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1 Introduction

Starting with the establishment of the laws of dynamics, the behavior of dynam-
ical systems has been defined in terms of forces and force equilibria. In dusty
plasmas, as systems where nanometer to micrometer-size particles interact with
the plasma environment, the particle motion gives crucial information on the in-
teractions of the dust particles with each other and with the surrounding plasma.

After the discovery of plasma crystals in 1994 [1, 2, 3, 4], dusty plasmas have
exhibited a spectacular and explosive evolution among the other research fields
in plasma physics. The progress in complex plasma research has exceeded the
most optimistic expectations and estimations.

Until 1994 the dusty plasma research, introduced as concept by the study of
astrophysical phenomena [5, 6, 7, 8, 9] like comet tails and Saturn rings, has ex-
perienced a mostly theoretical development. Later, technological applications in
microelectronic industry [10, 11, 12, 12, 13, 14] have been developed, where parti-
cles unintentionally grown in the processing installations pose a serious problem
of contamination. Further applications have been achieved in the new material
technology, such as the production of ultra-fine ceramics [15, 16], amorphous sili-
con solar cells with a higher efficiency [17], or ultra-hard and self-lubricating thin
films. Also in the astrophysics, they represent an important approach in under-
standing phenomena such as planet formation, planetary rings [18, 7, 19, 20], and
noctilucent clouds in the summer polar mesosphere [21].

In the laboratory, micrometer-sized particles are trapped in the plasma sheath
above an electrode where the gravitation force is balanced by the electric field
force. Here, the particles form regular structures when a weak confinement force
is applied. The most interesting are dusty plasmas in a strongly coupled regime,
the so called “plasma crystals”, which have been extensively studied.

The charge to mass ratio of the microparticles is much smaller than that of
ions. Therefore all the dynamical processes occur at a very accessible time and
space scale. Micrometer sized particles can be easily observed with videomi-
croscopy technique or even macrolenses. This allows the observation of indi-
vidual particles using standard video technique. Therefore, the weak damp-
ing of processes in dusty plasmas makes them more suitable systems for the
study of dynamic processes compared to similar systems like colloidal suspen-
sions [22, 23, 24, 25, 26, 27, 28, 29, 30], and the diagnostic methods are much
simpler than those for ions in Paul or Penning traps [31, 32, 33, 34, 35].

Dusty plasmas combine the properties of the microscopic plasma components



2 1. INTRODUCTION

(electrons, ions and neutrals) with those of macroscopic matter particles. These
exceptional properties allow the investigation of a multitude of dynamic phe-
nomena such as phase transitions in plasma crystals [1, 36, 37, 38, 39], waves
[40, 41, 42, 43, 44, 45, 46, 47, 48], Mach cones [43, 49, 50, 51, 52], and oscillations
[63, 54, 55, 56, 57], [A.1]. All these phenomena are determined by the balance of
various forces acting on the particles in these strongly coupled systems.

A novel experimental approach is the installation of experiments in space,
onboard the MIR and ISS Space Station [58, 59, 60]. These experiments were
originally intended to study full three-dimensional plasma crystals. At present
these experiments have to overcome competing phenomena like “voids” [61, 62,
63], and particle vortices. The latter dynamic features have been assumed to
be caused by forces like thermophoresis or ion drag, which are by far overcome
by the dominance of the particle weight in terrestrial laboratory experiments,
but play a very important role under microgravity conditions. One of the most
challenging questions is the ambiguous strength of these forces. Experiments to
verification of these forces are very rare and theoretical analysis and simulations
give contradictory results.

The present thesis addresses the fundamental problem related to the force
equilibria of dusty plasmas, which contribute to the current debate on nonlinear
processes and weaker forces. Two different experiments under completely different
plasma conditions have been carried out: first, oscillations of trapped particles
in the plasma sheath, under the dominance of the gravitation force, and second,
the observation of the motion of untrapped, falling particles in the plasma bulk.

In the sheath, the particles are levitated against gravity by the prevailing
electric field [64, 65, 1, 66]. In previous experiments, the linear response of the
particles to external periodical perturbations had been studied so far [4, 47, 57].
In the first experiment presented here, the nonlinear contributions of position
dependent dust charges and the nonlinear electric fields to the unharmonicity of
the confining potential well will be discussed. This allows to derive a quantitative
model of the particle trapping and oscillation in the plasma sheath, and the
undergoing sheath properties.

In the second experiment, in order to measure the weaker forces like ion drag
[67, 68] and thermophoresis [69, 70, 68|, the particles have been studied in free
falling motion through a long plasma column. There the gravitation is balanced
by the neutral drag force and the more subtle forces determine the radial particle
motion. The behavior of the falling particles is observed here in the quasi-neutral
plasma bulk. The radial dynamics of the particles allows the determination of
forces from the analysis of the particle trajectories.

The study of the radially acting thermophoresis, ion drag, and electric field
forces represent a novel laboratory experimental approach that contribute to the
understanding of the “void” formation. The mechanism of the “void” formation
in microgravity experiments is still an unsolved problem.

This work is a cumulative thesis and is structured as follows: in the second
chapter the fundamentals of complex plasmas are presented, namely capacitive
RF discharges, the charging process of dust particles, the forces acting on a dust



grain, and a brief theory of the vertical oscillations. The first experiment on
nonlinear oscillations of particles in the plasma sheath will be described in the
third chapter. The experiments carried out with free falling particles in a long
plasma column will be presented in the fourth chapter, followed by a summary
and conclusions. The submitted and published papers to peer-reviewed journals
and the contributions to international conferences are attached in the Appendix.
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Description

2.1 Fundamentals of RF discharges

In this section the basic properties of RF discharges will be presented. A short
introduction will familiarize the reader with the range of application of RF dis-
charges in processing technologies as well as in laboratory research in complex
plasmas. Since the plasma sheath of an RF discharge is essential for particle
trapping in laboratory experiments, the fundamental physics of the sheath will be
presented, followed by the theoretical self-consistent sheath model of Lieberman
and Lichtenberg. The operating regimes of RF discharges and the fundamental
ideas of using the RF capacitive discharges in particle trapping will close this
section.

2.1.1 Introduction

Due to the electric charge attained by the dust particles in plasmas, they can
interact with the plasma electric fields or with electron and ion flows, as well as
with each other via electric forces. The study of dusty plasmas cannot be carried
out without a detailed analysis of the plasma and of these interactions, which are
the source of all the phenomena in these systems. Our experiments have been
carried out in capacitively coupled RF discharges, so this is the type of plasma
which will be described in the following.

RF discharges became an important research topic in fundamental physics al-
ready in the early fifties of the 20th century [71, 72]. Later, theoretical approaches
through simulations have been performed, among others, by Belenguer and Boeuf
[73, 74], or by Surendra and Graves [75, 76|, as well as by Godyak and coworkers
[77, 78,79, 80]. In the eighties and nineties Liebermann and Lichtenberg have re-
leased a theoretical self-consistent model of the RF discharges, focused especially
on the study of the plasma sheath [81, 82].

The development of microelectronic technologies has extended the area of
application of RF discharges from laboratory to industrial devices. The connec-
tion between this type of discharges and dusty plasmas has been set also during
the early years of employing plasma processing technologies for microelectronic
devices, with the rising of contamination problem posed by the particles in pro-
cessing devices.
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2.1.2 The Structure of an RF Discharge

RF discharges have been extensively described by a number of authors [82, 83,
84, 85, 86](see Fig. 2.1).

gas inlet
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Figure 2.1: Scheme of a capacitively coupled RF discharge driven in a parallel plate
electrode configuration.

The typical experimental setup of a capacitive RF discharge consists of a
vacuum chamber with two parallel plate electrodes, one or both of them being
driven at high frequency voltage. The second electrode can be either grounded, or
driven in a push-push or push-pull regime with respect to the other. Due to the
frequency ranges internationally allowed, the standard frequency used for driving
RF discharges is frr=13.56 MHz, or higher harmonics. The applied power can
vary within a wide range from a few mW up to several kW. The RF power is
coupled from the RF generator with the standard 50 ) output impedance to
the plasma impedance using a match box, which is a tunable network consisting
of capacitors and coils. Between the powered electrode and the match box, an
additional capacitor can be mounted in some configurations in order to block any
DC components.

2.1.3 The RF Plasma Sheath

One of the basic properties of any plasma and, consequently also of the RF
plasma, is its quasi-neutrality

|ne - nz| < Nei, (2.1)

where n, and n; are the electron and ion densities respectively. Thus the plasma
bulk is almost free of electric fields.
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The response time of the charge carriers is determined by the electron and
ion plasma (Langmuir) frequencies

i (2.2)

Wpe,pi =

where m,; are the mass of electrons and ions respectively, for which, under typical
plasma conditions with n; ,=10° cm™3, the following relation is valid

Wpi < Wrr K Wpe, (2.3)

with wrr = 27 frr. This relation shows that the massive ions are usually not
able to follow the fast oscillating RF electric field, thus they can only react to
the time-averaged fields. On the other hand, the more mobile electrons can react
instantaneously to the RF oscillation. The powered electrode is negatively self-
biased with respect to the plasma most of the RF period due to the higher electron
mobility, and the electrons are repelled from the electrodes, leaving the electrode
vicinity filled only with ions (see Fig. 2.2). This region is called the plasma sheath.
Only for a very short interval of the RF cycle the sheath is quasi-neutral, but the
much higher mobility of electrons compensates the electron deficit and ensures
the balance of electron and ion currents over the whole RF cycle.
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Figure 2.2: Space-time variation of the electron density in the sheath of an RF dis-
charge in Helium at 400 Pa. From [73].

Very important for particle trapping is the strong electric field in the sheath
which is used in dusty plasma experiments to balance the weight force of the dust
particles. It ensures appropriate conditions for the existence of 2D particle clouds
when particles of the same size are introduced into the sheath.
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Between the plasma sheath and the quasi-neutral plasma a transition region,
namely the presheath exists, where the quasi-neutrality is not very strongly per-
turbed. In the presheath the ions are accelerated towards the sheath to the
so-called Bohm velocity [68]

kgT,
UBohm = i ) (24)
m;

with T, being the electron temperature and kg the Boltzmann‘s constant. In the
electric field of the sheath the ions are further accelerated, leading to a decrease
of the ion density with the depth inside the sheath due to continuity reasons.
The fraction « of the RF cycle when the sheath is quasi-neutral, averaged
over the whole RF cycle, also describes the ratio of the time-averaged densities
of electrons to ions.
Assuming a radial homogeneity, the Poisson’s equation

sov> E = eoagf) = p(z) = eni(z)(1 — a(x)), (2.5)

yields for a constant charge density p(z)

E(z) = By (1 - _£>. (2.6)

Ts

The electric field is found to increase linearly with depth in the sheath relative to
the time-averaged position of the sheath edge T;. The electric potential is then
derived to be parabolic, according to

z Ts x

o) = [ Bieie = ~Zmy(1- 1) 2.7

Ts T

In the following subsection a more advanced model of the plasma sheath is pre-
sented. It gives information on the electric field distribution and the electron and
ion densities in the plasma sheath and will be used in the analysis of the nonlinear
oscillation experiments in Chapter 3.

2.1.4 The Lieberman-Lichtenberg Plasma Sheath Model

An analytical, self-consistent solution of the collisionless RF sheath driven by
an RF current source is presented here [81, 82]. This model provides analytical
expressions for the time-averaged densities of ions and electrons, as well as for the
electric field and electric potential in the sheath, under the following assumptions:
the ion motion in the plasma sheath is collisionless, and the electron Debye length
Ap is assumed to be much smaller then the sheath thickness s,,.

Fig. 2.3 shows a sketch of the time evolution of the electron density in the
sheath, at a certain moment of the RF cycle. The electron sheath oscillates
between a maximum thickness of a few Debye lengths above the electrode and the
minimum thickness 0. The dotted line represents the electron density averaged
over an RF period and the full line the ion density. The time varying electron
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F Electrode .
X

Figure 2.3: Electron and ion density distribution in the capacitive RF sheath.

density n,(t) is characterized by the moving edge s(¢). The time-averaged density
T is smaller than n;.

Without insisting on the calculation details, the results of this model are the
following [81]: The nonlinear oscillation of the electron sheath is found to be
described by

T H13 . 11 . 1
— =(1—-cosp)+ — —s1ng0+—s1n3g0—3<pcosgo—ggocos?)cp . (2.8)

So 812 18
where 2¢(z) is the phase interval during which s(t) < z,
132
H=-- 2.9
13, (29)

defines the thickness of the sheath with respect to the electron Debye length A\p =
(e0T./eng) /% at z = 0, 5y = Jo/(ewny;) is an effective oscillation amplitude, ng;
is the plasma density at the sheath edge x = 0 and Jo and w are the amplitude,
respectively the frequency of the RF powering current. The ion density is found
to be

-1

; 3 1 1
T:); = ll — H(g sin 2 — 1 cos 2¢p — 590)] , (2.10)
and the time-averaged electron density is
Me _ (1 - f) N (2.11)
Mo, T/ T

The time-averaged electric potential is determined by

9 _

2
1 1 3 1 1
———[1—H{=sin2¢p — — 2 ——) . 2.12
T. 2 2[ (8811”0 Thatind 2“0] (212)
This self-consistent model of the plasma sheath is a very useful instrument in
the estimation of plasma parameters in the sheath. In Chapter 3 for the study of
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particle oscillations this model is used as theoretical reference in the analysis of
the experimental data. As input data of the model, the neutral plasma density,
the electron and ion temperature, and the parameter H are needed. At each
instant of the RF cycle the ion and electron densities can be determined and
then equated in the balance of currents on the dust particle to obtain the electric
charge on the particle (see Section 2.2 and [A.1]). From the electric field in the
sheath, the problem of static and dynamic equilibrium of the particle is solved
when the electric field force is balanced by the particle weight.

2.1.5 Plasma Modi

At this point a short presentation of the mechanisms which ensure the existence
and operating of RF discharges is necessary. Two operating regimes can be
distinguished: the a-regime which is specific for low powers, and the y-regime for
high driving powers. They differ from each other by the way how the RF energy
is transported to the electrons.

