falls drastically thereafter in the sheath. The ion flux increases
almost linearly from bulk to presheath and stays constant beyond the presheath. It is
due to the absence of sources and sinks, like recombination, etc. Near the electrodes,
the electron and ion fluxes balance each other, as shown by n.v./n;v;—1 in the electron
to ion flux-ratio profile. Hence, in case of dust grains located in the presheath and
the sheath, ion currents at both locations are almost equal, but the electron current
is smaller in the sheath, resulting in a reduced charge in the sheath. The charging
time increases when dust is moved from the bulk towards the sheath, due to the same
reason. In the presheath, the electron density is comparable to the bulk value, but
the effective electron flux has a maximum there. From the flux-ratio profile, n.v./n;v;
value at the presheath is greater than the value at the bulk. Hence, the charge number

in the presheath is equal to or slightly larger than the bulk value.

3.5 .
3 L
2.5
2 |
1.5
1t
0.5

-Charge (x 1O4e)

Dust Size (um)

Figure 5.11: Dust charge as a function of size for the different locations of the dust grain

Now the dust charge as a function of size for different positions in the plasma is
studied (Fig. 5.11). The charge number on the dust increases nonlinearly with the dust
radius. This can be understood from the capacitor model, where the charge is given

by Eq. 2.11. As rq < A for the present case, Qg x rq ¢4. In the previous section, it
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has been shown that the dust potential (¢4) scales almost linearly with the dust size,

resulting in a nonlinear dependence of charge on dust size.

The dust charge from the simulations is in general reasonable agreement with ex-
periments [109, 162]|. In experiments on Yukawa balls with particles of 1.7 pm radius
a charge of about 2000 is found [109], whereas the simulations yield 2800 charges for a
particle of 2.5 um. From melting experiments [162|, a charge of about 9000 is measured
for a 4.7 pm radius particle. Here, the simulations suggest a value of about 10400 for
5.0 pm size particle. Shielding lengths can also be derived by fitting the above func-
tion with inclusion of the shielding term (Eq. 2.11) to the Qg, ¢4 data obtained in the
simulations. The shielding lengths derived from this method are about 192 um, 200
pm, 310 um respectively for dust grains located in bulk, presheath and sheath. These
values are consistent with the values obtained from potential distribution curves in
Sec. 5.3.3. If the shielding length in the bulk were smaller than the computed value, in
the capacitor model the term containing the shielding length would also play a more
dominant role and the size-dependence of dust charge would be even stronger than

that already obtained.

5.3.5 Comparison with theoretical models

Now we discuss the effect of ion-neutral charge-exchange collisions, which are domi-
nant in rf discharges in Argon. In order to do this, simulations have been performed
switching-off charge-exchange and excitation collisions. Also, the simulation results are
compared with theoretical charging models of OML|3|, ABR[1]|, Lampe et. al. [38] and
Khrapak et. al. [2].

Figure 5.12 shows the discharge parameters at the three dust locations in the rf
discharge obtained in simulations with and without ion-neutral collisions. It can be
seen that the main effect of collisions is to reduce the net flow velocity. The flow
velocity even in the sheath is subsonic, if collisions are considered as discussed above.
If collisions are not included, the flow velocity is supersonic, as can be expected by the

Bohm criterion.
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Figure 5.12: Comparison of discharge parameters with and without ion-neutral collisions
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Figure 5.13: Comparison of dust floating potential with theoretical models for a 5 pm particle in
case ion-neutral collisions are not considered
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Figure 5.13 shows the dust floating potential values obtained without ion-neutral
charge exchange collisions and excitation collisions. Also, the dust quantities computed
from theoretical models (OML, ABR, Lampe, Khrapak) are presented. ABR model
predicts a single value for the dust potential for a given dust size and Debye-length
ratio, irrespective of collisionality. Lampe and Khrapak models do not account for
streaming conditions and are given for the bulk only here. The dust potential predicted
by these models has been used to obtain the dust charge from the capacitance model.
In case when collisions are not considered, the dust quantities obtained in simulations
are comparable to OML, except in the presheath region. The dust quantities from
simulations are larger than ABR and slightly lower than the values obtained from
Lampe and Khrapak models. This means that when the collisions are not effective,

the ions retain their orbital trajectories and hence the OML is a good approximation.
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Figure 5.14: Comparison of dust floating potential with theoretical models for a 5 pum particle in
case ion-neutral collisions are considered

Figure 5.14 shows the dust floating potential values obtained with ion-neutral charge
exchange collisions and excitation collisions. In case when collisions are effective, the
computed dust quantities are considerably lower than the calculated values from the
OML model, but comparable to values obtained from the ABR model. The reason

is the following: the role of collisions is to result in lower velocity ions. These low
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velocity ions get attracted by the dust strongly obtaining radial motion with respect
to the dust center. Hence, numerous collisions destroy the orbital motion of the ions.
The dust charge obtained from simulations is slightly higher than ABR value, because

of non-Maxwellian distribution.

Lampe [38] and Khrapak [2] models calculate the dust parameters as a function of
collisionality index [38], which is equal to /A, fp, where A, is the shielding length and
Amfp is the mfp for ion-neutral charge-exchange collisions. For our discharge param-
eters, Ape/Ampp =~ 6.5 and Ap;/Apmsp ~ 0.43. Khrapak [2| used the ion Debye length
as the shielding length. Lampe [38] used the effective screening length from both the
electrons and ions, ()\Bi + AB?)_I/Q(WhiCh is again equal to the ion Debye length for
our parameters), as the shielding length. But, our simulation results presented in the
previous section show that in the plasma bulk the shielding length is in between elec-
tron and ion Debye lengths. As the Lampe model predicts the dust quantities only
up to a collisionality index 0.5, we only consider the ion Debye length for calculations.
From Fig. 5.14, it can be seen that the dust quantities obtained from the Lampe model
are larger than the values obtained in simulations. We compute also the dust quan-
tities for the Khrapak model, considering only the shielding length obtained in our
simulations. Dust parameters obtained from the Khrapak model are slightly smaller

than the simulation results.

5.4 Summary

Three-dimensional simulations have been carried out using a Particle-Particle-Particle-
Mesh code to compute the dust charge and potential on a dust particle located at
various positions in an Argon rf discharge. These simulations are very first of their kind,
which account for realistic plasma background existing in experimental rf discharges.
Dust charge and the potential on the dust located in the presheath are slightly larger
than the charge and potential values in the bulk due to the higher electron flux in the
presheath. From the presheath to the sheath, the dust parameter values decrease due
to the decrease in the fluxes. It has been found that in plasma bulk and presheath
regions the shielding lengths are in between ion and electron Debye lengths, indicating
shielding by both ions and electrons. A linear dependence of dust potential on dust
size has been found, which results in nonlinear dependence of the dust charge with the

dust size. This is in agreement with the independent diagnostics of the dust charge
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by charge carrier collection. The computed dust potentials have been compared to the
OML and ABR models as well as models of Lampe and Khrapak. The simulated dust
floating potentials are comparable to values obtained from ABR and Khrapak models,

but much smaller than the values obtained from the OML model.
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Chapter 6

Ion Drag on single dust particles

6.1 Introduction

The ion drag force is the force exerted on a dust grain immersed in a plasma, due to
the interaction between the dust grain and streaming plasma ions. It is one of the
dominant forces acting on a dust grain [6] in laboratory rf discharges. Recently, the
force has received great attention for its crucial role in phenomena such as the void
formation in microgravity dusty plasma experiments [29-31]. The ion-dust interaction
is also of importance for the formation of wake-fields in rf sheaths [27]. In this chapter,
simulations have been performed to quantitatively determine the ion drag force under

realistic discharge conditions.

6.2 Method of computation

The parameters of the simulation, discharge conditions and computational scheme is
similar to the one explained in previous chapters. Ton drag is computed in the following
way for dust particles with radii Ry = 2.5, 5.0, 7.5 and 10.0 pum introduced at different
locations into the discharge. The collection part of the ion drag force (F o) is computed
by summation of momenta transferred by all ions which cross the computational dust
grain boundary during the averaging time t,, as,

Fry = Aions ™% (6.1)

?
tav
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where m; is the mass of the Ar™ ion and wv; is its velocity at the time of collision with
the dust grain. F,,; is also corrected to account for the drag contribution due to ion
trajectories prior to absorption. The orbital ion drag force (F,.;) is computed as the
sum of the momenta transferred by all other ions in MD region, which are scattered
in the dust field and do not cross the computational dust grain boundary, during the

averaging time from:

Forp = —M (6.2)

taw/Atap

where ¢; is the ion charge, F; is the dust electric field at the ion location and Aty p is
the subcycle time step inside the MD region. E; is computed as F; = Qd/47reoR2, as
in the MD region particle-particle scheme of interaction between the dust and plasma
species is employed. R is the distance between the ion and the dust grain. The typical
averaging times (¢,,) are about 500-1000 rf cycles. This division of forces is similar to
that in the analytical models [47].

6.3 Results

Here, we present the simulation results for the ion drag force computed on a static
spherical dust grain located at various positions in the rf discharge. The results will

also be compared to analytical fits or theoretical models from the literature.