For relatively high pressures (a few tens of Pa) and low powers, the oscillating
sheath edge pushes the electrons towards the bulk plasma, like surfers on a wave,
thereby accelerating them. These electrons represent a small but energetic pop-
ulation of electrons (about 10 eV) which deliver their energy by collisions to the
other plasma components. This energy compensates the losses to walls or elec-
trodes. The corresponding plasma regime is called wave-rider-regime or a-mode
[87].

When the plasma is driven at lower gas pressure the mean free path of the
electrons is much larger than the distance between the electrodes, thus they oscil-
late several times between the sheaths before they suffer a collision. On average,
the electron energy is increased due to reflections at the oscillating sheaths. This
stochastic heating is sufficient to compensate the losses.

Another electron heating process is dominant when the potential drop in the
sheath is so high that the ions accelerated in the sheath release secondary elec-
trons when colliding with the electrode. Additionally, the fast ions, when colliding
with neutral atoms are able to ionize them. The resulting secondary or ionization
electrons form a very small population of high energy with high ionization effi-
ciency. They produce a large number of electrons (n, > 10! cm™2) of low energy,
under 1 eV. This is the so called y-regime, which shows a lot of similarities with
the DC glow discharges, where the electrons are accelerated within the cathode
voltage drop.

The transition from a- to y-regime occurs rapidly and can be observed in the
change of plasma brightness [88, 89] as well as in the modification of the electron
temperature and density [79, 80].

Due to the low powers used in our experiments, we assume that the discharges
are running in the a-regime.
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2.1.6 The Plasma Sheath as Particle Trap

Until now, the main properties and mechanisms of the RF plasmas have been
presented. At this point it is clarified why especially this type of discharge has
been chosen for the complex plasma experiments.

First of all, these plasmas ensure the necessary charge carriers for charging
the dust grains (see Section 2.2 for details). The particles attain a high negative
electric charge in the plasma sheath. Here, due to the strong linearly increas-
ing electric field, the gravitation force acting on the particles can be balanced
in almost all cases. The charge accumulated on the dust grains does not only
ensure their levitation, but determines also the electrostatic particle-particle in-
teraction. This mutual repulsion permits the particles to build regular structures,
the so-called plasma crystals, under the presence of a weak horizontal confine-
ment. The charging process as well as the balance of various forces acting on the
particles determines their specific properties and will be discussed in the following
chapters.

2.2 Particle Charging

2.2.1 Introduction

At the time when it was observed that the dust particles formed in processing
devices for microelectronic chips are levitated above the electrodes, the search for
an explanation led back to the early probe theory of Mott-Smith and Langmuir
[90]. This was the starting point for a new field of research: charging of small
particles in plasmas. Already in the early eighties, the charging process of parti-
cles in space has been studied in detail by Whipple [91]. The early probe theories
have been further improved [92, 93] for new experimental conditions.

Small particles act like floating probes in the plasma. They collect charge
carriers and thus attain a certain electric charge, negative or positive, depending
on the dominant charging processes. The magnitude of this charge is of vital
importance because it defines the strength of particle-particle or particle-plasma
electrostatic interactions and is responsible for all the interesting phenomena and
properties of complex plasmas. For example, the electrostatic repulsion between
neighboring particles defines the strong coupling in 2D particle layers, where
oscillations and waves can be generated. Therefore, an analysis of the charging
process of dust grains in both the plasma bulk and the plasma sheath is desirable.
Particle charging has been discussed in more detail by [94, 91].

2.2.2 The OML Probe Theory

The classical Orbital Motion Limited theory developed by Mott-Smith and Lang-
muir [90] in 1926 represented a reference in the probe diagnostic analysis for
several decades. This model describes the way how the study of the currents
collected by a small probe (a < Ap [95, 96]) leads to information on the plasma
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parameters. The validity of this theory is limited to the ideal case when the elec-
trons and ions are collisionless, and when the density and velocity distributions
of charge carriers are isotropic.

The problem of the particle floating potential is the inverse problem (compared
to the probe diagnostics), where the plasma parameters and thus the currents
reaching the particles are known and the floating potential of the particle surface
is to be determined.

Ion and Electron Currents

Since in the laboratory plasmas the positive ions belong usually to the species
attracted by the charged particles, their dynamics will be presented in the fol-
lowing. According to the classical OML theory, the ions collide with the particle
when they have an impact parameter smaller than a well-defined value b, (see
Fig. 2.4). If the impact parameter is larger than b, the ions are deflected in the
electrostatic field of the particle but are not collected on the particle surface. The
above mentioned limit b, corresponds to the case where the ions impact the parti-
cle tangentially and depends on the magnitude of the attractive central potential.
This gives the name of the Orbital Motion Limit theory (OML).

dust
particle

: Ibe i}
ti b<bC A /

b>bc

»
>

Figure 2.4: Only ions with an impact parameter smaller than the limit b, can con-
tribute to the ion current on the dust grain. The other ones (b > b.) are deflected in
the electrostatic potential of the particle.

When integrating over the contributions of all ions which hit the particle, the
ion current is obtained as

8kpT;
I, = 7renia2\/ W:;L. (1 — :j;f‘), (2.13)

where 0; = 7b? = ma®(1 — e¢p/kpT;) is the ion collection area of the particle,

\/8kpT;/mm, is the ion thermal velocity, and ¢; is the particle floating potential.
The integration has been carried out under the assumption of a Maxwellian ion
distribution. It can be observed that wb* > ma?, since ¢y < 0, thus the ion
collection area of a negative particle is larger than its geometric cross area.

For the electrons, the calculations are similar, with the only difference that
the electron collection cross section is o, = wb., = ma*(1 + epy/kpT.). The



12 2. COMPLEX PLASMAS. GENERAL DESCRIPTION

electron current is

8kpT.
I, = —men,a® W:‘;g exp (I:Z);fe). (2.14)

It was considered here that only electrons with a higher energy than the particle
repulsive potential m.v2/2 > e¢y; are collected.

The ion and electron currents collected by a positively charged particle can be
determined the same way when the roles of attracted /repelled species are changed.
Nevertheless, due to the higher temperature and mobility of the electrons such a
situation is quite seldom.

The results of the OML model have been proved to be valid when employed
in the the case of small particles (¢ < Ap) [95, 96]. Nevertheless, limitations of
this model are to be regarded.

Limitations

The condition of collisionless ions and electrons is not fulfilled in typical experi-
mental situations due to the short collision mean free paths of the charge carriers.
For example in Helium, at pressures around 100 Pa, the mean free path for ions
Amfp is of the same order, even smaller than the Debye length.

When ion or electron drifts are present in the plasma, the second condition
of validity is infringed in the way that the populations of charge carriers are no
longer Maxwellian when the drift velocity is comparable to the thermal velocity.

2.2.3 Ion and Electron Currents under Charge Carrier
Drifts

When the particle is situated in a plasma region dominated by drifts of the
charge carriers, the non-isotropic distribution of charging collision events have
to be taken into account. Whipple derived the charging currents for repulsive
potentials (¢@s >0 typically for electrons) [91]

v; Vi wl/294

2 2

{(% +1> exp [— (%HL—U) ] — <% - 1) exp [— (%Z—U) ]}), (2.15)
where n, m and vy, are the density, mass and thermal velocity of the analyzed
species, vq is the drift velocity of the plasma components and U = (2e¢;/m)'/? is
the additional velocity gained by the charge carrier in the electrostatic potential
of the particle. In the limit of large drift velocities, this current reduces to the
form I = ma’nevy(1 — 2e¢p/mu?). This is the typical situation in the plasma
sheath where the ions are accelerated in the strong electric field to supersonic
velocities and thus the thermal agitation plays no dominant role.

I = “T‘ﬁnevd<<1 + gg% — U—;) [erf(yd“L—U> +erf(9ﬁ>] + Y.



2.2. PARTICLE CHARGING 13

For attractive potentials (typical for ions) an approximative expression for
current is [91]

v U? Vg Vi, v\ 2
= ratnen| (15 2 P)et(B) - 2w (~ Y] s
Ta nevd[ + 202 + 02 er o + Y exp o (2.16)

The validity is limited to the case when the collection radius is smaller than the
radius of the sheath around the particle.

These equations reduce to the OML expressions when the drift velocity is small
compared to the thermal velocity. For example, for ions having a drift velocity of
about 20% of the thermal velocity, the variation from the OML model of the ion
current collected on a particle of 5 ym radius is less than 1%. Thus, this model is
a very useful analysis instrument when the drift velocities are comparable to the
thermal velocity. Otherwise, the OML theory provides sufficiently precise results
and therefore is preferred.

2.2.4 Other Charging Processes

Apart from the above mentioned currents which represent the main source of
electric charge on the dust particles, a few other processes like photoemission and
secondary electron emission can be important, under circumstances which are
mostly found in space [91]. Other processes like the thermionic emission or field
emission of electrons, electrostatic disruption, radioactivity, impact ionization,
enhanced ionization or enhanced collection of electrons are relevant only under
extreme conditions, especially for dusty plasmas in space, and will therefore not
be discussed.

Electrons colliding with a dust particle, can either enter the material or be
reflected, releasing secondary electrons. This electron outflow can be considered
as a positive current onto the particle [97, 98]. The electron secondary emission
can be produced also by ion bombardment [99, 100, 101]. For plastic materials
similar to the particles used in our experiments high electron or ion energies are
necessary for producing secondaries, thus the contribution of secondary electron
emission to the particle charging is considered negligible in our case [102].

In usual laboratory plasmas the UV emission is quite small, so the photoe-
mission plays a negligible role among other charging processes and is commonly
not to be accounted.

2.2.5 Dust Particles as Spherical Floating Probes

The particle charge is directly related to the floating potential. To obtain the
floating potential, the particles can be considered as isolated, floating spherical
probes which collect ion and electron currents under the influence of the plasma.
Thus, the charging can be described as a process depending on the plasma pa-
rameters and floating potential of the particles.
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The floating potential is the potential of the grain surface when the dynamic
balance of the electron and ion currents to the particle is reached.

IL,+1,=0 (2.17)
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Figure 2.5: Ion and electron currents to a spherical particle (2a = 9.47 pm) in a Helium
plasma (n; e =1- 1072 em 1) for various electron and ion temperatures T, and T;. On
the horizontal top axis, the corresponding floating charge of the particle is indicated.
(From [83])

For the ideal case of an isotropic, Maxwellian plasma, the floating poten-
tial of the particle is obtained by balancing the OML electron and ion currents.
Employing the notation n = e¢y,/(kpT,), the transcendent equation

T, T
1—f-n= Z—j %f-exp(n), (2.18)
can be solved numerically. Under typical discharge conditions with n, = n; and
Te> T;', e¢fl ~ 2kgTe.

Fig. 2.5 shows the ion and electron currents to the particle surface for various
plasma parameters. The crossing points between ion and electron currents rep-
resent on the abscissa the corresponding floating potential. It can be observed
that the negative floating potential of a dust grain increases with the electron
temperature. This is caused by an increasing number of electrons that reach the
particle surface with increasing electron temperature.

For evaluating the particle charge @), = C¢y, the particle is treated as a
spherical capacitor with the capacitance

C = 4rega (1 + ﬁ), (2.19)
Ap
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where the Debye shielding in plasma is accounted. For small particles a < Ap it
reduces to C' = 4mwega. For the given particle and plasma parameters, the floating
charge can be extracted from Fig. 2.5, on the horizontal top axis. Thus, for an
ion temperature of 7,=0.03 eV, the charge varies from approximately 6500 e at
T.=1 eV to 17000 e at T,=3 eV.

When drifting ions are taken into account, as in the plasma sheath, the OML
electron current is to be balanced with the ion current deduced by Whipple [91]

8kgT, ’U2 ] U2 .
na’nee Ble exp ( ePri ) _ 7Ta2n,~evd,i l(l 4 Jthi T)erf( Vg, ) n

2
TMe kgT, 2ug; Vg, Vth,i
2
Uth,i V4,
T g exp ( - , (2.20)
T 20d4 Uth,i

where U = (2e¢s/m;). Under the typical experimental conditions like in the
experiments described in Chapter 4, the particle charge is changed by less than
1% compared to the OML results. This advanced model is suitable for strong
drifts of plasma components, otherwise the OML model provides accurate enough
results.

2.2.6 Particles in the Plasma Sheath

As shown in Section 2.1, the plasma sheath is usually quasi-neutral for a very
short interval of the RF cycle (the fraction «), while for most of the time, the
sheath is almost free of electrons. Thus, averaging over one RF cycle, the sheath
is dominated by ions. Therefore, different densities are to be considered when
analyzing the charging of particles in the plasma sheath
Ne 7 N; & Ne = an;. (2.21)
¢p can be calculated using (2.18) with different densities. For av = 1 the quasi-
neutral plasma case is reiterated, whereas the extreme case where a = 0, no
electrons are present anymore in the sheath, and the particles charge positively.
The temporal evolution of the particle charge in the plasma leads to the
charging time parameter [103]
kgT, 1

e maen;viy;’

T; = 4mega (2.22)

which can be considered as the characteristic time 7 = CR necessary for dis-
charging the initially charged spherical capacitor C' represented by the particle,
through the resistance R = U/I of the surrounding plasma. Considering a typical
plasma with T,=3 eV, T;=0.03 eV, and n;=10'®> m~3, the charging time constant
is of the order of ;=1 us.

The finite charging time of the particles can play an important role especially
at low pressures, where they can drive self-excited particle oscillations [104].

Besides these variations of the charge due to the RF voltage oscillation,
stochastic charge variations can occur, which are produced by the discreet-
ness of charge carriers [105, 106]. The stochastic fluctuations are of the order
67 = 0.5v/Z and thus negligible for particles with Z=10%.
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2.2.7 Influence of a Large Number of Particles

So far, the charging theory has been presented for single particles in a plasma
environment. Nevertheless, a large number of particles are usually injected, thus
the plasma parameters might be strongly modified by their presence.