6.3.1 Effect of collisions on ion trajectories and ion flux

To understand the various contributions (collection or orbital) to the drag force it is
necessary to study the effect of the dust electric field on the ions. In order to illustrate
the effect of collisions on ion trajectories in our simulations, some ions are randomly
picked, marked and followed after the dust charge has reached its equilibrium value.
The trajectories of these ions have been followed including collisions of these ions with
other plasma species. For comparison, the same ions have been followed from their
starting point in the dust potential artificially assuming no further collisions.

Figure 6.1 shows the artificially collisionless ion trajectories around 5 pm dust grains
located in the plasma bulk and the presheath respectively. It can be seen that there
are three classes of ions: 1) direct ions, which are accelerated in the dust electric field
and directly hit the dust grain; 2) scattered ions, which are deflected in the dust field;

and 3) trapped ions, which are confined to the dust potential and permanently orbit
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Figure 6.1: Artificial collisionless ion trajectories around the dust for dust locations in (a) the bulk
(b) the presheath.

around the dust. Trapped ions have been found only around dust particles in the bulk,
but not for dust particles in the presheath or sheath. It is due to the acceleration of
the ions in the (pre)sheath electric field. If any ion gets scattered by more than 90°
(e.g., trajectory marked # in Fig. 6.1(b)), before these ions completely encircle the

dust grain, the strong electric field distort these ion trajectories and accelerate them
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towards the walls. In our simulation, the direct ions would contribute to the collection
drag force. The scattered and the trapped ions would contribute to the orbital drag

force (although on average the contribution of the trapped ions would vanish).

Bulk

(d)

Sheath

Figure 6.2: Ion trajectories around the dust located in the bulk and the presheath with collisions.
Note that the three-dimensional trajectories have been projected onto the XY-plane. Dashed lines
represent the artificial collisionless ion trajectories and the solid lines show the realistic collisional ion
trajectories.

Now, we consider realistic ion trajectories with collisions. Fig. 6.2 shows examples of
ion trajectories around the dust grains located at the three locations in bulk, presheath
and sheath. Ton-neutral charge-exchange collisions are the dominant collisions affecting
the ion trajectories. It can be seen that there is more than one such collision (i.e., more
than one abrupt change in the direction of motion) for some ions investigated indicating
the strong collisionality regime. The effect of these collisions is to result in ions with
lower velocity which either fall onto the dust grain or become trapped and orbit the
dust grain. After subsequent collisions, even these trapped ions fall onto the dust grain.
Fig. 6.2(a)-(b) show the collisionless and collisional trajectories to the dust grain in the
bulk. Due to subsequent collisions, all sorts of ions (direct, scattered and trapped)
fall onto the grain. In the presheath and the sheath also collisions result low energy

ions which fall onto the dust grain (see Fig. 6.2(c)-(d)). Hence, the main effect of
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collisions is to increase the ion flux to the dust grain (see also [4, 39, 44]). This result
can further be supported by using the values of dimensionless collisionality parameter
(vrq/cs) used in [44], where v is the mean free path of CX collisions and ¢ is the sound
speed. There, it has been shown (see Fig. 6.3) that the ion flux to the dust increases
from OML value to a maximum value as the collisionality parameter increases from
0.0 to about 0.1, and then decreases (to hydrodynamic limit) with a further increase
in the collisionality parameter. For our rf discharge, the values of this parameter at
the three locations of the dust are 0.0022, 0.0062 and 0.017 respectively. Hence, this

corresponds to a regime of flux enhancement with collisionality.
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Figure 6.3: Ion collection flux to a floating sphere in ArT plasma as a function of charge-exchange
collision frequency (extracted from [44]).

6.3.2 Drag evolution

Figure 6.4 shows the temporal evolution of the ion drag force on a dust grain with a

radius of 5.0 um located in the presheath together with the dust charge evolution. The
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Figure 6.4: Temporal evolution of charge and drag forces on a 5y dust located in the presheath.

drag evolution generally follows the charge evolution. As the electron and ion fluxes
equilibrate, the charge on the dust reaches an equilibrium value and the dust potential
also equilibrates to floating potential. Then, the drag force (collection and orbital)
also equilibrates. The stochastic fluctuations in the drag force is due to the stochastic

nature of the collision processes.

6.3.3 Benchmarking with collisionless models

In order to validate the ion drag computing module in the P3M code, the computed
ion drag force has been compared to the ion drag values obtained from collisionless
models [43]. The reason for this choice is that for the collisionless case, sophisticated
quantitative results and corresponding fit formulae are available to exactly compare
with our simulations.

In order to mimic a situation close to that in [43|, we have performed simulations in a
modified scenario. The discharge voltage has been turned off, only Coulomb collisions
between the plasma species and electron-ion elastic collisions have been considered,
i.e. all inelastic collisions have been turned off. Ionization is provided by inserting

plasma species in the center of the discharge. The source (i.e., number of plasma
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particles introduced and frequency of insertion) and the Coulomb collision frequency
has been tuned until plasma characteristics very close to those used in [43| have been
obtained. Fig. 6.5 shows the electron energy probability function (EEPF) and ion
velocity distribution function (IVDF) obtained at a location far from source and sheath
boundary where the dust has been located. It can be seen that the plasma species
follows a quite nicely a Maxwell distribution over many orders of magnitude as required
for a quantitative comparison with [43|. The ion drag force computed for two different
flow velocities from such a simulation is presented in Table 6.1 in comparison with the

results obtained from the analytical fit from [43].
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Figure 6.5: EEPF and IVDF at the dust location in a rf discharge with source at the center of the
discharge.

The values of n;, v, vy, T;, T, which are necessary to evaluate the force from the
analytical model are used from the computational cell upstream just outside the MD
region. The dust floating potential (¢,) obtained from the simulations has been used.
The computed results agree very well with the values obtained from the analytical
formulae. Within the errors of our simulation (statistical noise) there is nearly perfect

agreement. This validates our ion drag computing module.
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Table 6.1: Benchmarking our collisionless simulation with analytical formulae of a collisionless model
[43]

Vitow F.on (x10%V /cm) Fop (x10%V /cm)
Simulation Analytical ~ Simulation  Analytical

0.4C5 0.2782 4+ 0.082 0.292 3.982 + 0.32 4.12

2.0Cs 1.5844 £+ 0.494 1.326 3.116 £ 0.18 3.09

MD region size & Upper integral cut-off

Presheath 1

Sheath |
............................................ OO
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Figure 6.6: Orbital ion drag force as a function of the MD region size.

Here, we show that the size of the MD region in our simulations is suitable for the
ion drag force computations. The MD region used should be large enough to account
for the majority of small angle collisions which might occur even very far from the
dust. Also, for the collisional plasma background, collisions occurring very far from
the dust (even larger than the shielding length) may also contribute to the drag force.
Using kinetic simulations with different MD region sizes, the optimal size for drag force

computations can be derived. For our collisional plasma background, the shielding
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lengths (\;) around the dust are between the electron and the ion Debye lengths [163]
(see chapter 5). Hence, we have performed simulations by varying the MD region size
from the smallest possible size (Ry;p—0.55 Ap) to sizes larger than one electron Debye
length. From the computational point of view, a trade-off between most accurate force
calculations with large MD sizes and the computational costs favoring small MD sizes
has to be obtained.

Fig. 6.6 shows only the orbital drag force as a function of MD size. The collection
drag force is not affected by the MD size and hence is not presented here. The simu-
lation results suggest that MD regions equal to about half the electron Debye length
(about 275 pm) are sufficient to obtain the drag force in the presheath and the sheath.
This value of the MD size is of the order of the dust shielding length (\;). For the
plasma bulk, MD regions of about one electron Debye length are necessary for the type
of distribution functions exhibited by plasma species in the present rf discharges. This
value is decisively larger than the computed dust shielding length (about 220 pm) in
the bulk. This is since there the ions have subthermal flow speeds and are strongly
affected by the dust potential even outside the dust shielding length.

The above computed MD region sizes can be qualitatively supported by looking at
the averaged ion velocities around the dust at the different locations. Fig. 6.7 shows the
ion density and velocity vectors around the dust grains located in the bulk, presheath
and sheath respectively. In these plots, the distances are expressed in terms of the
computed shielding lengths [163] at the respective locations. In the plasma bulk, ions
at distances larger than the shielding length are being attracted by the dust grain
supporting the above reported value in the bulk. Also, one can see that due to the low
velocity of the ions, the ions have preferably a radial motion.

For dust grains located in the presheath ions at distances larger than the respective
shielding length get only slightly scattered in the Coulomb field of the dust grain
(Fig. 6.7(b)). This supports the derived MD region size reported above. For dust
grains in the sheath, only ions very close to the grain at distances less than about
half the shielding length are scattered in the dust field (Fig. 6.7(c)). Also, from the
ion density plots around dust grains in the presheath and the sheath, one can see a
focusing effect of flowing ions downstream under the dust grains, indicating wakefield
formation.