The quasi-neutrality of the system plasma-particles can be written as

nie — nee — NpartCdp = 0, (2.23)

considering the particles attaining all the same charge C'¢y. Here, mp,. is the
number density of the dust grains, thus C'¢; represents the space charge density
bound to the particles. This equation shows that a large number of particles in
the plasma leads to a drastic decrease of the density of free electrons, when the
particle space charge is a considerable part of the space charge of free electrons.
Thus the charging process is perturbed and consequently, the individual charge
of a single particle decreases. This charge depletion has been studied by Havnes
et al. [107, 108] and by [106], and will be discussed in relation to our experiments
on the falling dust particles in Chapter 4 and [A.2] .

2.3 Forces Acting on the Dust Particles

The forces acting on the dust particles determine the motion and/or local equi-
librium of the dust grains, so their determination is a fundamental goal in the
study of complex plasmas. In this section we give an overview over the forces
acting on the dust particles in a plasma discharge. It is divided into two parts:
the first one deals with the forces acting independently of the presence of plasma,
and the second one concerning the interaction of particles with the surrounding
plasma. A short analysis of the particle-particle interaction followed by discus-
sions on the dominance of various forces under various experimental conditions
close this chapter. Extended description of the forces acting on a dust particle
can be found in [84]

2.3.1 Gravitation and Neutral Gas Friction Forces

This section deals with the forces which act on the dust particles independently
of the presence of plasma, namely the gravitational force and the friction force.

Gravitation Force

Like all bodies present in the gravitational field of Earth, the dust grains feel the
weight force

- 4

G =my§ = gma’og,
with a being the particle radius, g the gravitational acceleration and p the mass
density of the particle material. For example, a particle of radius a=4.75 ym made
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of Melamine Formaldehyde (9=1514 kg/m?) has a mass of m,=6.8x10'3 kg and
correspondingly, the weight force is G=6.7x107'2 N. The dependence of this force
on the third power of particle radius makes it very important for large particles
(over 1 pm), but can be neglected for nanometer sized particles with respect to
other forces like the electric field force.

A new field of investigations on complex plasmas has been opened by ex-
periments on parabolic flights, or by experiments aboard the International Space
Station (ISS) in order to reduce the dominant influence of the gravitation force on
micron-sized particles. This made possible the observation of three dimensional
particle structures which have not been observable so far [59].

Neutral Gas Friction

The neutral gas friction force is the result of momentum transfer from the neutral
gas molecules/atoms to a dust particle when moving relatively to the gas [109].
For a single particle with a radius much smaller than the mean free path for
neutral-neutral collisions, and a relative velocity smaller than the gas thermal
velocity, so that the neutral gas velocity distribution is not perturbed by the
presence of the dust particle, the friction force is described by

- 4
Ffrict = _5§7ra2nnmnvth,nﬁrel- (224)

The Millikan coefficient § describes various types of reflection of the neutrals
(specular or diffuse) at the particle surface and can vary between 1 and 1+4/9.
N, My and vy, , are the number density, mass and thermal velocity of the neutral
gas. This equation has been developed to describe the neutral gas friction on the
oil droplets in Millikan’s experiment.

When normalized to the particle mass, this equation reads as

Ffrict = _mpﬁﬁrela (225)
where
6 n ' n
B = O M Uth,n (2.26)
ag

is the normalized friction coefficient.

In the analysis of our experimental data, the second form of the neutral friction
force will be used. For a spherical MF particle of radius a = 4.25 um and a
pressure of 100 Pa in Helium, 8 = 28.3 s~!, which means that the given drifting
particle will come to rest within a few milliseconds. If the particle falls freely
through the neutral gas, a constant drop velocity regime is reached within the
first few milliseconds. The situation where one of the initial assumptions is not
satisfied, is studied by Vestner et al. [69, 70], or by [110].

In our experiments where the particle relative velocities are relatively small,
the Epstein’s formula has been used.

It is known that small dust particles have the tendency to form clusters due to
adhesion, which will modify the force balance of gravity and neutral drag during
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Figure 2.6: The terminal velocity for a 2-particle cluster strongly depends on the
cluster orientation.

the free fall. For simplicity, the behavior of a free-falling two-particle cluster will
be analyzed. The dynamic vertical equilibrium is approximatively described by

2myg — KBa’y = 0, (2.27)
with the orientation coefficient (see Fig. 2.6)

k =1+ |sinq|, (2.28)
and

~ 4

ﬁ = 5§7mnnnvth,n- (229)

Here, « is the angle between the distance vector between the two particles b and
the vertical velocity vector ¢. It is evident that, if b is parallel to the velocity vector
7, the cluster will fall with a constant velocity twice as high as the velocity of a
single particle (see Fig. 2.6). If the distance vector is perpendicular to the velocity,
the cluster velocity is the same as the velocity of a single particle. Between these
two extreme situations, depending on the cluster orientation, the constant falling
velocity continuously varies between once and twice the one-particle velocity. In
reality, the high complexity of clusters and their eventual rotation involves a
broad distribution of measured velocities, so it can be considered as a source of
experimental errors in the drop experiments (Chapter 4). The higher the particle
number in a cluster, the faster the cluster will fall, so that single particles will have
the lowest velocity. In conclusion, it is usually desired that the particle clusters

are separated into individuals. A method of cluster explosion is presented in
Chapter 4 and [A.2].

2.3.2 Plasma Forces Acting on the Dust Particles

The plasma forces acting on the dust grains are the result of several effects like
momentum transfer from the plasma components to the particle (ion drag and
thermophoretic force), or electrostatic interactions of the charged particles with
the plasma electric fields, as well as polarization effects which might occur in a
plasma under the effect of considerable electric fields and particle flows (polar-
ization forces).
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Electric Field Force

The most important force which acts on the particles when injected in the plasma,
is the electric field force because it is able to balance the gravitation force in the
plasma sheath

Fy = QyE. (2.30)
As shown in the first section, the electric field is
E(z) = gﬁ(zs —2), (2.31)
0

where z is the local position in the sheath and Z; is the average sheath edge
position. Due to the linear increase of the electric field in the plasma sheath, at
a certain level, depending on the particle mass, the gravitation force is balanced,
thus the particles can be levitated. The charge accumulated on the dust grain
is linearly dependent on the particle radius (see Section 2.2). So even for small
particles, the electric field force can reach high magnitudes when the acting elec-
tric field is strong enough. Nevertheless, since the plasma bulk is almost free of
electric fields, the electric field force is very small there when compared to the
gravitation force.

Considering the analysis of Hamaguchi et al. [111], the presence of the sheath
has no influence on the particle dynamics if the sheath is unpolarized and spher-
ically symmetric.

Polarization Forces

If the plasma polarizes as response to an external electric field, or the sheath
around the particle brakes the spherical symmetry or polarizes, an additional
action on the grain must be taken into account. This is the case of polarization
forces.

For the study of the polarization effect, Daugherty et al. [112] have solved
the Debye-Hiickel equation in the case of a superimposed homogeneous electric
field in the plasma assuming a spherical Debye sheath around the particle with
the linearized radius defined by

1 e2Ny (1 n 1
=— = ~—, for T,<T,, 2.32

D Ap \/ €0 (kBTe * kgT; +) i o ( )
with N, the unperturbed plasma density. The force acting on the particle due
to the electric field is then

Py = —Q, lE(l + %)] .

~ /
~~

Eejy (2.33)

This shows that the plasma polarization slightly increases the influence of the
electric field. In this model the Debye sheath is assumed to remain unperturbed.
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In most of the experimental cases, the particle radius is much smaller than the
Debye radius, such as the total electric force reduces to the well-known form
Frp=Q,E.

The dipole moment of the system particle-polarized-plasma is then deduced

)

ot = 4ma® [E(l
Pegs = 2@ <0 T30+ rpa)

[\ /
-~

E.;y (2.34)

In the usual limit akp < 1, pess = 4madeoE, which is the dipole moment induced
on a sphere in vacuum by an external electric field. This model is violated if
the sheath around the particle is significantly distorted by plasma flows, like for
example in the plasma sheath of an RF discharge.

A more general model is presented by Hamaguchi and Farouki [113, 111],
where the polarization of the Debye sheath around the dust particle is taken into
account. The Debye-Hiickel equation is solved in the linear approximation, for a
shielding sheath characterized by

1 ez /n; M.
= — = — 2'35
"0 \/aokB (T - Te>’ (2:35)

which becomes 1/); in the limit of cold ions compared to electrons. With the
assumption that the shielding cloud can be slightly perturbed by the external
electric field and with accounting also for the pressure exerted by the flowing
ions, the force acting on the grain is

. L Q2VA
F=-QF- Lf
8megAp

(2.36)

The second term which describes the polarization force is always in the direction
of decreasing Debye radius VA p, regardless of the sign of particle charge or of the
electric field direction. For the limit of small ion drift velocities v; < v, the
average Debye length given by Eq. 2.35 is to be used. When v; > vy, 4, the ion
sheath is blown away from the particle vicinity, therefore the ions are not able
anymore to contribute to the shielding process, and only electrons can form the
sheath. Again the polarization force is negligible for small particles. Here only
the pressure exerted by the ion flow on the particle sheath has been taken into
account.

The Ion Drag Force

When the electrostatic interaction of the ions with the particles is taken into
account, this interaction is described by the ion drag force. Both the ions directly
collected by the particle and those deflected in the electric potential of the grain
contribute to the ion drag force in the plasma [67, 114, 115, 116, 68].

Under the assumption that the ion mean free path for charge exchange or
elastic collisions with the neutrals is larger than the Debye length, the ions with an
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Figure 2.7: Ions with an impact parameter smaller than b. impact the particle and
transfer their kinetic energy to the grain, while those with larger impact parameters
are deflected in the particle electrostatic field, also leading to a momentum transfer.

impact parameter smaller than the already defined orbit limit b, (see Section 2.2.2
and Fig. 2.7) are collected and transfer their entire kinetic energy to the particle.
The corresponding “collection force” is given by [67]

S 2
Foou = ma®mn;ii;vg (1 - e¢j;l), (2.37)
m;vg
where
8k Tz 1/2
o= (2211 ) (2.38)
™ms;

is the effective velocity of the ions approaching the particle, and @; is the ion drift
velocity.

Ions with an impact parameter larger than b, are deflected in the grain electro-
static field transferring a part of their kinetic energy to the grain. The resulting
“Coulomb force” is [67]

Fopy = ber/meiﬁivs In A, (2.39)
where
Qpe
bpjg = ———— 2.40
/2 dmegm;v? ( )

is the impact parameter for deflection at 90° and

lenAzlln(

2

2.41
b2 + bfr/Z (2:41)
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is the Coulomb logarithm integrated over the interval from b, to A\p. The Coulomb
force vanishes when the collection impact parameter b, > Ap and strongly de-
pends on the way how the Coulomb logarithm is chosen [117]. We use here the
most actual and widely accepted form for the Coulomb logarithm given by Barnes
et al. [67].

The total force is the contribution of the collected and deflected ions F’i(m =
Fooy + Fopu. For a particle of radius a=5 um, with n;=10° ¢cm 3, 7;=0.03 eV,
Ap=0.4 mm Q,=25000 e, and u;=100 m/s the ion drag force Fj,, is about 5
times smaller than the weight force. If the ion mean free path is smaller than the
Debye length, the collisions which occur within the particle sheath might lead to
ion trapping on closed orbits around the particle [118], modifying the strength of
the ion drag force.

The Thermophoretic Force

Thermophoretic force acts on a particle in a temperature gradient of the neutral
gas. For usual particle sizes of micrometers, it becomes important [69, 70, 115, 68]
when the temperature gradient is of a few K/cm. Its microscopic mechanism relies
on the fact that on the “hot side” of the grain the neutrals impact with a higher
kinetic energy than on the “cold side”. Thus a net momentum transport results
on the particle in the opposite direction to the temperature gradient and the
corresponding force is [68]

., 15 —a’k, =

Fopermo = —— VT, 2.42
nermo = gV (2.42)

with , the translation heat conductivity and vy, , the thermal velocity of the
neutral gas. For Helium, x,=0.143 W/Km [119]. For a particle of radius a=5 pum,
for vy, ,=420 m/s and a temperature gradient of 2 K/cm, the thermophoretic force
is about 6 times smaller than the weight force. Therefore, it becomes measurable
either for smaller particles, or when the gravitation is reduced.

As alternative to the expensive microgravity experiments, this effect has been
used for levitation of small particles against gravitation in a vertical temperature
gradient [63].

2.3.3 Particle-Particle Interaction

The particle-particle interaction force is the effect of mutual electrostatic repulsion
between the negatively charged particles. When the interparticle distance is short
enough such that the mutual repulsion force is not fully screened by the plasma,
this particle-particle interaction begins to play a very important role. The mutual
repulsion is given by the equation

QiR < r )( Tij
F;;, = exp| — — 1—}-—), 2.43
! 47T50’f'ij P )‘D >\D ( )
where 7; ; is the interparticle distance and @);, ); are the charges on the particles
1 and j. Under the influence of an additional confinement, the particles find
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an equilibrium position where the balance between the repulsion force and the
confinement force is fulfilled. When confining a large number of particles, the dust
grains can form regular structures, the so-called plasma crystals. The strength
of the horizontal coupling is responsible for the structural stability and for its
crystalline properties. The Coulomb coupling parameter can be defined as

Q@ 1

T = 2.44
47T€0b ICBTd ( )

where b is the mean interparticle distance and T; the temperature of the plasma
crystal. It represents the ratio of the Coulomb potential energy of neighboring
particles to the thermal energy in the crystal. When I' >1 the system is said to
be strongly coupled.

When the plasma shielding is taken into account, the interaction strength
is defined by a Yukawa potential and, correspondingly, the coupling parameter
becomes

2 e (- 1)
I = _ 2. 9.45
Areob kpTy P\ 7 2, (2.45)

It depends also on the ratio of interparticle distance to Debye radius.

The classical theory of aggregation states can be extended also to these sys-
tems [120, 121, 122, 123, 124]. A “gaseous” phase is characterized by a high
thermal particle agitation, a “liquid” phase yields ordered grain drifts and in a
“crystalline” phase the interparticle bonds are stable over a long period of time
for ' >168 in the one-component-limit (OCP) with A\, — oco. The crystalline
state is even suitable for observation of oscillations and waves.