It should be noted that the MD region size in our simulations represents the upper
cut-off in the analytical theories [47, 128|. For finite sized dust particles, ions with

impact (or collision) parameter (b) less than collection impact parameter (b.) are con-
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(a)
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Figure 6.7: Ton density (color-coded) and velocities along xy-plane around the dust grain located in
the (a) bulk (b) presheath and (c) sheath.

sidered to be absorbed by the grain and contribute to collection drag force. Ions with
impact parameter b > b, are scattered and contribute to the orbital drag force. For
analytically computing the orbital drag force with the long-range electrostatic poten-
tial of a dust grain, an upper limit is imposed upto which collisions are considered,
which is called upper cut-off (b,). How to determine b, has been a point of discussion,
even for collisionless plasmas for some time. In early investigations [99], the electron
Debye length has been proposed as the upper cut-off. Now, it is generally proposed

[43, 47-49] to use a linearized shielding length for a non-flowing plasma and to use
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flow-corrected electron Debye length for a streaming plasma. This is supported by our

calculations.
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Figure 6.8: Ion current to different sizes of dust grains located at the three positions in the rf
discharge. The inset shows the magnified ion currents to the dust in the sheath.

Figure 6.8 shows the total ion currents to dust grains of different size located at
the three different locations in the rf discharge. The ion current decreases from the
bulk to the sheath. These trends can qualitatively be explained using the flux (n;v;)
and collection cross section values at the dust locations. Fig. 6.9 shows the n;v; profile
between the electrodes in the center of the discharge for 50 Pa and 100 Pa gas pressures.
The flux profile also approximately represents the flux through the Debye sphere around
the grain, as the MD region size is of the order of a Debye length. Table 6.2 lists
the impact parameter for ion collection b.(= r4 (1 — Qeqﬁp/mw?)lﬂ), the 90 Coulomb
collision parameter bgg, the Coulomb logarithm InA and the orbital cross section o, (—
47b3,InA) using the equations (2.29)- (2.35). The ion collection cross section (o, = 7b?)

reduces from bulk to sheath. It is due to two factors: the dust potential reduces from
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bulk to the sheath; and the ion velocity increases from bulk to the sheath. Similarly
bgo also reduces from bulk to sheath for the same reasons. The Coulomb logarithm
(InA) in Eq. (2.32), slightly increases from the bulk to the sheath due to increase in the
shielding length from the bulk to the sheath. In effect, the orbital momentum cross

section (o) reduces from the bulk to the sheath.
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Figure 6.9: n;v; profile between electrodes for gas pressures 50Pa & 100Pa

Table 6.2: Computed impact parameter and cross section values at the three locations for a 5 pm
particle.

Variable Sheath Presheath Bulk
be(pm) 17.9 66.1 192.
boo (pm) 29.8 123. 315.
InA 1.88 0.98 0.68
Oory /4T (x103um?)  1.67 14.8 67.4

The ion current is proportional to the product n;v;o.. The flux at presheath is

larger than the value at bulk, but the impact parameter b, value is smaller. Effectively
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the current to the particle at the bulk location is larger than at the presheath. The flux
values at the presheath and the sheath locations are equal, but the impact parameter b,
value is even smaller at the sheath when compared to the presheath value, resulting in
even smaller currents to the dust located in the sheath than to the dust located in the
presheath. The size-dependence of the ion current is non-linear, as expected because

the flux to the grain should be proportional to the surface area of the grain.

Drag vs. dust position

The difference of the present problem from the collisionless model is due to two factors:
non-Maxwellian distributions of the plasma species and the ion-neutral charge-exchange
collisions. We now compare the computed results for the drag force with the collisionless

models [43] and study the effect of collisions on the drag force.
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Figure 6.10: Comparison of computed ion drag force with analytical fits.

Figure 6.10 shows the computed collection and orbital drag forces for different
locations of dust in the rf discharge with ion-neutral collisions. The collection drag force
reduces from the bulk to the sheath. This can be explained as follows: The collection
force is proportional to the product of ion collection current and average momentum.

In the previous section, we already have discussed the variation of collection current as
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a function of dust position, in terms of fluxes and collection cross sections. Hence, it is
qualitatively reasonable to explain the drag force in terms of v;I.. The effect of collisions
is to replace the high energy ion with a low energy ion at nearly neutral temperatures.
As our plasma background is highly collisional, most of the ions collected by dust grain
will have low and almost equal momenta for all locations of the dust. Hence, in the
above product, I. only governs the variation of the drag force. As already discussed
1. decreases from bulk to the sheath, the collection drag force behaves similarly. The
orbital drag force also reduces from bulk to the sheath. The reason can again be
attributed to the reduction in orbital current: Though the ion flux increases from bulk
to presheath and stays constant in the sheath, the orbital momentum cross section
(0orp) reduces by a few orders of magnitude from bulk to the sheath, resulting in
smaller orbital current.

In Fig. 6.10, the collection and orbital drag forces obtained from the analytical fits
in [43] are also shown. The (total) collisional drag force can be larger or smaller than
the collisionless drag force, as it is the result of an interplay between two counteracting
factors [44]. Collisions increase the ion flux to and towards the dust grain, the factor
which increases the drag force. The increased ion flux reduces the charge (and potential)
on the dust, which contributes to a reduction in the drag force. Hence, the normalized
particle potential y in eq. (2.29), increases or decreases depending on the relative
variations in the ion momentum and dust potential due to collisions. As a result
collection and orbital momentum cross sections enhance or decrease. The analytical
values for the drag force in Fig. 6.10 have been obtained from Eqs.(2.29-2.35) using
the plasma variables just outside the MD region, but with floating dust potentials
obtained from simulations with collisions. The orbital drag force is larger than the
collection drag force for both the cases. The simulated drag forces, in general, are
larger than the values from analytical formulae for a collisionless case. This is the
effect of increased flux towards the dust grain due to collisional plasma background. In
the sheath the computed orbital drag force is smaller than the analytical value due to
higher momentum of ions in the collisionless case. The total drag force is larger than

the total drag force for collisionless case in the bulk and the presheath.

6.3.4 Drag vs. dust size & position

Now, we discuss the effect of dust grain size and its location in the rf discharge on the

drag forces.
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Figure 6.11: Effect of dust size and location on the collection drag force. Open circles are calculated
using Zobnin’s charging model.

Figure 6.11 shows the computed collection drag force for different sizes of dust
located at the three positions in the rf discharge. The size-dependence of the drag
force is non-linear. Also, it can be seen that the size-dependence of the collection drag
force almost resembles the size-dependence of the ion current to the dust grains at the
respective locations as shown in Fig. 6.8. It is due to the fact that the collection current
is the dominating factor for the drag force as discussed above. In the previous chapter,
we have shown that the size dependence of the dust floating potential agrees reasonably
with the model proposed by Zobnin et al. [4]. This model computes the ion current
to the dust grain with additional collisional ion current along with the orbital motion
limited (OML) current. Hence, we used this model to calculate analytically the size-
dependence of the drag force. Here, the drag force is obtained by multiplying the ion
current from Zobnin’s model with the corresponding momentum from the simulation.
In Fig. 6.11 the so obtained force values are also shown. The so computed ion drag

force agrees well with the simulation.

Figure 6.12 shows the dust size dependence of the orbital drag force for dust grains
located at the three different locations in the discharge. The dust location dependence

of the orbital force is already discussed. The orbital drag force in the sheath is smaller
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Figure 6.12: Effect of dust size and location on Orbital drag force.

than the bulk value because of the reduction in the orbital momentum transfer cross
section (044) by several orders of magnitude. The orbital drag force scales nonlinearly
with the dust size. Khrapak et al. [126, 135-137| computed drag forces for a highly
collisional (hydrodynamic) background and Hutchinson et al. [127] reported drag forces
for a specific ion drift velocity. Hence, a comparison for the computed orbital drag forces
is not feasible, though the tests of MD size sufficiency discussed above validates the

results for the computed orbital drag force.

6.3.5 Drag vs. discharge pressure

As the neutral gas pressure is varied the collision frequency changes and hence the
background plasma characteristics (species density, velocities, etc.) vary. This can
result in a variation of the ion drag force around the dust grain. We studied the depen-
dence of the collection and orbital drag forces for scenarios defined by the experiment,
namely a pressure between 50 to 100 Pa.

Figure 6.13 shows the results for 5 um dust grains located at three different lo-
cations. All variations of drag forces are small and within the statistical error bars.

These results agree with the results of [127|, where it has been shown that the two drag
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Figure 6.13: Effect of discharge pressure on collection and orbital part of the drag force for a 5 ym
dust grain

contributions are very slowly varying functions of the collisionality parameter for our

experimental conditions.

6.4 Summary

Three-dimensional simulations have been carried out using a Particle-Particle-Particle-
Mesh code to compute the ion drag force on dust particles located at various positions
in an argon rf discharge. All the other existing models of ion drag force are incomplete
in treating exact plasma background. Here, for the first time forces for the realistic
experimental conditions have been calculated. The ion drag force results have been
benchmarked with previously published collisionless drag force calculations. The or-
bital drag force is typically larger than the collection drag force. The total drag force
for the collisional case is larger than the collisionless case due to increase in the ion
flux to the grain and the drag scales nonlinearly with the dust size.

Now, the above charging study is extended for multiple dust particle system and

the results will be presented in the next chapter.
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Chapter 7

Charging of multiple dust particles

7.1 Introduction

In the previous chapters, we have used a P>M code to compute dust charge, floating
potential and ion drag force on a single static spherical dust grain immersed in rf dis-
charges. In reality however, the laboratory experiments (e.g. Yukawa ball experiments)
involve multiple dust particles. The presence of neighboring dust particles might in-
fluence the charging dynamics and ion drag force on the dust grains. There can be
competition for charges and a reduced charge number on the grains. Especially, in the
flowing plasmas (sheaths), the ion focusing and wake-fields caused by one dust grain
can influence the charging of neighboring dust grains. Hence, it is very interesting
and important to extend the charging and drag force studies to two and multiple dust
particles immersed in the rf discharges. We again use the static dust grains for the

present study.

7.2 Method of computation

The method of computation is similar to the one described for single particle studies.
Argon with pressure p — 50 Pa and temperature T — 300 K is used as background
gas. The scheme of the placement of two dust particles is shown in Fig. 7.1. Dust
particles with radius Ry = 5.0 ym and with separation distance b along X (normal
to discharge axis, Y) are introduced into the discharge. As before the position of the
dust particles was fixed at three different positions of Y = 0.12, 0.49 and 1.08 cm,

which corresponds to locations in sheath, presheath and bulk regions respectively (in Z
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direction, the particles are centered in the simulation domain). A big MD region around
the two dust particles, which contains cells with dust particles and neighboring cells,
is considered for resolving plasma species trajectories around the dust particles. The
separation distance b is varied from b,,,,, —1000 gm to b,,;,,— 45 pum. Here, b, roughly
corresponds to several shielding lengths (A;=200, 220, 320 pum in bulk, presheath and
sheath) or nearly two electron Debye lengths. b,,;, roughly corresponds to one ion
Debye length. The dust separation is varied and the charge, potential and ion drag
forces on the two dust particles have been computed following the methods explained

in the previous chapters.

~X

Figure 7.1: Scheme of the two dust particle system

In the case of study with multiple dust particles, we have carried out simulations
with nine 5 pm static spherical dust particles arranged in a 3x3 grid as shown in
Fig. 7.2, where the central dust particle position matches the location of the dust
particle in the single dust study. In Z direction, the particles are centered in the
simulation domain. Such set of nine dust particles is placed at various locations in the
discharge (bulk, presheath and sheath) with dust separation distances b — 186 and 372
pm. Consequently, the charging dynamics have been studied. A big MD region around

all the dust particles similar to two dust particle case is considered.
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Figure 7.2: Schematic representation of nine dust particle locations in the XY-plane of the discharge.

Note on the effect of periodic boundary: Periodic boundary conditions are
used at boundaries in the X and Z directions. Hence, even for the single particle case
there exists mirror dust particles. If the particle is very close to the boundary and
therefore to the mirror particle, the presence of the mirror particles will affect the
computational results. Hence, in all the cases (single or multiple dust particles), the
dust particles are placed so that the distance between the real and mirror particles is
a few electron Debye lengths. At these larger separations the periodic boundary (the
presence of a mirror particle) should not affect the charging of the real particle. e.g. in
case of the two dust particle system, the distance between the left particle and its ghost

particle (same is the case with the right particle) is about 7 electron Debye lengths.

7.3 Results: Two dust particles

Here, we present the simulation results for the charge, potential and ion drag force
computed on two static spherical dust grains located at various positions in the rf
discharge. The results will also be compared to the single particle dust parameters
obtained in previous chapters.

Figure 7.3 shows the computed dust charges on the two dust particles when they
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are located in the bulk and in the sheath, for different dust separations (b). The dust
separation b is expressed in normalized units of shielding lengths at the respective
locations (200 pm for the bulk and 320 pum for the presheath). At larger separation
distances of nearly four shielding lengths the charge on the two dust particles is equal
to the charge value obtained from single dust particle studies in the previous chapters.
That means the two dust particles do not interact and behave as two single dust
particles. This validates the functionality of our extended computational algorithm for
multiple particles. As the separation distance is decreased the computed dust charges
on the two dust particles at any location do not vary much, even if the dust grains are

only separated by a distance as small as 45 pm.
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Figure 7.3: Computed dust charge on two dust particles located in the bulk and in the sheath
(red/green). The blue dashed line corresponds to the single particle case.

In the Fig. 7.4, we present the computed floating potential values for the two dust
particles located in the bulk and also in the sheath. The floating potential also behaves
in a similar way to that of the dust charge, i.e., the floating potential at larger separation
distances is equal to the computed value in the single dust grain studies and as the
separation distance is decreased the floating dust potential does not vary much. This

can be explained as follows: The plasma background is highly collisional, as shown
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in the previous chapters. The collisions destroy the orbital motion of the plasma
species and they fall radially on the grains. Due to collisions the flux onto the grains
increases (as already discussed in chapter 6 based on the arguments of ion trajectories,
the ion current and comparison with Hutchinson’s work) and due to this there are
always enough plasma species to charge the two dust grains equal to the single dust
value for any separation distance. To qualitatively support this further, the collection
impact parameter values (b.) from collisionless theories can be used, though the present
plasma background is collisional. The values of (b.) at the dust locations in the sheath,
the presheath and the bulk are 17.9, 66.1 and 192 pm respectively (see Table 6.2 in
chapter 6). The impact parameters at various locations are either smaller or comparable
to the smallest dust separation distance. Hence, for all dust separations, there is enough
supply of plasma species so that the two dust particles charge up to nearly the single
particle value.

In the presheath also, a similar charging behavior of the two particles is observed.
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Figure 7.4: Computed dust floating potential on two dust particles located in the bulk and in the
sheath. Red and green lines indicate the potential on the two dust particles, the blue dashed line
indicates the single particle case.

Figure 7.5 shows the orbital ion drag force obtained from our computations of
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the two dust particles located in the bulk and in the presheath as a function of dust
separation distance. At larger separation distances of nearly four shielding lengths the
ion drag force on the two dust particles is equal to the value obtained from single dust
particle studies in previous chapters. This means the two dust particles behave like
noninteracting dust particles at such separation distances. As the separation distance
is decreased the orbital ion drag force remains equal to the single particle value. For
lower dust separation distances (below one Ay in the presheath and 1.5\, in the bulk)
the drag force increases rapidly with reduced separation distance. Hence, for dust
particles in the sheath, presheath and bulk, the interaction starts when the separation

is below about one shielding length.
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Figure 7.5: Orbital ion drag force on two dust particles (red/green lines) located in the bulk and in
the presheath (drag values in presheath are scaled by a factor or 1/2 to appear on this scale). The
blue dashed line indicates the single particle case.

Hence, for dust particles located in the bulk, the dust particles’ interaction dynamics
start when the separation distance is little higher than the shielding length at the
corresponding location. For the dust particles located in the presheath and the sheath,
the interaction between the dust particles starts for separation distances on the order

of the shielding length at the respective location. The mechanism of interaction, i.e.,
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the increase of the ion drag force can be explained as follows:
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Figure 7.6: Variation of different orbital ion drag force components on the two dust particles
(red/green) located in the presheath with the dust separation. The blue dashed line indicates the
single particle case.

Figure 7.6 shows the variation of X-, & Y- components (along dust separation
direction and along discharge direction respectively) of orbital ion drag force on the
two dust particles placed in the presheath as a function of dust separation distance.
The figure also shows the total ion orbital drag force variation with the dust separation.
In the case of a single dust particle, the results presented in the previous chapter show
that the X-component of the drag force is zero, as the force exerted by the ions left and
right to the dust compensate. Hence, the total drag force is equal to the Y-component
of the drag force for single particle case. In the present case of a two dust particle
system, the component along the discharge direction is equal to the single particle
value for all dust separations. But, the drag component along the dust separation (X)
is zero for very large dust separations, implying that the two dust particles behave as
two single dust particles at these distances. Hence, the total drag force is equal to
the single particle value for larger separations. The X-component of the drag increases

rapidly when the dust separation is reduced below one shielding length. This drag
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force direction is towards positive X direction for the left particle and towards negative
X direction for the right particle, i.e. the dust particles experience an attractive force.
This is due to the decrease of the X-component of velocity for ions in the region between

the two dust particles. This effect is analyzed in more detail in the following.