2.3.4 Discussion

From this brief description of the important forces acting on the dust particles in a
complex plasma, it is clear that the electric field force and the particle weight play
the most important role, while the others are much smaller and thus difficult to
measure. This is the typical case of particles trapped in the plasma sheath, where
the electric field force balances the weight force. When the gravitation influence
is reduced or compensated, like in microgravity experiments, the particles do not
sediment in the sheath and thus ion drag and thermophoresis together with the
electric field force in the plasma bulk become dominant.

When particles are droped through a plasma column (see Chapter 4 and [A.2]),
the gravitation force is balanced by the neutral gas friction. Thus the effect of
the other forces like ion drag or thermophoresis can be observed and measured.
This is possible due to the fact that the balance of the gravitation force occurs in
the vertical direction, while the action of ion drag, and thermophoresis occurs in
the horizontal direction, being balanced by the horizontal friction. This allows a
decoupling of the smaller forces from the larger ones.

On the other hand, in the case of single particles oscillating in the plasma
sheath, all the forces (gravitation, neutral gas friction, ion drag, electric field
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force, and thermophoresis) act on the vertical direction, and the action of the
small ones (thermophoresis and ion drag) can not be decoupled from the action
of the dominant gravitation and electric field forces.

In conclusion, the choice of the dominant forces strongly depends on the exper-
imental configuration. The action of various forces will be analyzed in Chapter 3
and 4 for the above mentioned situations: first, trapped particles in the plasma
sheath of an RF capacitive discharge and second, free-falling particles through a
long RF plasma column.

2.4 Vertical Oscillations of Particles in the
Plasma Sheath

2.4.1 Introduction

Among the various motions of particles in dusty plasmas like waves, wakes, or
drifts, the grain oscillations in the sheath have focused a high interest and have
been considered in detail in a number of publications [125, 68, 126, 82, 44, 127,
128, 53, 45, 83, 47, 129, 104, 130, 131]. The most interesting types of oscillations
are the vertical oscillations of single particles [125, 68, 126] and the horizontal
dust lattice waves (DL) [82, 44]. Such experiments allow the determination of
fundamental parameters of these systems, namely the particle charge [4, 53, 45,
132], or the measurement of the coupling parameter within plasma crystals.

In the earliest experiments, it has been generally assumed that the particle
charge is constant, independent on the position in the sheath, and the electric
field within the sheath increases linearly from the sheath edge. These models are
able to provide quite accurate results in the case of linear particle oscillations
[4, 132, 133, 57]. Nevertheless, they are not sufficient for the study of nonlinear
resonances. Recently, a new nonlinear approach considering the electric field
distribution in the sheath and/or a position-dependent particle charge model
have been developed [55, 56].

The aim of this section is to give an overview over the different vertical os-
cillation modes, starting with purely linear resonances, going to parametric res-
onances, and, most interesting for our investigations, finally to the nonlinear
resonances of the particles in the plasma sheath.

2.4.2 Small Amplitude Resonances

The particles are levitated at a certain level in the plasma sheath due to the
balance of the weight force and electric field force. The static equilibrium is
defined by (see Fig. 2.8)

mpg = QpE(z) (2.46)

with @), and E(z) the time-averaged particle charge and electric field in the
sheath.
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Figure 2.8: Equilibrium of the particles in the plasma sheath. The linearly increasing
electric field and the constant particle charge determine a parabolic potential well for
an oscillating particle.

For an oscillating particle, the friction force is also considered. The excitation
force is taken into account as an additional force of the form F = F,.sin(wt).
Thus the equation of motion writes as

mpi + mp/&b = QpE(x) — Mpg + Fege Sin(wt)’ (2'47)

with /8 the friction constant normalized to the particle mass (see Section 2.3).
This is the general equation of motion for an oscillating particle. Thermophoresis
and ion drag are usually neglected in these situations since they are small com-
pared to the gravitation and act in the same vertical direction (see Section 2.3).
With the assumption of a constant charge )y and a linearly varying electric field
E(z) = Ey + E1z, the potential profile for the oscillating particle is determined
by integrating the general equation of motion
_ EyQo 1 E1Qo 2

[

2.48
my 2 m, (2.48)

U(x)

The resulting potential well has a parabolic shape (see Fig. 2.8) and the particle
exhibit a linear resonance. The equation of motion can then be written as

i+ Bi + wir = Fsin(wt), (2.49)

with w = —QoE1/m, defining the resonance frequency and F = Feze/m, the
normalized excitation amplitude. QQoFEy = m,g is the condition of equilibrium so
it is not included into the equation of motion. Replacing the electric field by the
ion density in the sheath via Poisson’s equation (see Section 2.1), the resonance
frequency is

2 _ Qpni(1 — a)e

2.50
Wo v ( )
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where n; is the ion density at the particle position and « is the ratio of electron
to ion density.

From the analysis of the resonance curve of a particle, the resonance fre-
quency and, consequently, the particle charge to mass ratio can be deduced when
the plasma parameters are known. This procedure of measuring the charge has
been first applied by [4]. There, the particle oscillations have been driven by
modulating the RF power with a low frequency sine-wave.

This principle has been later refined using a non-invasive method of exciting
the particle oscillations by a modulated laser beam focused on the particle surface
[132]. The light pressure is strong enough to excite the oscillations.

80
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Figure 2.9: Resonance curves of a single particle. The oscillations are excited using
three different techniques: the RF modulation using either a periodical square-wave,
or a sine-wave, and the square-wave modulated laser focused on the particle. (From

[132])

Fig. 2.9 shows the resonance curves for the same particles when the oscillations
are driven using three different techniques, namely RF voltage modulation either
with a periodic square-wave, or with a sine-wave, and by laser excitation with
“on” and “off” square-wave modulation. The results are in a good agreement,
and show the same resonance frequency. The square-wave modulation of the RF
and of the laser produces additional resonances at wg/3, wo/5, etc. With this
method, the earlier results in [4] have been confirmed, and it was shown that the
RF power modulation does not perturb the sheath structure, or the measured
particle charge.

2.4.3 Parametric Excitation

Experiments with wire excitation at low gas pressures [133] have demonstrated
that it is necessary to consider the periodic modulation of the resonance frequency
when using invasive excitation techniques due to the periodic variation of the
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sheath position. With the modulation of the resonance frequency the equation
of motion becomes

I+ BT+ wo [1 + ecos(wt)]x = —g + Fsin(wt). (2.51)

This is the well-known Mathieu equation [134] describing the parametric exci-
tation, which allows excitation of sub- and super-harmonics of the resonance
frequency wy [133] (see Fig. 2.10). It usually occurs at relatively large excitation
amplitudes.
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Figure 2.10: Vertical amplitude of oscillating particles in 2D monolayers for two exci-
tation techniques: RF' modulation, and a biased wire below the particles. The peak at
2wq occurs only for the wire excitation. (from [133])

The observed resonance curves are shown in Fig. 2.10 for two excitation meth-
ods, namely RF power modulation and low frequency voltage modulation on a
wire below the particles. The main resonances corresponding to wy, agree very
well with each other. Additionally, a peak at the second harmonic frequency oc-
curs in the case of wire excitation (see [133]). Thus this experiment demonstrates
the parametric character of the excitation technique where a local, periodic per-
turbation of the sheath is applied.

Theoretical considerations on this subject can be found in [135], in a simula-
tion approach.

2.4.4 Nonlinear Oscillations

As shown in Section 2.1, the time-averaged ion and electron densities vary within
the sheath (see Fig. 2.3). Therefore, for a full description of the oscillations, the
variations of the electron and ion densities have to be taken into account. These
variations might lead to a non-linear electric field and to position-dependent
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charging currents on the particle surface, leading to the idea of a position-
dependent particle charge. Here we assume that the electric field and the particle
charge can be described by polynomial functions of position

Qp(r) = Qo+ Qi + Qo7” + Q3
= Qo+ X + QX+ Q3 X3 (2.52)

E(z) = Ey + E1x + Eyx® + E32?®
= Ey+ B\ X + B, X% 4+ F3 X5 (2.53)

At the sheath edge X=0, E(X)=0, so FEy=0. Tt is important to make a distinc-
tion between x, which is the so called “local coordinate” relative to the particle
equilibrium position, and the “global coordinate” X measured from the sheath
edge. The equation of motion becomes nonlinear (in the local reference system)
by including higher order terms

FeCCC
cos(wt). (2.54)

P4+ B+ Crax+ Cox® + Cax® + ... = -
y4

Here Cy = QoEy = m,g is the condition of equilibrium and does not have to be
taken into account in the general equation of motion. The coefficients C;, Cj,
and Cj are combinations of electric field and charge coefficients with

Cy = (QoE1 + Q1Ey) /my,

Co = (QoEy + QL E: + Q2Ep) /my,
Cs = (QoEs + QLE> + Q2E1 + Q3Ep) /my,. (2.55)
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By integrating the equation of motion in the local system, the nonparabolic
potential energy of a particle in the sheath is derived

C C C
U(x) = Cox + 71:# + §x3 + fx‘l +... . (2.56)
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The particle oscillates in this potential well, so the oscillation properties reflect
the features of the potential curve. Fig. 2.11 shows the influence of the potential
shape on the resonance curves. If C, and C3 are zero, the particle oscillates in
a parabolic potential well (the black dashed line), leading to a linear resonance,
with the frequency determined by C', as described in Subsection 2.4.2. C defines
the asymmetry of the potential well and consequently determines the up/down
asymmetry of the particle oscillation in the sheath. If C'; >0, the particle will
exhibit larger upwards excursions than downwards (Fig. 2.11a) and vice versa
(Fig. 2.11b). Finally, C3 determines the softening (Fig. 2.11a), or strengthening
(Fig. 2.11b) of the potential well respectively for higher oscillation amplitudes.
This results in the bending of the resonance curves towards lower or higher fre-
quencies respectively. A hysteresis between the curves for increasing/decreasing
frequencies occurs in the direction of decreasing frequency for a softening po-
tential (Fig. 2.11a) and in the direction of increasing frequency in the case of
strengthening well (Fig. 2.11b).

From experiments on particle oscillations (Chapter 3), the resonance curves
of the particles are determined. The observed asymmetry and bending of the
curves can be related to nonlinear coefficients of the potential well. The goal of
this analysis is the determination of charge and electric field variation with the
position in the sheath.



3 Nonlinear Vertical Oscillations
of Particles as Diagnostic

In this chapter the nonlinear vertical oscillations of single particles is presented.
From this, a diagnostic method for studying the particle charge and the structure
of the electric field in the sheath is derived. The experimental results are inter-
preted in terms of the nonlinear variation of the particle charge with the position
in the sheath. Also the role of the nonlinearity of the electric field is studied.
The sheath model of Liebermann and Lichtenberg has been here employed for
comparison with the experimental data.

3.1 Introduction

As already mentioned in Section 2.4, a number of experiments have been carried
out on vertical particle oscillations in the plasma sheath [4, 132, 133, 57]. Most
of them use particle oscillations as diagnostics under the assumptions of constant
particle charge and linearly increasing electric field from the sheath edge into the
sheath [4, 132, 133, 57]. More recent experiments on nonlinear particle oscillations
have been carried out by Ivlev et al. [56, 55] and by Zafiu et al. [A.1]. Effects like
bending and shifting of the resonance curves towards lower frequencies, hysteresis,
and sub- or super-harmonics have been explained in [56] in a nonlinear approach
for the electric field, assuming again a constant charge of the grain [56].

The influence of regular and stochastic charge variations on both horizontal
and vertical particle oscillations have also been studied theoretically by [55]. Ivlev
et al. have shown the way how the regular charge fluctuations (position- or time-
monotonically dependent) can lead to instabilities only in the vertical oscillations,
while the stochastic fluctuations (due to the random charging collisions of the
particle with charge carriers) result in oscillation instabilities on both vertical
and horizontal direction (dust lattice waves).

Self excited vertical oscillations have been observed in the sheath at very low
pressure and described in terms of finite charging time by Nunomura et al. [104].
In these experiments, the delayed particle charging process leads to a charge
which is not in equilibrium with the local plasma conditions. Thus an energy
gain over a full oscillation cycle can occur, which compensates the dissipation
due to friction.

In our experiments we have described the nonlinear particle oscillations in

30
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the plasma sheath in a nonlinearly position-dependent approach for the particle
charge, assuming either a linearly increasing or a parabolic electric field in the
sheath. This model is more general than the afore mentioned one of Ivlev et al.
[56], since it does not overimpose any limitations on the charge or on the electric
field distribution.

3.2 Experimental setup

Melamine Formaldehyde (MF) single spherical particles of d=9.47 pym and
d=12.07 pm and Polymethilmethacrylate (PMMA) particles of d=20.02 ym have
been injected into a capacitively coupled RF discharge at a pressure of 5.8 Pa
in Helium. The lower electrode is powered, while the rest of the discharge ves-
sel is grounded. The particles are observed from top in the scattered light of a
horizontal laser sheath and from the side using a digital high speed camera (up
to 200 frames per second) when illuminated by a vertical laser sheath. Verti-
cal oscillations are induced by sinusoidal, small amplitude modulation of the RF
power on the bottom electrode (5 V,, for d=9.47 ym, 10 V,, for d=12.07 ym, and
23 V,, for d=20.02 pm). This kind of modulation does not affect the structure
of the time-averaged plasma sheath, as shown by Homann et al. under similar
conditions [132] (see Section 2.4).

Besides the above mentioned particle sizes used for studying the vertical os-
cillations, very small grains of d=0.93 ym have been injected to mark the sheath
edge. Due to their very low weight, these particles cannot penetrate far into the
sheath, and can thus be used as an indicator of the sheath edge. It was assumed
here that the ion drag force is negligible compared to the weight even for these
very small particles.

powered diode
electrode

h

igh speed
CCD camera

Figure 3.1: General view of the experimental setup.
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3.3 Experimental Results

For small excitation amplitudes, linear harmonic oscillations have been observed.
Increasing the excitation amplitude, however, the particles clearly exhibit non-
linear resonance characteristics (see Section 2.4). The resonance curves for the
9.47 pym and 20.02 pym particles are shown in Fig. 3.2 as upward /downward elon-
gations from the equilibrium position. One can observe that in both cases the
resonance curves are bent and shifted towards lower frequencies. The ampli-
tude curve for increasing frequency rises relatively slowly until a point where it
“jumps” to a much higher value, then it decreases monotonically as the frequency
is further increased. For decreasing frequency, the same amplitude values as for
increasing frequency are reached until a sharp “jump down” at a certain frequency
value, smaller than that for the “jump up” point. The hysteresis zone between
the curves for increasing and decreasing frequencies increases with the excitation
amplitude and is strongly dependent on the particle size. Another characteristic
is the asymmetry between upward /downward elongations. The smaller (9.47 ym)
particles exhibit a larger upward elongation than downward, while for the larger
(20.02 pm) particles the asymmetry direction is opposite.
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Figure 3.2: Nonlinear resonance for 9.47 uym and 20.02 pum particles as upward and
downward elongations from the equilibrium position =0.
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According to the nonlinear oscillation model presented in Section 2.4, the
bending and shift of the resonance curves towards smaller frequencies can be
translated in terms of softening of the potential curve. The oscillation asymme-
try is an indication of the asymmetry of the potential well. The change in the
asymmetry direction from the 9.47 um to the 20.02 pm particles suggests a simi-
lar change in the potential curve. Additionally, the hysteresis between increasing
and decreasing frequency is an indication of non-equilibrium transitions in the
oscillation regime, characteristic for a non-parabolic potential well.

3.4 Data Processing

Here the model of nonlinear oscillations presented in the Section 2.4 has been
employed to determine the coefficients C', Cs, and C3 from the experiment, for a
full determination of the potential well of the oscillating particle. The calculation
has been carried out in two ways. First, a trial solution [134]

x(t) = By + A; sin(wt) + Bj cos(wt) (3.1)

has been assumed for the equation of motion

F
i+ B+ Cix+ Cox® + Caz® + ... = 7;“ cos(wt). (3.2)
P
Here we restrict ourselves to the three coefficients holding the main information,
i.e. resonance frequency (C1), oscillation/potential asymmetry (Cs) and weaken-
ing/strengthening of the potential (C3). Higher orders are ignored.
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Figure 3.3: Best-fit results of the nonlinear resonance curve for a 9.47 pm particle.
Here, the average amplitude between upward and downward elongations is plotted.
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a (pm) | Ci(s7?) | Co(m's72) | C3(m2s72) | B(s})
9.47 7200 1.5-10° -1.2-10° 1.64
12.07 6200 1-10° —1.1-10° 1.28
20.02 | 1900 | —5.1-10° | —6-107 0.78

Table 3.1: Best-fit-values for coefficients C, C5, and C3 and damping coefficient
B.

This analytical solution (A.1) fits quite precisely the experimental resonance
curves, but it is nevertheless unable to recover satisfactorily the hysteresis effect.

Therefore, the equation of motion has been solved numerically. This numerical
solution reproduces all the features of the experimental resonance curves. The
nonlinear coefficients C', C5, and C5 have been found by fitting the numerical
solution to the experimental resonance curves (see Fig. 3.3).

Table 3.1 shows the values of the coefficients C, Cs, and (3 obtained using
this method, and the computed values for the normalized damping coefficient .
The change of sign of (5 is in agreement with the change of oscillation asymmetry
experimentally observed. This can be traced back to a change of asymmetry of
the effective potential well from 9.47 pm to the 20.02 pum particles. The values
obtained for C5 are all negative, which corresponds to a softening of the effective
potential well for all particle sizes.
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Figure 3.4: Potential energy curve for the 9.47 pm computed using the values for C1,
Cs, and C5 in comparison with an ideal parabolic potential.

Using these coefficients, the potential energy curve of the particle can be
calculated by integrating the general equation of motion (as shown in Section 2.4).
Fig. 3.4 shows the potential energy curve for the 9.47 ym particles in comparison
with an ideal parabolic potential defined only by C;. An oscillating particle with a
very high amplitude, larger than the distance to the local maxima of the potential
well, would escape the potential trap and either gets lost towards the electrode,
or moves only under the influence of gravity in the plasma direction.
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3.5 The Sheath Model

Contributions of various order from both particle charge and electric field are
contained in the nonlinear coefficients. Therefore their individual variations with
the position is to be obtained from these coefficients for a complete analysis.

The system of equation (2.55) cannot be simply solved due to the large number
of variables. Therefore some assumptions on the charge and electric field are
necessary. The theoretical self-consistent model of Lieberman and Lichtenberg
[81, 82] (see Section 2.1) has been employed here to determine the potential energy
of a particle in the sheath.

Using various values for H, for the measured electron and ion temperature,
and plasma density as input parameters to this model, the time-averaged electron
and ion densities and the electric field distribution within the sheath have been
determined. The charge on the particles is obtained from the balance of the OML
ion and electron currents (accounting for the supersonic ion flow in the sheath,
see Section 2.2 and [A.1]). The particle charge is found to vary quite strongly
with the position in the sheath. The potential energy of the oscillating particles
has been calculated and the coefficients C', C5, and C5 have been derived. The
model input parameters have been chosen in order to recover the values for C',
C5, and ('35 found from experiment.
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Figure 3.5: a) Time-averaged electric field within the sheath provided by the Lieber-
man sheath model in comparison with a linear fit. In the expanded figure the assump-
tion of a small zero-field plateau is sketched.

Using this procedure, it has been found that the electric field increases almost
linearly with the depth X from the sheath edge towards the electrode, as in
Fig. 3.5. Only very close to the sheath edge, the electric field has a smaller slope.
For simplicity of the analysis, the electric field has been modelled in the following
way: from the sheath edge (X = 0), the electric field has a small plateau with
E=0 until the “turning point” (at X = z,). From this point on, the field increases
linearly with the distance in the sheath F = Ey(X — ).
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d (um) | Qo(e) | Qi(e/m) | Qa(e/m?) | Qsz(e/m?)
947 [1.10-10* | —7.18-10° | 4.42-10° | —8.92- 10!
12.07 | 2.67-10* | —1.98-107 | 1.06 - 10'% | —1.93 - 10*2
20.02 | 6.86-10* | —2.64-107 | 6.24-10° | —6.34 - 10!

Table 3.2: Charge coefficients in the “absolute coordinate system”.

3.6 Results

Using the linear electric field found from the sheath model, the potential drop has
been determined by integration over the electric field between the sheath edge
and the electrode position at z,,,, determined by the position of the 0.93 pym
particles
Tmaz

/;v E(X)dX = V}Jlasma — Vbias- (33)
This potential drop has to be the same as the difference of the plasma poten-
tial Vpiasme=32.5 V and the electrode self-bias Vj;qs=-45.7 V. The slope of the
electric field has been calculated as F;=4.10x10% V/m? (see Fig. 3.6). From
the coefficients of the electric field F;, and F,=0, the charge coefficients in the
“global” reference system have been deduced. Table 3.2 summarizes the charge
coefficients for the three particle sizes. At this point, the main objective of this
analysis, namely the determination of the position-dependent particle charge and
the electric field distribution in the plasma sheath has been reached.

Since the charging process is a feature of the plasma sheath, it involves the
same mechanisms for all three particle sizes. Therefore, it is reasonable to in-
troduce a “universal charging function”. Employing the charging model of the
spherical capacitor for the grains, we can split the charge of the grain into the
geometrical factor 4mepR and the floating potential ®,(X) which depends only
on the charging process in the sheath. Therefore the floating potential ®,(X)
can be chosen as charging function. The value of £,=0.25 mm has been chosen
for the best agreement of the floating potential curves for all three particle sizes.
Nevertheless, Fig. 3.6 shows that the floating potential curves are not the same
for all the particles. For d=9.47um and d=12.07um, the curves agree quite well,
but for the largest particles (d=20.02um), the floating potential curve is shifted.

Since in similar experiments of Ivlev et al. [56] the nonlinearity has been
attributed exclusively to the electric field, different forms for the electric field
have been chosen for comparison, whereas the particle charge is still described by
a third order polynomial, i.e.

0 X <z
B(X) = { Ei(X —z,) + By (X —z,)° X >z, (34)
E, is arbitrarily chosen between 0 and 4x10°% V/m which corresponds to purely
parabolic up to purely linear electric field profiles. FE, is computed from the po-
tential drop within the sheath. The maximum chosen value of F; is 4x10° V/m?
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Figure 3.6: Electric field within the sheath and particle floating potential; the symbols
mark the equilibrium position of particles in the sheath.

because for larger values, E; would become negative, resulting in an unphysical
concave curvature of the electric field. The results for the electric field profile
and for the particle charge are plotted in Fig. 3.7. As it can be observed, the
floating potential curves corresponding to the largest particle are still shifted from
the others for each set of electric field components. Particularly, Fig. 3.7c with
E, = 4-10° V/m? nearly corresponds to the case of linear electric field discussed
above.

Since, by assuming a parabolic profile for the electric field, the general agree-
ment is not improved over the situation of a linear variation of the electric field,
we can consider that the linear model provides results which are accurate enough.
The agreement problem for the floating potential curves is discussed in the fol-
lowing.

3.7 Discussion and Conclusions

Reviewing the main outcome of this analysis, the sign change of the asymmetry
coefficient C5 can be related to the change of slope for the floating potential curve
from small to large particles. The weakening of the potential well for higher
oscillation amplitudes, as deduced from the experimental resonance curves, can
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Figure 3.7: Electric field within the sheath and the floating potential on the particle
FE1. The symbols mark the equilibrium position of particles in the sheath

be traced back to a negative value of Cs.

Similar decreasing trend of the negative floating potential can be observed
for all three particle sizes. This decrease can be explained in terms of reduction
of the electron density with the depth, which leads to a less effective charging
process.

A quite good mutual overlap of the floating potential curves has been obtained
for the 9.47 pym and 12.07 pm particles, for both electric field profiles (linear or
nonlinear), but the curve corresponding to the 20.02 pm particle is somewhat
shifted. This could have three different reasons:

First, the capacitive charging model assumed for particles into the sheath
might be doubtful (A.1), according to Tomme et al. [57]. From their experiments
with damped oscillations of dropped particles, a complicated variation of the
charge with the particle radius has been deduced.

Second, an eventual perturbation of the ion current on the particle surface due
to ion neutral collisions within the sheath might be taken also into account. The
heavy particles reach an equilibrium position quite deep in the sheath, at a depth
which is large compared to the mean free path for ion-neutral collisions. This
alters the OML ion current flowing from the presheath and thus a less effective
discharging due to the ions leads to a higher negative floating potential.

Third, a different microscopic charging process might occur for the material
of the largest particles (they are made of PMMA, while the others are of MF).
This could influence the floating potential of these particles.

Our results do not support the idea of nonlinear resonances produced only as
a result of a nonlinear variation of the electric field in the plasma sheath with a
constant particle charge (see A.1 for details).

Nevertheless, this model provides results which are in a good agreement with
the experimental data and with the sheath model of Lieberman et al. [81], when
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assuming a position dependent particle charge for both a linear or a parabolic
electric field in the sheath. Other forces like thermophoresis or ion drag are
neglected here due to the dominance of the electric field force and gravitation.
Thus, the nonlinear oscillations of particles are used here as relatively precise
diagnostic instruments for determining the most important parameters of the
plasma sheath, namely the electric field and the floating potential of a spherical
probe immersed into the sheath.



4 Falling Particles in the Plasma
Bulk

So far, only the behavior of particles trapped in the plasma sheath in 2D struc-
tures has been discussed. The dynamics of 3D structures as a natural step for-
ward in the study of dusty plasma is the subject of this chapter. We will give an
overview on the behavior of falling particles in the plasma bulk. The dominant
weight force is balanced by the friction force with the neutral gas, thus the action
of less strong forces like ion drag and thermophoresis can be measured.

4.1 Introduction

Among complex plasma experiments, the formation of large, three-dimensional
plasma crystals focused a strong experimental and theoretical effort during the
last few years. The 3D systems are of higher relevance in the modelling of solid
state physics at a macroscopic scale. It has been expected that once such crystals
have been obtained, phenomena already studied in the 2D systems, like phase
transitions, waves, and wakes, will be similarly accessible also in 3D systems. 3D
dust clouds, which fill almost the whole plasma volume, have been obtained either
under microgravity conditions [59], onboard the MIR and the International Space
Station (ISS), or when the gravitation force is balanced by the thermophoretic
force [63] in strong temperature gradients.

However, it was surprising to observe that even under such favorable condi-
tions, the particles are pushed towards the plasma boundaries, while a consider-
able region in the plasma center remains free of grains [59, 136]. This particle-free
region has been called “void” and it seems to be present in almost all experiments
carried out so far and under all plasma conditions. Therefore, it is a severe im-
pediment for obtaining real 3D plasma crystals.

For the explanation of this effect, theoretical calculations [62, 61] have been
developed in parallel with simulations [137] and experiments [63], taking into
account the action of the electric force, ion drag and thermophoresis on the par-
ticles. These forces are of great interest since are dominant after eliminating the
gravitation force. Some of these works have even raised some doubt on the va-
lidity of ion drag equations by Barnes et al. [67] (see Section 2.3). Akdim et al.
[137] or Khrapak et al. [138] proposed an enhancement of the ion drag force by
a factor of 10 up to 40.

Therefore, to measure ion drag and thermophoresis under controllable and

40



4.2. DYNAMICAL HORIZONTAL EQUILIBRIUM 41

reproducible conditions, we conceived a novel experiment. There, the particles
have been dropped through a long plasma column, at high and low gas pressures.
The gravitational force is balanced by the friction with the neutral gas, allowing
the study of other more subtle forces.

4.2 Dynamical horizontal equilibrium

FJE_} <_E5
tn""O“"m

Figure 4.1: Horizontal and vertical balance of the forces acting on a falling particle
through a plasma column. The electric field acts as a confining force, whereas the ion
drag and thermophoresis push the particles outwards.

The most important forces which might act on a particle in the plasma have
been described in Section 2.3. In a cylindrical discharge, the maximum power
is deposited on the axis, therefore the maximum values of the ion, electron, and
neutral gas temperatures, of the electron and ion densities and the highest elec-
tric potential are reached here. This is verified by the measurements of plasma
parameters.