372pum

Figure 7.7: Ion density (color-coded) and velocities along xy-plane around the dust grains located
in the presheath (b=372 pm)

The increase in the parallel drag component can be further explained using the
ion density and velocity vector plots shown in Figs. 7.7 and 7.8. These correspond
to the dust particles located in the presheath with separations b = 372 and 186 um
respectively. The situation can be schematically depicted as in Fig. 7.9. Let us divide
the MD region into three regions as shown in the figure. For large separations greater
than the shielding length, e.g. b = 372 um the case in Fig. 7.7, the dust particles
behave as two single particles. The parallel drag contributions to the left dust from
regions 1 and 2 (and to the right dust from regions 2 and 3) are the same resulting in
a zero parallel drag component for larger separations. This symmetry is broken when
the separation between the two particles is within the shielding length, e.g. b = 186
pm the case in Fig. 7.8. In this case, ions in the region 2 are attracted by both dust

particles distorting their original trajectories to more vertical ones. Hence, the parallel
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186 um

—

186 UM

Figure 7.8: Ion density (color-coded) and velocities along xy-plane around the dust grains located
in the presheath (b—186 pym)

velocity component of these ions decreases. But, in regions 1 and 3 the ions’ parallel
component does not change, resulting in a net force in the positive X-direction for
the left dust particle and in the negative X-direction for the right dust particle. This
degradation in the parallel component of the velocity can indeed be seen in the color
plot of this velocity component in Fig. 7.10. Here, the parallel velocity component is

plotted for two dust separations for the dust particles located in the sheath.
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Figure 7.9: Schematic picture showing ion trajectories around two dust particles for (a) a very large
separation and (b) a small separation.
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Figure 7.10: Plot showing the parallel (X) velocity component of ions around two dust particles in
the sheath for (a) b =560 pum (b) b =47 pm.

Hence, due to the distortion of trajectories of the ions between the two dust parti-
cles for smaller separations within the shielding length, the asymmetry in the parallel
velocity component raises which results in an increase in the parallel component of the
drag force. Therefore, the total orbital ion drag force increases when the separation
distance is of the order of or within one shielding length.

The collection drag force, which is due to ions colliding with the dust particles,
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behaves in the same way. Fig. 7.11 shows the variation of collection ion drag force
components on the dust particles along the discharge and along the dust separation
directions with the dust separation b. Here, we illustrate the case of dust particles
located in the presheath. For larger dust separations, the component along the dis-
charge direction (Y) is equal to the single particle drag value and does not vary much
with the dust separation. The collection drag component along the dust separation
(X) is equal to zero for larger separations, resulting in the total collection drag force at
larger separations being equal to the single particle case. For dust separations of the
order of one shielding length the parallel component increases due to the same reasons

explained above. This results in an increase in the total collection drag force at such

separations.
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Figure 7.11: Variation of different collection ion drag force components on the two dust particles
(red/green) located in the presheath with the dust separation. The blue dashed line indicates single
particle case.

Hence, the dust charges and potentials on the two dust particles match with single
particle values and do not vary for all dust separations. But, for separation distances
below one shielding length the ion drag force increases due to the building up of asym-

metry along the dust separation axes caused by a decrease in the parallel velocity
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component for ions between the dust particles.

7.4 Results: Multiple dust particles

Now, it is interesting to extend this study to multiple particle systems where we have
an extension of the dust system along the discharge direction Y. We have carried out

simulations with nine 5 ym dust particles arranged in 3x3 grid as shown in the Fig. 7.2.
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Figure 7.12: Computed dust charges for nine dust particles located in the plasma bulk (b=186 pum)

Figures 7.12 and 7.13 show the computed dust charge values of the nine dust par-
ticles located in the bulk and in the presheath. At either location, the dust charge
on all nine particles is almost the same and is approximately equal to the single dust
particle case, which is about 10500e in the bulk and about 11100e in the presheath. It

means that the plasma species density is enough to charge all the particles to the single
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particle value. We probably have still enough plasma supplied from the Z-direction and
the neighborhood of the dust.
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Figure 7.13: Computed dust charges for nine dust particles located in the presheath (b—186 um)

In Fig. 7.14, the dust charge values computed for nine dust particles located in the
sheath are presented. Here, the dust separation distance in either direction is 186 pm.
It can be seen that the dust charges on the three dust particles in a single Y-layer
is approximately equal. But the dust charge reduces drastically in the layers towards
the electrodes. The dust charge on the three dust particles in the uppermost Y-layer
(Y=17.5 Ax) is slightly larger than the dust charge value in the single particle case in the
sheath which is about 6400e. This slight increase is due to the higher Y-position of the
dust particle than in the single particle case, which is Y — 6.5Ax. In the central layer,
where Y=6.5 Ax, the charge reduces almost to half of the single particle value and in

the lower layer the charge reduces even further. The cause of this charge reduction will
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be discussed in detail later.
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Figure 7.14: Computed dust charges for nine dust particles located in the sheath for a dust separation
of b =186 um
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Figure 7.15: Computed dust charges for nine dust particles located in the sheath for a dust separation
of b =372 um

The dust separation of 186 um is smaller than the typical dust separation distances
in the Yukawa balls |28], which is around 300 pym. Hence, we have studied the charging
dynamics of multiple particles for the dust separation of 372 pym. The results for this
case is shown in Fig. 7.15. The computed charge values follow the same trends as in
the case of dust separation of 186 um, i.e., the dust charge on the dust particles in the
uppermost Y-layer is slightly larger than the single particle case value and the charge
reduces drastically for the layers towards the electrodes. This charge reduction can be
explained as follows: Figure 7.16 shows the computed ion and electron density profiles
for the cases of single dust particle and multiple dust particles in the sheath. It can
be seen that the electron density in both the cases is the same, but the ion density
is different. The ion density between the electrode and the uppermost Y-layer of the
dust particles is higher than that of the single dust particle case. Also, the ion density
increases from the uppermost Y-layer towards the electrode. This enhancement in the
ion density is due to the focusing of ions close to dust particles in each Y-layer. The

ion trajectories around the dust are deflected by the dust field and focussed below
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the dust. Due to this ion focusing, the ion current to the dust particle in the middle
and the lower Y-layers increases resulting in a smaller charge number on these dust

particles, compared to the single particle case.
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Figure 7.16: Computed electron and ion density profiles for single and multiple dust particle cases.
Red/green lines indicate electron and ion densities in the single particle case and blue/pink lines
indicate these densities for the nine dust particle case.

To Further support this, we have shown in Fig. 7.17, the ion density and veloc-
ity vectors in the XY-plane. It can be seen from the velocity vectors that the ions
are deflected around the dust grains and are focussed below them. This results in en-
hancement of the ion density in a narrow stripe below the dust grains. This ion density
increase can indeed be observed in the density colour plot. This focussing effect results
in an increase of the ion flux to the lower grains, decreasing charge number on these
grains. Such focussing effect is already seen in Fig. 6.7.

To compare this situation with the dust system in the presheath, similar analysis is
done for the dust particle system in the presheath. Fig. 7.18 shows the ion density and
velocity vectors in the XY-plane for the dust system in the presheath. Here, one can
see that there is no strong focussing effect similar to the one observed in the sheath.
This is because the ion velocity in the presheath is only about 0.12c,. Due to the lower
kinetic energy of the ions in the presheath, the ion trajectories are strongly deflected

in the dust field and the ions fall onto the dust grain getting absorbed. This is evident



7.5 Summary 105
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Figure 7.17: Ion density (color-coded) and velocities along xy-plane around the dust grains located
in the sheath (b—186 um & A\ = 320um)

from the fact that the ions very far from the dust particles are also being attracted
towards the dust particles. This results in equal charge numbers on all the nine dust

particles placed in the presheath.

7.5 Summary

Dust charge, potential and ion drag force on two dust particles are computed and
compared with the single dust particle values. These dust parameters are computed
for various interparticle separation distances and for dust particles placed at different
locations in the rf discharge. It is found that for dust separations larger than the
shielding lengths dust parameters for the two dust particles match with the single dust
particle values. As the dust separation is equal to or less than the shielding length,

the ion drag forces increase due to buildup of parallel drag force component. But,



106 Charging of multiple dust particles

28.5

28.0

27.5

27.0

Y (AY)

26.5

26.0

25.5

25.0

X (A%)

Figure 7.18: Ton density (color-coded) and velocities along xy-plane around the dust grains located
in the presheath (b—186 pum & A\; = 320um)

other dust parameters are not found to be affected considerably. Dust charge and
potential on multiple dust particles located at different positions in the discharge and
arranged along the discharge direction are also computed. It is found that the dust
charge and potential do not differ much from the single particle values for the bulk and
the presheath. But the dust charges of multiple dust particles located in the sheath
differ from the single dust parameter values. Due to ion focusing of dust particles in
the upper layers, the ion current increases towards the dusts in lower layers resulting

in smaller charge values.



Chapter 8
Summary and Outlook

Knowledge of dust charge, floating potential, shielding and ion drag force is very crucial
for explaining complex laboratory dusty plasma phenomena, such as void formation in
microgravity experiments and wakefield formation in the sheaths. Existing theoretical
models assume standard distribution functions for plasma species and are applicable
over a limited range of flow velocities and collisionality for quantifying dust parameters.
Kinetic simulations are suitable tools for studying dust charging, drag force computa-
tion and the mechanism of interaction of different dust grains. The main aim of this
thesis is to address the following issues, by three dimensional simulations using P3M

code:

What is the effect of collisions among plasma species on discharge characteristics

and thereby on charging dynamics and ion drag force?

e How do parameters like charge, floating potential, shielding length, and the ion

drag force on dust vary for different positions of dust in rf discharges?

e How do values from various analytical models of dust charge and ion drag force

compare with computational results for realistic discharge conditions?

e How do the dust charge, floating potential and ion drag force on the dust evolve

in the presence of neighboring dust particles?