The radially decreasing plasma potential profile results in an electric field
which accelerates the ions from the center towards the walls. Under the influence
of this ion flow, the negatively charged particles feel a radial outward ion drag
force as described in Chapter 2.3. This ion drag model is valid under the as-
sumption of collisionless ions within the Debye sphere around the particle, which
is not fully met here in the case of high pressure discharges (100 Pa to 200 Pa).
For the negatively charged particle, the radial electric field in the plasma acts as
a confining electric field force.

Since the gas temperature is highest in the center of the discharge, the plasma
column is characterized by a negative radial temperature gradient. Therefore, the
thermophoretic force acting on the grains is also oriented towards the walls.

Other plasma forces like the effect of polarization of the shielding sheath
around the dust grain are neglected, since they play no role in the plasma bulk,
which is characterized by low ion/electron flows and electric fields.

After this analysis, we can talk about a decoupling between the dominant
gravitation acting in the vertical direction and the much smaller, horizontally
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acting, plasma forces, allowing a discussion of the particle equilibrium on separate
directions.

The dynamical equilibrium between the forces acting on the horizontal direc-
tion on a dust particle in the plasma can be written as follows (see Fig. 4.1)

Eon + Fthermo - Fel - Ffrict_a: + mpx (41)

Here Fj,, is the ion drag force, Fipermo i the thermophoresis, Fy; is the electric
field force and FY,; is the neutral gas friction force. When Fjo, + Fipermo < Fu
the particles are focused towards the plasma center, otherwise they are expelled
outwards. The expulsion effect is closely related to the formation process of
voids in microgravity experiments. The terms on the LHS are determined by
the plasma parameters and the particle charge, while those on the RHS can be
directly measured from the analysis of the particle trajectories. Therefore, in the
following analysis the sum on the LHS will be named generically “plasma force”,
and that on the RHS the “trajectory force”.

4.3 Experimental Setup and Measurement
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Figure 4.2: a) Scheme of the experimental setup; b) magnified view of the observation
level, in the middle of the plasma column; c¢) auxiliary discharge setup for cluster
separation; d) magnified view of the observation window; the images of the falling
particles are recorded here. In the same field of view, the plasma parameters are
measured using a compensated Langmuir probe and a thermoresistor for measurement
of the neutral gas temperature distribution.
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The experiments have been performed in a glass tube (see Fig. 4.2a) with
a total length of 120 ¢cm and a internal diameter of 50 mm. Monodisperse
spherical particles made of melamine formaldehyde (MF) (between a = 3.47 ym
and a = 12.07 pym diameter) and Polymethylmethacrylate (PMMA) particles of
a=20.02 um are dropped from the top of the tube, using a computer controlled
dust dropper. The dust cloud is observed about 30 cm below the injection point.
This distance allows the particles to reach a regime with a constant vertical ve-
locity. The observation level (see Fig. 4.2b) is a cylindrical plastic connection
with four windows, between two glass tubes, providing optimal image recording
conditions due to the flat windows. The discharge is operated in Helium at high
pressures (100, 150 and 200 Pa) and at low pressures (20 Pa), using two internal
copper ring electrodes positioned in the glass tubes at upper and lower ends of
the observation level. The lower electrode is powered with 0.8, 1.6, 2.0, 2.3 and
2.6 W (corresponding to 8, 11, 14, 17 and 20 W at the RF generator output) for
the high pressure regime, and with very low powers below 0.5 W, (correspond-
ing to 1 to 5 W at the generator output) at low pressure. The frequency of the
applied RF voltage is 13.56 MHz. The upper electrode, as well as the metallic
flanges positioned at the top and bottom of the glass tubes are grounded.

The falling particles are illuminated stroboscopically at 400 Hz (in the case of
high gas pressure), and 3 kHz (at low pressure, due to the higher vertical velocity)
through the side windows, using a thin vertical laser sheath with a power density
of about 10 mW /mm? (see Fig. 4.2b). A camera with tunable frame rate has been
used for image recording perpendicular to the laser sheath. This setup enables the
observation of vertical cross-sections through the dust cloud. The stroboscopic
illumination increases the time resolution of the image recording and it is suitable
even in combination with standard video technique. The dust images have been
recorded and processed on a PC. A long exposure regime of the camera (about
20 frames per second) has been used here, so that the particle trajectories look
like dotted lines on the recorded images (see Fig. 4.2d).

The plasma parameters (electric potential distribution, electron temperature
and plasma density) have been determined from Langmuir probe measurements.
For each set of experimental conditions, probe measurements have been performed
without dust, assuming that the presence of a small number of particles does not
influence the plasma parameters significantly [A.1]. Radial profiles of the plasma
parameters are recorded with a resolution of 1 mm. A compensated cylindrical
probe, 6.90 mm long and 0.05 mm in diameter, with the compensation electrode
10 mm long and 0.8 mm diameter has been used here (see Fig. 4.2d).

The radial profile of the neutral gas temperature has been measured in order
to determine the temperature gradient and therefrom, the thermophoretic force
acting on the particles.

A temperature probe consisting of a thermoresistor (see Fig. 4.2d) has been
used here for horizontal profile measurements with a spatial resolution of 1 mm
(see [A.2] for details).

The errors deriving from the existence of clusters, as described in Chapter 2.3
affect not only the vertical, but also the horizontal velocity measurements. There-
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fore, it is desirable to have most of the particle cluster separated into individuals.

For this aim, an additional RF funnel-shaped electrode with a grid bottom is
positioned about 50 mm below the grounded vacuum flange (see Fig. 4.2¢). The
clusters are trapped for several seconds above the grid in order to “Coulomb-
explode” due to their high negative charge. When this auxiliary discharge is
turned off, the trapped particles are released and fall towards the main discharge
(details in [A.2]). This ensures that only individual particles have been used in
the analysis of the forces.

4.4 Experimental Results

The experiments have been performed at high and low pressures. Interesting
differences have been observed in the particle behavior between these two pressure
regimes.

4.4.1 Particle Trajectories

Radial velocity (mm/s)

Horizontal velocity (mm/s)

10 15 20 25 30 10 15 20 25 0 5 10 15

Figure 4.3: Recorded particle images in the case of a) high pressure discharge, c)
low power discharge at low pressure, and e) higher power discharge at low pressure.
The measured radial/horizontal velocity of the particles is plotted in b), d), and f)
respectively.

The stroboscopic particle trajectories have been recorded and analysed. The
precision in the determination of the particle motion velocity is limited by the
pixel-resolution of the recorded images and by the existence of still unexploded
particle clusters among the falling individual particles.

20 25 30

5
Horizontal position (mm) Horizontal position (mm) Horizontal position (mm)
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At high pressure discharges (150 Pa, 150 Pa, and 200 Pa), the particles are
found to be always repelled from the plasma center, exhibiting a radial motion
towards the discharge walls. Fig. 4.3a and b shows an example of the recorded
particle image and the radial velocity distribution for a set of experimental con-
ditions. The radial velocity of the particles increases almost linearly with the
radial position, showing that the particles are accelerated outwards. The slope
of the radial velocity increases as the power is increased (see [A.2 | for details).

At low gas pressure (20 Pa), small particles (3.47 and 4.81 pm) exhibit an
interesting behavior: when the discharge power is low (1 to 2 W), the particles
are focused towards the discharge axis (see Fig. 4.3c and d), while for higher input
powers (3 to 5 W), they are again expelled from the plasma center (Fig. 4.3e
and f). Thus we can talk about a transition from the particle expulsion motion
to a focussing one at a relatively sharp power boundary value which depends
on the particle size [139]. The radial velocity of the particles still increases
almost linearly for the both focussing and expulsion regimes. For larger particles
(a=7.1 pm and a=12.1 pm in diameter) no focussing or expulsion have been
observed in this power range, due to their larger inertia compared to the ion
drag or electric field force. This transition from expulsion to focussing motion
demonstrates how can be obtained void-free complex plasmas under microgravity
conditions.

4.4.2 Plasma Parameters
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Figure 4.4: Measured potential and neutral gas temperature profiles for a high pressure
discharge (150 Pa).

The electric potential distribution and the radial temperature profile of the
neutral gas are plotted in Fig. 4.4, for the case of high pressure discharges. The
potential distribution is parabolic and both curves are centered on the discharge
axis, confirming the anticipated direction of the electric field force, ion drag and
thermophoresis. In the case of low pressure experiments, these curves are similar.
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4.5 Determination of Forces Acting on the Par-
ticles

In the equation describing the dynamical horizontal equilibrium, the “trajectory
force” has to balance the “plasma force”, so that the particle motion can be
explained in terms of equilibrium of the aforementioned individual forces (electric
field force, ion drag, thermophoresis and neutral gas friction).

From the particle trajectory analysis, the “trajectory force” in Eq. 4.1 has
been determined. The horizontal acceleration of the particles (see [A.2])

0t di 0%
as . — Lo5
O dt oz’
has been precisely measured from the radial velocity distribution of the particles.

The neutral drag coefficient computed using the measured vertical velocity

(see [A.2]) has been used in the analysis of horizontal force balance. The “trajec-
tory force” is then

T =

(4.2)

-

- dz -
Braject =m l% + 6] Z. (43)

It has to balance the plasma force Fj45mq, namely the sum of thermophoresis,
ion drag and electric field force.

The radial electric field distribution has been determined from Langmuir probe
measurements. The particle charge is determined by the balance of the ion and
electron currents provided by the OML theory [90]. Accounting for ion drift
motion as by Whipple [91] does not alter the results significantly. Thus, the
electric field force acting on a particle is

Fel = 47T€(]a¢ﬂ%, (44)
with ¢4 the floating potential and ¢,; is the plasma potential determined from
the probe measurements.

The ion drift velocity has been computed from the radial electric field of the
plasma column by ; = ,uE . i is the mobility of singly ionized ions in the neutral
environment of their parent gas and is given for helium by p = 0.143 kg m s73K~!
[119].

The ion drag has been computed using the equations of Barnes et al. [67]
described in Section 2.3 assuming a collisionless regime of the ions.

The measured profile of the radial temperature of the neutral gas has been
used for the determination of the thermophoretic force (see [A.2]).

4.6 Analysis of the High Pressure Experiments

In the case of high pressure experiments the particles always exhibit an expulsion
behavior.



4.6. ANALYSIS OF THE HIGH PRESSURE EXPERIMENTS 47

4.6.1 Discharge with Symmetric Temperature Profile

: : 3 :
2.0 a) total plasma acct
b) friction
Zz 2t
e
jg’ 11 total plasma |
5
£ 4 R
0 5 10 15 00 5 10 15
Radial coordinate (mm) Radial coordinate (mm)

Figure 4.5: a) Plasma force (thermophoresis + ion drag + electric field force), for high
pressure discharge b) comparison of the measured “trajectory force” (acceleration +
neutral friction force) with the total “plasma force”.

The results of of the force measurements are presented here in a radial analysis
due to the symmetry of the potential and temperature profiles.

The comparison of the total trajectory and plasma forces in the case of high
power discharges is presented in Fig. 4.5. The electric field force acts as a confining
force, so it is counted negative, whereas the ion drag and thermophoresis point
outwards. From this analysis, the trajectory and plasma forces agree within an
error of 30%, and the measured trajectory force is slightly larger than the plasma
force. The relative difference of trajectory to plasma forces is shown in Fig. 4.6
for various pressure and power conditions. It can be observed that for very low
powers, the relative difference is negative, which means that the measured plasma
force is slightly larger than the trajectory force. This can be related to relatively
high measurement errors in estimating the neutral gas temperature an the plasma
parameters (see [A.2] for details).
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Figure 4.6: Relative difference of trajectory and plasma forces.

It is important to state here that the confining electric force is smaller than
the sum of thermophoretic force and ion drag for all gas pressures in the range
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100 to 200 Pa and for all input powers, while the thermophoretic force and the ion
drag force are comparable. This shows that for high gas pressure, no confinement
can be expected in this experimental configuration.

4.6.2 Discharge with Asymmetric Temperature Profile
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Figure 4.7: Measured potential and neutral gas temperature profiles for a high pressure
discharge (150 Pa) when the temperature profile is modified by a heat source.

The experiments have been extended in order to establish regions in the
plasma where ion drag and thermophoresis have opposite directions. Therefore
the neutral gas temperature profile of the discharge has bee modified using an
external heat source (a Peltier element) at the observation level (the left side in
the recorded particle images).
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Figure 4.8: a) Plasma force (thermophoresis + ion drag + electric field force), for high
pressure discharge b) comparison of the measured “trajectory force” (acceleration +
neutral friction force) with the total “plasma force”, when the temperature profile is
modified by a heat source.

Polymethylmethacrylate (PMMA) particles (¢ = 20.02 uym diameter) are
dropped through the same experimental setup using the same technique. The
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particle trajectories are again analyzed and the horizontal and vertical veloci-
ties are extracted. Temperature and Langmuir probe measurements have been
performed as in the symmetric case.

Fig. 4.7a and b shows the measured temperature profile and the plasma po-
tential distribution. For this case the temperature profile is visibly modified due
to the heat source (Fig. 4.7b). The plasma potential is also modified due to the
use of quite large metallic pieces of the heat source in the vicinity of the plasma.
The profile is still parabolic, but shifted towards the heat source (see Fig. 4.7a).
The arrows indicate the direction of the ion drag, and of thermophoresis.

For this modified asymmetric temperature case, horizontal cartesian coordi-
nates are used, with the origin corresponding to the left side of the recorded
particle images. They should not be confused with the radial coordinate used in
the symmetric case for high pressures.

In Fig. 4.8a and b, both the plasma force (ion drag, thermophoresis and elec-
tric force) and the trajectory force are plotted. Again, the confining electric force
is smaller than the sum of thermophoresis and ion drag, while the thermophoretic
force is smaller, but comparable to the ion drag. In this case the difference be-
tween the total trajectory and plasma forces is measured to be about 50%. This
slightly lower agreement is a result of the fact that in this special case of asym-
metric temperature and potential profile, systematic errors in the Langmuir probe
and temperature analysis could not be compensated as in the symmetric case (see
[A.2] for details).

4.6.3 Normalized Forces

A more elegant discussion of the horizontal force balance can be performed in
a normalized form which depends only on a small number of easily measurable
quantities [139]. Here it was assumed that the floating potential on a dust
grain can be approximated to ¢y ~ 27, when T; < T,. Thus, all the forces
are normalized to the geometric particle cross section Fy = ma’n;m;u;v, (the
significance of these notations is detailed in Chapter 2.3). The electric field force
and the ion drag become
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£ 1 (An/a) + (bupa/a)’
2 (be/a)? + (brje/a)?




30 4. FALLING PARTICLES IN THE PLASMA BULK

It can be observed that all the forces depend only on the parameters (Ap/a),
(Ap/Ampp), (Te/T;), and o = u; /vy,

The ratio of ion drag to electric forces x = Fj,,/Fe; determines whether the
particles are focused into the plasma center, or pushed outwards. Thus, if the
above-mentioned ratio is xy > 1, a particle expulsion is to be expected.
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Figure 4.9: Contour plot of the ion drag to electric field force ratio as function of the
parameters Ap /Ay fp and Ap/a. The other parameters are Te/T; = 150 and a = 0.2.
Data points for high pressure discharge are shown for particle sizes 4.81 pm and 9.55 pm.
Under all conditions, the particles are expelled from the plasma.

At high pressures, the falling particles exhibit always an expulsion motion.
The points corresponding to the experimental data are plotted in Fig. 4.9 in the
diagram of ion drag to electric force ratio. The experimental points corresponding
to pressures of 100 Pa and 150 Pa fall mostly in a region where the ion drag alone
exceeds the electric field force. For all the experimental data, the ratio Ap/Ap.sp
is larger than 3 due to the strong decrease of A, s, with increasing pressure. They
lie on the diagram in the region where the ion mean free path is smaller than the
Debye length and impact parameter for 90° ion deflection. Here, the collisionless
assumptions for the ion drag model [67] are not fulfilled. So the fact that some
experimental data lie in the region where y < 1, must be interpreted with care
[139]. Nevertheless, even for the experimental points situated in the region with
x < 1, if the thermophoretic force is taken into account, the balance of the
plasma forces (electric field force, ion drag and thermophoresis) will be such that
the particles are expelled from the plasma.
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4.6.4 Discussion

Summarizing, the measured trajectory force has been compared with the plasma
force (ion drag, thermophoresis and electric field force). A reasonable agreement
between trajectory and plasma forces have been observed in both high pressure
cases: for the radially symmetric plasma, the forces agree within 30%, while for
the asymmetric case, the agreement is slightly worse, within 50%.

The highest mismatch of about 30% in the symmetric case for 150 Pa and
2.3 W can be correlated to the fact that for these experimental conditions the
dust dropper has been freshly refilled, so that a huge number of particles were
injected into the plasma column.

A high dust particle density considerably lowers the free electron density due
to the negative charge attached to the particles. This affects both the charging
process and the electric field distribution inside the plasma (see Section 2.2).
The probe measurement has been performed in a particle-free plasma because
it is practically impossible to record a complete plasma parameter profile within
the few fractions of second when the particles fall. Therefore the influence of the
reduced electron density of the plasma shall be discussed.
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Figure 4.10: Variation of thermophoresis, ion drag and electric force with the ratio
ne/n; due to reduction of the electron density for high particle numbers.

Fig. 4.10 shows the change of the ion drag, thermophoresis and electric force
on the particles with variation of the n, to n; ratio (see [A.2] for details). With
the ratio ne/n; a considerable change of the ion drag force and of the electric
force can be observed. Thus the difference between the measured “plasma” and
“trajectory” forces can be minimized. For 150 Pa and 2.6 W, a perfect match
can be obtained for two different values n./n; = 0.6 and n./n; = 0.15. Therefore,
a quantitative analysis of n./n; from this results would be speculative.

With the increase of the dust density, the interparticle distance correspond-
ingly decreases such that the mutual repulsion can have a considerable contribu-
tion to the total force which expels the particles out of the discharge. This effect
is quite difficult to quantify because of the time-variable number of grains, and
due to the space-variation of particle density inside the dust cloud.
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4.7 Low Pressure Experiments

In contrast to the afore described effects in high pressure experiments, where the
particles are always pushed out of the plasma, the particle behavior in a low
pressure plasma changes with the input discharge power. Thus at low pressures,
the particles exhibit both the expulsion effect for higher discharge power and
a confining behavior when the discharge is low powered [139]. The transition
from expulsion to attraction regime can be discussed in terms of horizontal force
balance between the confining electric field force and ion drag. This discussion is
carried out also in the normalized force system.

In the case of a low pressure discharge, the ion mean free path exceeds both
the Debye length and the characteristic impact parameters of the ion drag force,
so that the collisionless assumption for the ion drag model [67] is fulfilled.
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Figure 4.11: Contour plot of the ion drag to electric field force ratio as function of
the parameters Ap /A, pp and Ap/a. The other parameters are T /T; = 100 and o = 2.
Data points for low pressure discharge are shown for particle sizes between 3.47 pm
and 12.07 pm. The 3.47 pm and 4.81 pm particles exhibit either focusing or expulsion
effects marked by solid and open symbols respectively.

The diagram of this force ratio is shown in Fig. 4.11 as a function of Ap/a and
Ap/Amsp- The ratio T, /T; is fixed to 100 due to the fact that at low pressures,
the ions are slightly above the room temperature, and a = 2, as estimated from
the ion mobility. The symbols represent the experimental data for particles from
3.47 pm to 12.07 pm in a low pressure discharge. The open symbols characterize
the situations when the particles are expelled, while the solid symbols are for
particle focussing.
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It is important to emphasize here that the points on the diagram correspond-
ing to the focussing effect of the small particles are in the region with y < 1. The
points representing higher powering conditions, where the particles are expelled,
are in the region where y > 1.

Thus, a very good agreement between the experimentally observed effects and
the theoretical predictions of the forces acting on the particles for given plasma
parameters is obtained (see [139]).

For the large particles, for which no focusing or expulsion has been observed
due to their large inertia, the corresponding points lie in the diagram in the
expulsion region, at 1 < x < 5. When the power is very high, above 15 W, even
for these particles, an evident expulsion behavior can be observed.

4.7.1 Discussion

Summarizing, in the case of low pressure experiments, a transition from the
particle expulsion behavior for high discharge powers to a focussing effect in
the case of a low powers could be observed. Since the thermophoretic force is
here very small compared to the ion drag force, this transition could be related
to the dominance of the ion drag or electric field respectively. The change to
focussing effect can be related to the transition process from “void” to “voidless”
3D particle structures in microgravity experiments. A good agreement between
the measured effects and the theoretical models for thermophoresis and ion drag
[67] has been obtained.

4.8 Summary

In conclusion, this novel approach of measurement using falling dust particles
gives reliable qualitative and quantitative information on the forces acting on the
grains in plasma when the influence of gravitation is reduced. For high pressure
experiments, a quite good quantitative agreement of our results with the model
of Barnes [67] concerning the ion drag force strength is observed, even though the
collisionless assumption for ions is not met. In the case of low pressure discharge,
the experimentally observed effects of focusing or expulsion are in a very good
agreement with the balance of the electric field force and ion drag as predicted by
Barnes et al [67]. Thus, our results do not support the idea of an enhancement
of the ion drag force as proposed by [137, 138].

The expulsion effect of particles from the central regions of the plasma can be
related to the mechanism of void formation in systems where the gravitation force
on the grains is reduced using various methods. According to our observations,
3D void-free systems of particles might be obtained only under low pressure and
discharge power conditions when using relatively small particles.
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The forces acting on plastic micro-spheres introduced into a discharge plasma are

crucial parameters for understanding and describing the dynamics of complex

plasmas. The fundamental question of force balance has been studied in two

experiments, under different conditions: when the particles are trapped in the

non-equilibrium plasma sheath, and when freely falling through the plasma bulk.
The key results of the present thesis can be summarized as follows:

e large amplitude oscillations of particles in the plasma sheath are always
found to shift the resonance frequency towards lower frequencies. This is
a clear indication of a weakening of the potential well at large excursions
from the equilibrium position of the particles

e close agreement with experimental findings is found for numerical integra-
tions of the equation of motion, when a position-dependent particle charge
is assumed. Thus the characteristics of particle resonances are consistent
with a reduction of the particle charge with depth inside the sheath. A
similar reduction of the particle charge was also concluded in [104] from the
onset of unstable vertical oscillations of particles.

e the comparison of the self consistent sheath model of Lieberman-
Lichtenberg [81, 82] with the measured nonlinear resonance curves leads
to a linear variation of the electric field in the sheath. This observation is
an independent confirmation of the parabolic shape of the time averaged
electric potential reported in [140]. On the other hand, the conclusion of
other authors [56] that the nonlinear resonance can be described by a parti-
cle with fixed charge moving in an anharmonic electric potential well, could
be ruled out.

e a novel experimental approach was introduced for studying the weaker
forces acting on microparticles. The underlying idea was to balance gravity
by the neutral gas friction in a drop tube. In this way the microparticles
could be studied in a quasineutral plasma environment, where no electric
field was necessary for balancing the weight force, as in the case of levitation
in the sheath.

e the decoupling of the weaker from the stronger vertical forces could be
achieved due to the horizontal orientation of the weaker forces. In this way,
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the balance of the horizontal forces could be derived with good sensitivity
from the deviation of the particle trajectories from the vertical direction.

e the individual determination of ion drag force, thermophoretic force, and
ambipolar electric field force was achieved by measuring the radial potential
profile (yielding E(r)) and the radial temperature profile T(r). In this way,
a quantitative comparison of the ion drag force with the standard model
[67] became possible. The resulting forces are in general agreement with
this formula. This finding is in contrast with recent theoretical results of
other authors [137, 138], who require strong enhancements of the ion drag
force over the standard value.

e the dominance of the ion drag force and thermophoresis over the electric
field force under most experimental conditions results in a net force which
expels particles from the plasma, in agreement with the ion drag model
of Barnes et al [67]. A similar behavior is responsible for the formation
of dust free regions in the center of complex plasmas (the so-called “void”)
under microgravity conditions. For a narrow set of experimental parameters
(low power and low gas pressure) it was found that the force equilibrium
is reverted and the particles are focused towards the center of the plasma.
This is the first experimental hint which describes the regime where the
void formation is expected to disappear.

e the force ratio of ion drag to electric field force could be conveniently sum-
marized as a set of contour lines in a universal diagram. This diagram
combines the standard normalized formulas for the forces [67] with an esti-
mate of the electric field from ion mobility in the parent gas. The measured
cases are found to fit well into this diagram, in particular, the change from
expulsion to focusing in the case of low pressure experiments occurs close
to the contour for ion drag to electric force balance. The results at high
gas pressure were found to violate the assumption of collisionless ion tra-
jectories, on which the standard formula for ion drag is based. This high
pressure regime could be clearly separated by a borderline, where the ion
mean free path equals the impact parameter for 90 degree deflections. Most
of the high pressure data were found inside the expulsion regime of this di-
agram even by neglecting thermophoresis. A small set of data points that
were found outside this regime would still lead to expulsion by consider-
ing thermophoresis. Nevertheless, the good agreement of the measured ion
drag force with the standard model [67] even for the high pressure regime
suggests that the ion drag force is not strongly modified by ion-neutral
collisions, which are important at high pressures.

The results of the present thesis have contributed to questions of high actu-
ality and fundamental importance in complex plasma research, in particular the
charging behavior of particles in the plasma sheath and the void phenomenon.
The observed reversal of the net force acting on falling particles is an experimental
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hint for a necessary parameter range to suppress void formation. Nevertheless,
it is not able to completely explain the structure of the void, or the sharp void
boundary. Moreover, the agreement of the measured ion drag force with the
standard model suggests further improvements of the simulations. Presently the
simulations require a strong enhancement of the ion drag force to generate voids.
Besides that, the experiments with particles in the sheath region have pointed
out how complex plasmas differ from ordinary plasmas in the way that the elec-
tric field force QF is a linear force for electrons and ions, which have a fixed
charge, but becomes inherently nonlinear for microparticles due to the temporal
and spatial variability of Q.

The immediate experimental confirmation of the standard model for the ion
drag force and the determination of its range of validity in the presence of col-
lisions is of high practical importance for the modelling of dust transport in
technological devices like etching reactors for microchip processing or fine film
deposition for efficient amorphous solar cells. Likewise, this force is important
for astrophysical situations, like in the plasma torus at Jupiter [141], or in plan-
etary rings.



Bibliography

1]
2]
3]
4]
[5]
[6]
7]

8]
[9]

[10]

[11]
[12]
[13]
[14]
[15]
[16]

[17]

18]

J. H. Chu and L. I, Phys. Rev. Lett. 72, 4009 (1994).

H. Thomas et al., Phys. Rev. Lett. 73, 652 (1994).

Y. Hayashi and K. Tachibana, Jpn. J. Appl. Phys. 33, L804 (1994).

A. Melzer, T. Trottenberg, and A. Piel, Phys. Lett. A 191, 301 (1994).
A. D. Taylor, W. J. Baggaley, and D. I. Steel, Nature 380, 323 (1996).
C. K. Goertz and G. Morfill, Icarus 53, 219 (1982).

G. E. Morfill, E. Griin, C. K. Goertz, and T. V. Johnson, Icarus 53, 230
(1982).

M. Horanyi and T. E. Cravens, Nature 381, 293 (1996).

T. Nakano, in Advances in Dusty Plasmas, edited by P. K. Shukla, D. A.
Mendis, and T. Desai (World Scientific, Singapore, 1997), p. 336.

G. S. Selwyn, J. E. Heidenreich, and K. L. Haller, J. Vac. Sci. Technol. A
9, 2817 (1991).

L. Boufendi et al., J. Appl. Phys. 73, 2160 (1993).

R. N. Nowlin and R. N. Carlile, J. Vac. Sci. Technol. A 9, 2825 (1991).
R. N. Carlile and S. S. Geha, J. Appl. Phys. 73, 4785 (1993).

A. Bouchoule et al., J. Appl. Phys. 70, 1991 (1991).

A. Bouchoule, Physics World 47 (1993).

G. S. Selwyn, J. Singh, and R. S. Bennett, J. Vac. Sci. Technol. A 7, 2758
(1989).

A. Bouchoule, Dusty plasmas: physics, chemistry, and technological impacts
in plasma processing (John Wiley & Sons Ltd, New York, 1999).