At first, rf discharges in argon have been modelled using the three-dimensional
PIC-MCC code for the discharge conditions relevant to the dusty plasma experiments.
All necessary elastic and inelastic collisions have been considered. The plasma back-
ground is found collisional, charge-exchange collisions between ions and neutrals be-

ing dominant. Electron and ion distributions are non-Maxwellian: electrons behave
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Druyvesteyn-like and ions are subsonic even in the sheath due to CX collisions. The
dominant heating mechanism for electrons is Ohmic heating.

Then, simulations have been done to address the first three issues above. Dust par-
ticles of different sizes are placed in the rf discharge simulation and the relevant dust
parameters (dust charge, floating potential, ion drag force, shielding lengths) have been
computed, for the first time, accounting for the plasma background realistic to exper-
imental conditions. Dust charge and floating potential in the presheath are slightly
larger than the values in the bulk due to the higher electron flux to the dust particle in
the presheath. From presheath to the sheath the charge and floating potential values
decrease due to the decrease of the electron current to the dust. A linear dependence of
the dust potential on dust size has been found, which results in a nonlinear dependence
of the dust charge with the dust size when the particle is assumed to be a spherical
capacitor. This has been verified by independently counting the charges collected by
the dust, where indeed it has been noted that the dust charge scales nonlinearly with
the dust size. Simulated dust floating potentials are comparable to values obtained
from ABR and Khrapak models, but much smaller than the values obtained from
OML model. Simulated floating potentials are comparable to values obtained from
Zobnin’s model but slightly smaller, due to the depletion of high energy electrons in
Druyvesteyn-like distributions compared to Maxwell’s distribution. The dust potential
distribution behaves Debye-Hiickel-like. The shielding lengths are in between ion and
electron Debye lengths, indicating shielding by both ions and electrons.

Further collection and orbital drag forces have been computed for various sizes of
dust located in rf discharges for different discharge pressures. For the collisionless case,
the computed drag force agrees with the drag values obtained from Hutchinson’s work.
The orbital drag force is typically larger than the collection drag force. The total
drag force for the collisional case is larger than for the collisionless case and it scales
nonlinearly with the dust size. The collection drag values and size-scaling agrees with
the Zobnin’s model. With an increase in pressure from 50 Pa to 100 Pa, the drag force
does not vary considerably, the variation being within the numerical error bar.

The charging and drag force computation is then extended to two and multiple static
dust particles in the rf discharge to address the last issue above. The dust parameters
on the two dust particles are computed for various interparticle separation distances
and for dust particles placed at different locations in the rf discharge. It is observed
that for dust separations larger than the shielding lengths the dust parameters for the

two dust particles match with the single dust particle values. As the dust separation is
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equal to or less than the shielding length at that location the ion drag force increases due
to the buildup of a parallel drag force component. However, the main dust properties
like charge, potential, vertical component of ion drag are not affected considerably.
This is because the collection impact parameter values in the sheath and the presheath
are smaller than the smallest dust separation and in case of the dust in the bulk, the
collection impact parameter is comparable with the dust separation.

The dust charges on multiple dust particles located at different positions in the
discharge and arranged along the discharge axis are also computed. We believe these
computations are first of their kind, where charging of multiple dust particles is studied
for realistic plasma background conditions. It is found that the charges on the multiple
dust particles in the bulk or presheath do not differ much from the single particle
values at that location. But the dust charges of dust particles located in the sheath
drastically differ from the single dust parameter values. Due to ion focusing from dust
particles in the upper layers, the ion current increases to dust particles in the lower
layers resulting in smaller charge values. This is as well the case where dust particles
are vertically aligned as in the standard experiments of dusty plasmas.

Kinetic simulations are powerful tools for studying many basic phenomena which
can be complementary to analytical models or experiments. In future P3M /PIC models
can be used to address other phenomena in dusty plasmas. Some of the possible studies
are the following.

One obvious extension is to do the dynamic simulation without fixing the positions
of the dust particles. The study can also be extended to understand the dust charg-
ing and drag force of the dust in magnetic/electromagnetic fields. Dust charging or
decharging under UV radiation can be studied. Wake-field formation and interaction
of other dust particles with the wake fields can be studied. Furthermore dust charging
due to secondary emission by electrodes can also be studied. Multiscale simulations in-
volving combined simulations with P30 and fluid codes can be performed to study real
experiments like microgravity experiments. Moreover, transport coefficients from P3M
code can serve as input to fluid codes which can be used to study these experiments

on macroscales.
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Appendix A

IEDs in Ar-CH, discharges

A.1 Introduction

Capacitively coupled radio-frequency (rf) discharges are frequently used for deposition
and etching of thin films on a substrate attached to one of the electrodes [32]. The
commonly used frequency in such experiments is 13.56 MHz and voltages are up to
a few kV with typical electrode separations of 1-10 cm. These discharges are usually
operated at pressures in the range between 2 and 150 Pa. Low pressures are used
for etching, higher pressures for deposition [164]. For etching purposes, the substrate
is mostly attached to the powered electrode; for deposition to the grounded or pow-
ered electrode. Discharges in an Argon-Methane gas mixture are especially used for
hydrocarbon film or diamond-like carbon (DLC) film deposition [165]. In such pro-
cessing plasmas, the ion energy distributions (IEDs) at the target substrate are crucial
in determining the quality of the film, e.g., in terms of its anisotropy [166-168|. For
that reason, measurement and design of IEDs receives great attention. A lot of tech-
niques have been used to measure IEDs [169 175|. Meichsner, et.al. [176] performed
experiments in which IEDs of various ion species in Ar/CH, gas mixture have been
measured at the electrodes using an ion extractor unit [177]. This extracts the ions
electrostatically and transfers them with an ion optics system to an energy analyzer.
Usually, just the bias-voltage applied across the extractor system is subtracted from
observed IEDs to derive IEDs at electrode. But, the effect of such ion extractor system
on the IEDs obtained at an electrode has not yet been studied in detail. Depending
on the magnitude of bias-voltage and size of extractor system, it might even entirely

modify the structure of IED profiles at the electrode. Also, the system’s effect might
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vary with mass of ion species. Hence, it is necessary to study the effect of the ion
extractor system on IEDs obtained at an electrode. A self-consistent one-dimensional
Particle-in-Cell (PIC) code has been used to give better insight into the principle of
operation of such an ion extractor unit to measure IEDs at the powered electrode. The
effects of the ion transfer optics and the modulation effects of the potential within the
ion extractor unit has been studied. In addition, the role of the ion optics behind the
powered electrode is studied, especially with respect to the influence of the ion extrac-
tion voltages in the ion optics on the measured ion distributions. The analysis will be

performed for different ion species to identify the role of molecule mass.

In section 2 the experiments are presented. The PIC code used in the simulations is
described in section 3 and a basic characterization of the discharges is given in section
4. The simulation results are presented in section 5, discussing the different effects

affecting the ion extractor diagnostics. Section 6 summarizes the results.

A.2 Brief review of the experiment

The experiment that will be modeled here, has been performed in a discharge arrange-
ment [177|, which consists of a circular stainless steel electrode with 9 cm in diameter
and the grounded wall of the chamber. The electrode was powered by the rf-generator
at 13.56 MHz and a fully tuneable 7-type matching network. Due to the capacitive
coupling and the larger effective surface of the grounded electrode an asymmetric rf
discharge was created in an Ar/CH, mixture. At total pressure of 3 Pa and 5 Pa
as well as a total gas flow rate of 4 sccm and 8 scem a mixture of Argon (Ar) and
Methane (CH,4) with a ratio of 1:3 was used by varying fluxes of the individual gases.
The power input between 10 and 20 W in the applied pressure range is connected with
the formation of negative self-bias voltages from 400 V up to about 500 V at the pow-
ered discharge electrode. The electron and ion dynamics in the sheath of asymmetric,
capacitively coupled rf discharges determines strongly the ion energy distribution at
the electrode surface [177, 178|.

The ion analysis of the incident positive ions on the rf electrode is carried out
using a differentially pumped mass spectrometer system, sampling through a 100 pm
aperture in the rf powered electrode (see Fig. A.1). Using this spectrometer, mass and
energy resolved measurements of positive ions from Ar-Methane plasma were obtained.

This experiment provides one of the very few examples where the IED is measured at
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Figure A.1: Experimental setup for ion analysis. The upper electrode and the discharge vessel are
not shown.

the powered electrode. The mass spectrometer system consists of ion optical elements,
an electron impact source for post ionization of neutrals, an electrostatic sector field
analyzer (1000 eV, AE—0.7 eV), a triple quadrupole mass filter (300 amu) and a gated
channeltron electron multiplier. An energy scan is done at a constant pass energy
through the energy analyzer by shifting the reference potential of the spectrometer,
so that stable ions are accelerated or decelerated to equal pass energy [177]. In this
way, energy dependent transmissions only affect the front region of the system. The
aperture plate of the mass spectrometer is at the same voltage as the powered electrode.
Consequently, an electric field is acting between the aperture plate and the first ion
optical element (extractor), which modulates the energy distribution. Therefore, one
does not measure the IEDs at the rf electrode surface due to the plasma boundary

sheath, but the IED modified by this modulation. Here the question arises in how far
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the TED is affected by the residence time of the ion in the rf field in the gap between

the aperture and the extractor.

Table A.1: List of collisions included

No. Collision Reference

Coulomb Collisions:

01  e-e Coulomb [156]
02  e-i coulomb for 9 ion species [156]
03  i-i coulomb for 9 ion species [156]

Electron-Neutral

Elastic Collisions:

04 e-Ar [157]
05 e-CHy [157]
06 e-Hs [157]
07 eH [157]
Ion-Neutral Elastic Collisions:
08 Art - Ar [157]
09 Art - CH, [157]
10 CHy* - Ar [157]
11 CH4* - CHy [157]
12 CH3z™ - Ar [157]
13 CHst - CHy [157]
14 ArH* - CHy [157]
15 ArH* - CHy [157]
16  ArH™ - Ar [157]
17  Ht - CHy [157]
18 Ht - Ar [157]
19  H,' - CHy [157]
20 Hy™ - Ar [157]

Continued on Next Page. ..
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table continued. ..

No. Collision Reference
Inelastic Collisions:
[onization Collisions:
21 e+ Ar — Art + 2e [157]
22 e + CHy — CHJ + 2e [179]
23 e+ CH3z — CHy + 2e [179]
24 e + CHy — CHJ + 2e [179]
25 e+ CH — CH' + 2e [179]
26 e+ C—CT+ 2e [179]
27 e+ Hy — HJ + 2e [180]
28 e+ H — H' + 2e [180]
Dissociation Collisions:
29 e+ CHy —CHs; +H+e [179]
30 e+ CH3; — CHy + H+e [179]
31 e+ CHy—CH+H+e [179]
32 e+ CH—C+H-+e [179]
33 e+ Hy —-H-+H-+e [180]
34 e+ CHf — CHz + HT + e [179]
35 e+ CHf - CHy + H+e [179]
36 e+ CHf — CHy + HT + e [179]
37 e+ CHf - CHy +H+e [179]
383 e+ CHf — CH + H" + e [179]
39 e+ CHf — CH" + H +e [179]
40 e+ CHT — C + H' + e [179]
41 e+ CH" - Ct +H+e [179]
Dissociation with lonization collisions.:
42 e+ CHy — CHS + H + 2e [179]
43 e+ CHy — CHJ + 2H + 2e [179]

Continued on Next Page. ..
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table continued. ..

No. Collision Reference
44 e+ CHy — CHT + 3H + 2e [179]
45 e+ CHz — CHJ + H + 2e [179]
46 e+ CHy — CHT + H + 2e [179]
47 e+ CH — CT + H + 2e [179]
48 e+ CH — C + HY + 2e [179]

Dissociation with

electron-recombination collisions:
49 e+ CHf — CH; + H [179]
50 e+ CHf — CH, + 2H [179]
51 e+ CH; — CHy + H [179]
52 e+ CHf — CH + H [179]
53 e+ CHt - C +H [179]

Charge-exchange collisions:
54 H' + CHy — H + CHJ [179]
55 Ht + CH; — H + CHJ [179]
56 HTt + CHy — H + CHy [179]
57 H" + CH — H + CH" [179]
58 H* + C—-H + C* [179]
59 H* +H—H+ Hf [179]
60 HT + Hy, — H + HJ [179]
61 H' -+ Ar— H + Art [157]
62 Hf + CHy — Hy + CHf [179]
63 Hy + Ar — Hy + Art [157]
64 Hy + Hy — Hy + HJ [181]
65 CH4* + CHy — CHy + CHJ [157]
66 CH3' + CH; — CH; + CHJ [157]

Continued on Next Page. ..
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table continued. ..

No. Collision Reference

Excitation collisions:

67 e+ Ar— Ar* +e [157]
68 e+ Ha(w—0) — e + Hy(v1) [180]
69 e+ Hy(J=0) — e + Hy(J=2) 1180]
70 e+ Hy(J=1) — e + Hy(J=3) 1180]
71 et Hy(XISH) = e + Hy(b°53) 1180]
72 e+ Hy(X'ES) — e + Hy(B'S)) [180]
Others:
73  Art + Hy — ArHT + H [182]

A.3 Method of computation

To simulate the experimental conditions, we have used a one-dimensional particle-in-
cell (1D PIC-MCC) code, which is described in detail in [145, 146]. Here, kinetics of
‘'super particles’, which represent many real particles, moving in self-consistent fields
discretized on a grid are followed. The collisions between particles are modeled using
a binary Coulomb collision model described in [146, 156]. The PIC code allows to
self-consistently resolve the whole plasma including the electrostatic sheath in front of
the material wall, which governs the ion acceleration and thereby governing the IEDs
of species. The code delivers spatial and temporal variation of plasma parameters and
velocity distributions of various species which can be used to calculate IEDs. The
collisions implemented for Ar/CH, gas mixture include all relevant processes and are
listed in the Table A.1. The standard PIC-MCC code [146] has been modified to
incorporate additional collisional processes. Also, it has been modified to include an
additional computational grid to simulate the ion extractor system.

This PIC code was used to simulate rf discharges in Ar/CH, gas with the param-
eters listed in Table A.2. The parameters were chosen to match the experimentally
observed bias voltages. The electrode separation is taken as 4 cm. The background

gas temperature is taken as 300 K. The neutral densities were taken as constant as
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Table A.2: Discharge parameters used in experiments and simulations

Case  Total Ar CHy rf Self Voltage

Pressure  Flux flux  power bias in simulation
(Pa) (scem)  (scem) (W) (Volt) (Volt)
a 3 1 3 10 428 856
b 5 2 6 10 415 830
c 5 2 6 20 533 1066

measured in the experiments. 18 species are included in the model: e=, HT, HJ, CT,
CH*, CHj, CHS, CHf, Ar™, ArH™, H, H,, C, CH, CH,, CH3, CH, and Ar. The PIC
cell size has been taken as half of a Debye length. The time-step is calculated based

on the electron plasma frequency [147].

Properties of the discharges

In this section we present the computational results obtained for the experimental cases
listed in Table A.2. The global discharge properties, such as various species densities
and distributions, govern the reactions and thereby the flux to electrodes or substrates.
The simulations allow us to get a better insight into the basic physics in such discharges.

Figure A.2 shows the computed time-averaged electron and ion densities in the
Ar/CH, discharges. The total ion density, as it should, satisfies quasi-neutrality in
bulk and exceeds electron density in sheaths. The CHJ density is dominating all other
ion densities due to its higher neutral gas density. A second dominating species is
unexpectedly ArH*. The formation of ArH™ is via collisions of Art ions with H,
molecules; the reaction (see Table A.1, channel 73) which has no threshold.

Figure A.3 shows the time-averaged electron energy probability function (EEPF)
computed for cases a and b. The distribution function deviates from a Maxwellian,
but can be represented as a sum of two Maxwellian distributions, which reveals the
existence of two groups of electrons: cold electrons in the middle of the system, and
the tail of high-energy electrons oscillating between the electrodes due to stochastic
heating [146]. Similar bi-Maxwellian electron distributions were experimentally found
in low-pressure capacitive rf discharges [45|. The effect of the increase in pressure on

EEPF is relaxation and transition into an ohmic heating regime. The high energy
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population decreases and the low energy population increases [146, 183|. This is well
reflected in our simulated EEPFs.

Denshy(lOgcnf3)
w

1} Alions £ + %: \% electrons

.......
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Figure A.2: Density of various plasma species in the CHy-Ar discharge for the 5 Pa case as a function
of position. X—0 cm corresponds to the grounded electrode and X—4 cm to the powered electrode.

3Pa, 10W ——

EEPF (eV¥2-cm™®)

Figure A.3: Electron energy probability functions for cases a and b in Table A.2.
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Ion transit times

The ion transit time (¢;,,) through the sheath is an important parameter which gov-
erns the energetic structure of IEDs. The number of the secondary branches in TEDs
corresponds to the number of rf periods that an ion takes to cross the sheath [155].
This number is equal to t,,/t,s. The ion transit time through a sheath of mean width
s and mean potential drop V' can be calculated [155] as t;,, = 3s (Mion/ZeV)l/Q, where

M,,,, is the mass of ion species.
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Figure A.4: Computed time-averaged potential in the system for three cases in Table A.2.

Figure A.4 shows the single rf-cycle averaged potential in the system for the three
cases. The average potential drop in the sheath region and sheath width in these cases
are listed in Table A.3.

For the computation of t;,, for all the cases, we take the single sheath width and
potential drop which are equal to 7.5 mm and 400 V. Computed ion transit times ’t;,,’
for various ions are listed in Table A.4 .

These computed ¢;,,/t, s values provide information about the number of secondary
branches that can be expected in IEDs of each species. Light ions (H", H) take less
than two rf cycles to traverse the sheath and hence only one or two secondary branches
can be expected. Hydrocarbon species (CH5, CH} ) take about 4.5 rf cycles to traverse

the sheath and so 4 to 5 secondary branches can be anticipated. Similarly, for heavy
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Table A.3: Computed average sheath potential drops and sheath widths.

case Average sheath sheath
Potential drop  width

(volt) (mm)

a 370 7.98
b 360 6.52
450 7.99

species (Art), 6 to 7 number of secondary branches are expected. For ArH" also this
transit time analysis predicts 6 to 7 secondary branches, if reaction channels that form
new ArH™T ions such as charge-exchange reactions are relevant. In our model, charge-
exchange collisions involving ArH™ are not included (see Table A.1), as the reaction
cross sections are not available. As the cross section of formation reaction of ArH™
(Reaction #73) decreases exponentially with energy, this reaction channel also does
not provide new ions in the sheath. Hence, the TED of ArH* will contain only the
high energy saddle structure, in agreement with the experiments as shown in the next

section.

A.4 Results

We now will compare the simulated ion fluxes with the measured IEDs for the different
plasma conditions considered in the experiment. In the comparison of the experimental
and simulated [EDs, the main quantities to be compared are the number of peaks in the
distribution and the maximum ion energy. The absolute and the relative intensity of
the peaks in the distribution function cannot be considered vigorously as the apparatus
function, i.e. the energy dependence of the sensitivity for ion detection, is not known
for this experimental setup. This consequently leads to differences in the simulated

and measured peak heights.
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Table A.4: Computed ion transit times through the sheath for various ions.

Ton  tion  lion/try
(nsec)

Ht  81.2 1.1

Hy 1149  1.56
CHS 314.9  4.27
CH; 3254 441
Art 4879  6.62
ArH*  495.0  6.71

Ion distributions at the powered electrode
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Figure A.5: Comparison of experimental and computed IED profiles for Ar™, CHI, H;‘ In the
simulation the IEDs are taken from the ion fluxes to the powered electrode.
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The time averaged IEDs of various species at the powered electrode have been computed
from the ion flux toward the powered electrode. These simulated ion distributions are
then compared to the experimental observations. Figure A.5 shows comparisons be-
tween simulated and experimental IEDs of Art and CH} corresponding to the case c
in Table A.2 and of Hy corresponding to the case b. Elastic collisions influence the
continuous part of the IED and charge-exchange collisions between ions and neutrals
result in secondary branches in the calculated IEDs. It can be observed that the simula-
tion and experimental results agree qualitatively in the number of secondary branches.
However, the location of these secondary branches deviate from each other. In case of
ArHT ions, the computed TED (as can be seen in Fig. A.7) consists of only high-energy
saddle structure without any secondary branches, which matches with the experimental
IED profile. It means that the elastic collisions included have week effect and reaction
channels for formation of secondary branches (charge-exchange and formation of ArH™
ions in the sheath) are not dominant. There is also a large discrepancy in the maximum
ion energies between simulations and experiments, especially for Hj. To understand
these discrepancies, the modulation effect within the ion-optics on the IEDs measured

at powered electrode is considered in the following studies.

Effect of the ion optics on IEDs

The aperture plate (the entrance orifice of the ion energy analyzer) of the mass spec-
trometer is driven by the voltage of the powered electrode. Also, the extractor is biased
at -31 V with reference to ground. Consequently, an rf electric field is existing between
the aperture plate and the extractor, which further modulates the energy distribution
originally created at the rf electrode surface due to the plasma boundary sheath. Ions
emerging from the aperture experience this rf field and the ion energy gets modulated
depending on the rf phase at which it enters the aperture similarly as the ions entering
the sheath from the plasma. This modulation depends on the residence time of the ion
in the rf field between the aperture and the extractor. To simulate the effect of the
ion optics on the TEDs, a three-dimensional model would be necessary for the complete
diagnostics system, which is far beyond the scope of this study. Approximating this
effect in 1D, a characteristic drift length of the ion-optics system is introduced. It is
this length (and also the ion mass) which determines the ion residence time in the rf
field. Hence, it works like a characteristic collisionless drift length of the ion. Within

this length, the ions hitting the powered electrode are followed further according to the



124 IEDs in Ar-CH, discharges

electric field determined by the rf sheath modulation and the applied bias voltage at
the extractor. This distance is varied in the model until the best qualitative agreement
between computed and experimental TEDs is found. We further made the assumption

that all different ion species experience the same characteristic drift length.
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Figure A.6: Simulated IED profiles for CHJ , H at the extractor for different extractor drift lengths.

In order to include the extractor system into the simulations, the PIC domain has
been extended to the extractor. The length of this additional zone has been varied
between 0.25 cm to 10.0 cm and modulated IEDs have been obtained at the extractor.
Figure A.6 shows the modulated IEDs for CHJ and Hj ions for extractor lengths 0.90

cm, 2.5 cm and 3.32 cm. For extractor lengths less than 2.5 cm the observed additional
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modification is very pronounced and not in agreement with the experimental profiles.
For extractor lengths greater than 2.5 cm, there is a decent modification in computed
IEDs at the electrode and we observe a better qualitative agreement than before. From
that, we have chosen as the best fit a single characteristic drift length of 2.5 cm for all

ions for further comparisons.
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Figure A.7: Comparison of computed IEDs at electrode and extractor with experimental profile for
Art, ArH*, HJ ions.

Figures A.7 and A.8 show the computed IEDs at the electrode and the extractor
with an extractor length of 2.5 cm for Ar™, ArH*, H and CHJ, CHJ ions for the cases
a or b in Table A.2. In case of Ar"™ IED, the modification or modulation effect by the

extractor is small. But, the location of secondary branches reasonably agree with those
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Figure A.8: Comparison of computed IEDs at electrode and extractor with experimental profile for
CH;, CHJ ions.

in experimental IED profile. The modulation effect can clearly be seen in ArH™ TED,
as it consists of only saddle-structure. This saddle has been broadened and the width
of modulated profile nearly matches with the width of experimental IED profile. The
modulation effect is pronounced for Hy ions, where the IED gets broadened by 200 eV.
For hydrocarbon species, the modulation in IEDs is also considerable and the simulated
high-energy peak structure resembles the experimental profile. The modulated IEDs at
the extractor show a better match with experimental observations introducing this drift
length effect. The mechanism of the rf modulation in the extractor can be explained as

follows. It is similar to the modulation in sheaths of rf discharges, but for collisionless
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transits in the extractor region. As the ion species are heavy, they experience only
the average rf field and should form a single peak in the IEDs. This peak should
appear at the average sheath potential drop. But, depending on the phase of the rf-
modulated sheath field relative to the ion entrance into the sheath, the energy gets
modulated and saddle shape occurs in [EDs around the average sheath potential drop
as in collisionless sheaths. Similarly, the modulation in the extractor region results in a
splitting or broadening of each peak from the IEDs at the electrode. This broadening
effect can be observed in all [EDs at the extractor shown in Figs. A.7 and A.8, most
pronounced in the case of ArH". The extent of broadening of a single peak of the
IED at the electrode into the IED at the extractor depends on the residence time
(tres) of each ion species within the rf field existing in the extractor. The broadening
is proportional to the ratio t,;/t,s. As t,.s is proportional to the square root of the
ion mass, for a given ¢, the broadening is inversely proportional to the square root of
the ion mass. That means that for lighter ions the broadening effect is larger and for
heavier ions it decreases as can be seen in the calculated IEDs at the extractor: for
the used extractor drift length of 2.5 cm the modulation effect is very pronounced for
light ions (Hj ), moderate for hydrocarbon ions and small for heavy ions (Ar™, ArH™)
in agreement, with the simple estimate.

The maximum energy obtained for all ions agree with the experimental values.
Hydrocarbon species are reactive species and we suspect further reaction processes
taking place within the ion diagnostics, which are clearly not included in our simplified
description. Further support of this is given by the experimental TEDs for hydrocar-
bons, which do not show a sharp energy cut-off at high energies but a very long wing
(Fig. A.9). Therefore, measurements of reactive species with such a diagnostics require
additional parameter optimization in the experimental set-up to minimize such effects.
Nevertheless, the interpretation of IEDs measured with an ion optics system is never a
direct measurement of the IED at the electrode surface, but needs interpretation and

back-mapping procedures for such a purpose.

A.5 Summary

The electrostatic extraction of ions through an aperture and extractor lens into the en-
ergy resolved mass spectrometer allows to measure the ion energy distribution functions

at the discharge electrodes of capacitive rf plasma. A one-dimensional Particle-in-Cell
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Figure A.9: Experimental IED profiles for Art and CHJ Ions. Hydrocarbons do not show energy
cut-off.

(PIC) code has been used to give better insight into the principle of operation of an
ion extractor unit to measure IEDs at the powered electrode. The effects of the ion
transfer optics and the modulation effects of the potential within the ion extractor
has been studied. A better match between simulation and experiment is achieved by
introducing an effective drift length for the ion optics. However, problems remain for
reactive species like hydrocarbons indicating more complex plasma reactions within
the device. Interpretation of IEDs measured with such an ion optics system is never a
direct measurement of the IED at the electrode surface, but needs interpretation and

back-mapping procedures for such purpose.
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