F. Verheest, Waves in dusty space plasmas (Kluwer Academic Publ., Dor-
drecht, 2000).

o7



98 BIBLIOGRAPHY

[19] C. K. Goertz, Rev. Geophys. 27, 271 (1989).

[20] C. K. Goertz, Staub—Plasma—Wechselwirkungen, Chap. 14.

[21] U. de Angelis, Physica Scripta 45, 465 (1992).

[22] N. A. Clark, A. J. Hurd, and B. J. Ackerson, Nature 281, 57 (1979).
[23] P. Pieranski, Contemp. Phys. 24, 25 (1983).

[24] C. A. Murray, W. O. Sprenger, and R. A. Wenk, J. Phys.: Condens. Matter
2, SA 385 (1990).

[25] H. Lowen, Physics Reports 237, 249 (1994).

[26] G. Nigele, Physics Reports 272, 215 (1996).

[27] D. G. Grier and C. A. Murray, J. Chem. Phys. 100, 9088 (1994).
28] H. Lowen, Phys. BL 51, 165 (1995).

[29] M. Schmidt and H. Lowen, Phys. Rev. Lett. 76, 4552 (1996).
[30] J. C. Crocker and D. G. Grier, Phys. Rev. Lett. 77, 1897 (1996).
[31] F. Diedrich et al., Phys. Rev. Lett. 59, 2931 (1987).

[32] D. J. Wineland et al., Phys. Rev. Lett. 59, 2935 (1987).

[33] G. Birkl, S. Kassner, and H. Walther, Nature 357, 310 (1992).

[34] 1. Waki, S. Kassner, G. Birkl, and H. Walther, Phys. Rev. Lett. 68, 2007
(1992).

[35] J. N. Tan, J. J. Bollinger, A. S. Barton, and D. J. Wineland, in Non—Neutral
Plasma Physics 11, edited by J. Fajans and D. Dubin (AIP Press, New York,
1995), p. 215.

[36] J. Pieper, J. Goree, and R. Quinn, J. Vac. Sci. Technol. A 14, 519 (1996).
[37] A. Melzer, A. Homann, and A. Piel, Phys. Rev. E 53, 2757 (1996).

[38] A. Melzer, A. Homann, and A. Piel, in The melting transition of the Plasma
crystal, pp. 135-138.

[39] H. Thomas and G. E. Morfill, Nature 379, 806 (1996).
[40] N. N. Rao, Planet. Space Sci. 41, 21 (1993).
[41] N. D’Angelo, Planet. Space Sci. 42, 507 (1994).

[42] S. V. Vladimirov, Phys. Plasmas 1, 2762 (1994).



BIBLIOGRAPHY 99

[43] O. Havnes et al., J. Vac. Sci. Technol. A 14, 525 (1996).
[44] F. Melandsg, Phys. Plasmas 3, 3890 (1996).
[45] A. Homann et al., Phys. Rev. E 56, 7138 (1997).

[46] R. L. Merlino, A. Barkan, C. Thompson, and N. D’Angelo, Plasma Phys.
Control. Fusion 39, A421 (1997).

[47] A. Homann et al., Phys. Lett. A 242, 173 (1998).

[48] A. Piel, A. Homann, and A. Melzer, Plasma Phys. Control. Fusion 41, A453
(1999).

[49] D. Samsonov et al., Phys. Rev. Lett. 83, 3649 (1999).

[50] A. Melzer, S. Nunomura, D. Samsonov, and J. Goree, Phys. Rev. E 62,
4162 (2000).

[51] O. Havnes et al., Planet. Space Sci. 49, 223 (2001).

[52] V. Nosenko, J. Goree, Z. W. Ma, and A. Piel, Phys. Rev. Lett. 88, 135001
(2002).

[63] S. Peters, A. Homann, A. Melzer, and A. Piel, Phys. Lett. A 223, 389
(1996).

[64] S. V. Vladimirov, Phys. Rev. E 49, R997 (1994).
[65] A. V. Ivlev, U. Konopka, and G. E. Morfill, Phys. Rev. E 62, 2739 (2000).

[66] A. V. Ivlev, R. Siitterlin, V. Steinberg, and G. E. Morfill, Phys. Rev. Lett.
85, 4060 (2000).

[57] E. B. Tomme, B. M. Annaratone, and J. E. Allen, Plasma Sources Sci.
Technol. 9, 87 (2000).

[58] H. M. Thomas, in VII Workshop on The Physics of Dusty Plasmas (Boul-
der, Colorado, 1998).

[59] G. E. Morfill et al., Phys. Rev. Lett. 83, 1598 (1999).
[60] H. Thomas et al., Physica Scripta 89, 16 (2001).

[61] J. Goree, G. E. Morfill, V. N. Tsytovich, and S. V. Vladimirov, Phys. Rev. E
59, 7055 (1999).

[62] V.N. Tsytovich, S. V. Vladimirov, G. E. Morfill, and J. Goree, Phys. Rev. E
63, 056609 (2001).

[63] E. Thomas Jr., B. M. Annaratone, G. E. Morfill, and H. Rothermel, PRE
66, 016405 (2002).



60 BIBLIOGRAPHY

[64] H. Tkezi, Phys. Fluids 29, 1764 (1986).

[65] J. H. Chu and L. I, Physica A 205, 183 (1994).

[66] J. H. Chu, J. B. Du, and L. I, J. Phys. D: Appl. Phys. 27, 296 (1994).
[67] M. S. Barnes et al., Phys. Rev. Lett. 68, 313 (1992).

[68] T. Nitter, Plasma Sources Sci. Technol. 5, 93 (1996).

[69] H. Vestner and L. Waldmann, Physica 86A, 303 (1977).

[70] H. Vestner and J. Halbritter, Z. Naturforschung 36a, 559 (1981).
[71] S. M. Levitskij, Zh. Tekh. Fiz 27, 1001 (1957).

[72] F. Schneider, Z. Angew. Phys. 6, 456 (1954).

[73] P. Belenguer and J. P. Boeuf, Phys, Rev. A 41, 4447 (1990).

[74] P. Belenguer, Ph.D. thesis, Université Nancy, 1990.

[75] M. Surendra, D. B. Graves, and 1. J. Morey, Appl. Phys. Lett. 56, 1022
(1990).

[76] M. Surendra, D. B. Graves, and G. M. Jellum, Phys. Rev. A 41, 1112
(1990).

[77] V. A. Godyak and A. S. Kanneth, IEEE Trans. Plasma Sci. 14, 112 (1986).

[78] V. A. Godyak, R. B. Pigjak, and B. M. Alexandrovich, Rev. Sci. Instrum.
61, 2401 (1990).

[79] V. A. Godyak, R. B. Piejak, and B. M. Alexandrovich, Phys. Rev. Lett.
68, 40 (1992).

[80] V. A. Godyak, R. B. Piejak, and B. M. Alexandrovich, Plasma Sources Sci.
Technol. 1, 36 (1992).

[81] M. A. Liebermann, IEEE Trans. Plasma Sci. 16, 638 (1988).

[82] M. A. Liebermann and A. J. Lichtenberg, Principles of plasma discharges
and material processing (John Wiley and Sons Inc., New York, 1994).

[83] A. Homann, Dissertation, Christian—Albrechts-Universitit Kiel, 1998.

[84] A. Melzer, Der Plasmakristall: Phaseniibergang und Stabilitdt, Vol. 74 of
Reihe Physik (Harri Deutsch Verlag GmbH, Frankfurt/ Main, 1997).

[85] T. Trottenberg, Diplomarbeit, Universitt Kiel, 1994.

[86] M. Klindworth, Master’s thesis, Institute for Experimental and Applied
Physics Christian-Albrechts-University Kiel, Kiel, 1999.



BIBLIOGRAPHY 61

[87] R. Flohr, H. Schirmer, and A. Piel, Contrib. Plasma Phys. 33, 153 (1993).

[88] R. Flohr, A. Melzer, and A. Piel, Plasma Sources Sci. Technol. 3, 206
(1994).

[89] R. Flohr, Dissertation, Christian— Albrechts— Universitat Kiel, 1993.
[90] H. M. Mott-Smith and I. Langmuir, Phys. Rev. 28, 727 (1926).
[91] E. C. Whipple, Rep. Prog. Phys. 44, 1197 (1981).

[92] J. E. Allen, R. L. F. Boyd, and P. Reynolds, Proc. Roy. Soc. (London) 70,
297 (1957).

[93] F. F. Chen, Plasma Phys. 7, 47 (1965).

[94] P. M. Chung, L. Talbot, and K. J. Touryan, Electric Probes in Station-
ary and Flowing Plasmas: Theory and Appliations, Vol. Bd. II of Applied
Physics and Engineering (Springer Verlag, Berlin Hiedelberg New York,
1975).

[95] J. E. Allen, B. M. Annaratone, and U. deAngelis, J. Plasma Phys. 63, 299
(2000).

[96] M. Lampe, J. Plasma Phys. 65, 171 (2001).
[97] O. Hachenberg and W. Brauer, Adv. Electron. Phys 11, 413 (1959).

[98] D. J. Gibbons, Handbook of Vacuum Physics, Vol. 2 of 8 (A. H. Beck,
Oxford: Pergamon, 1966).

[99] H. d. Hagstrum, Phys. Rev 123, 758 (1961).
[100] J. S. Colligon, Vacuum 11, 272 (1961).

[101] W. C. Knudsen and K. K. Harris, Journal of Geophysical Research 78, 1145
(1973).

[102] R. Kollath, Sekunddrelektronen-Emission fester Korper bei Bestrahlung mit
FElektronen, Handbuch der Physik, XXI (Springer Verlag, Berlin, Gttingen,
Heidelberg, 1956).

[103] D. Winske and M. E. Jones, IEEE Trans. Plasma Sci. 23, 188 (1995).

[104] S. Nunomura, T. Misawa, N. Ohno, and S. Takamura, Phys. Rev. Lett. 83,
1970 (1999).

[105] C. Cui and J. Goree, IEEE Trans. Plasma Sci. 22, 151 (1994).
[106] J. Goree, Plasma Sources Sci. Technol. 3, 400 (1994).
[107] O. Havnes et al., J. Geophys. Res. 92 A3, 2281 (1987).



62 BIBLIOGRAPHY

[108] O. Havnes, T. K. Aanesen, and F. Melandsg, J. Geophys. Res. 95, 6581
(1990).

[109] P. S. Epstein, Phys. Rev. 23, 710 (1924).

[110] M. J. Baines, I. P. Williams, and A. S. Asebiomo, Mon. Not. R. Astron.
Soc. 130, 63 (1965).

[111] S. Hamaguchi and R. T. Farouki, Phys. Rev. E 49, 4430 (1994).

[112] J. E. Daugherty, R. K. Porteous, and D. B. Graves, J. Appl. Phys. 73, 1617
(1993).

[113] S. Hamaguchi and R. T. Farouki, Phys. Plasmas 1, 2110 (1994).

[114] M. D. Kilgore, J. E. Daugherty, R. K. Porteous, and D. B. Graves, J. Appl.
Phys. 73, 7195 (1993).

[115] J. Perrin, P. Molinds-Mata, and P. Belenguer, J. Phys. D: Appl. Phys. 27,
2499 (1994).

[116] K. Chen, T. Kaplan, and M. Mostoller, Phys. Rev. Lett. 74, 4019 (1995).
[117] D. Winske and M. E. Jones, IEEE 22, 454 (1994).
[118] J. Goree, Phys. Rev. Lett. 69, 277 (1992).

[119] U. Grigull and H. Sandner, Warmeleitung (Springer Verlag, Berlin, Heidel-
berg, New York, 1979).

[120] K. Kremer, M. O. Robbins, and G. S. Grest, Phys. Rev. Lett. 57, 2964
(1986).

[121] M. O. Robbins, K. Kremer, and G. S. Grest, J. Chem. Phys. 88, 3286
(1988).

[122] R. T. Farouki, S. Hamaguchi, and M. Dalvie, Phys. Rev. A 45, 5913 (1992).
[123] R. T. Farouki and S. Hamaguchi, J. Chem. Phys. 101, 9885 (1994).
[124] S. Hamaguchi and R. T. Farouki, J. Chem. Phys. 101, 9876 (1994).

[125] T. Nitter, T. K. Aslaksen, F. Melandsg, and O. Havnes, IEEE Trans.
Plasma Sci. 22, 159 (1994).

[126] M. Zuzic, H. Thomas, and G. E. Morfill, J. Vac. Sci. Technol. A 14, 496
(1996).

[127] U. Konopka, L. Ratke, and H. M. Thomas, Phys. Rev. Lett. 79, 1269
(1997).

[128] U. Konopka, G. E. Morfill, and L. Ratke, Phys. Rev. Lett. 84, 891 (2000).



BIBLIOGRAPHY 63

[129] G. Morfill, A. Ivlev, and J. Jokipii, Phys. Rev. Lett. 83, 971 (1999).
[130] S. V. Vladimirov, K. Ostrikov, and M. Y. Yu, Phys. Rev. E 60, 3257 (1999).

[131] O. S.Vaulina, S. A. Khrapak, A. P. Nefedov, and O. F. Petrov, Phys. Rev. E
60, 5959 (1999).

[132] A. Homann, A. Melzer, and A. Piel, Phys. Rev. E 59, 3835 (1999).

[133] H. Schollmeyer, A. Melzer, A. Homann, and A. Piel, Phys. Plasmas 6, 2693
(1999).

[134] C. Hayashi, Nonlinear Oscillations in Physical Systems (Princeton Univer-
sity Press, Princeton, New Jersey, 1985).

[135] G. Sorasio, D. resendes, and P. K. Shukla, Phys. Lett. A 293, 67 (2002).
[136] G. Praburam and J. Goree, Plasma Sources Sci. Technol. 5, 84 (1996).
[137] M. R. Akdim and W. J. Goedheer, Phys. Rev. E 65, 015401 (2002).

[138] S. A. Khrapak, A. I. Ivlev, G. E. Morfill, and H. M. Thomas, Proceedings,
3rd ICPDP, Durban, South Africa 2002 .

[139] C. Zafiu, A. Melzer, and A. Piel, Measurement of Focussing Forces on
Falling Dust Particles and its Relation to the Void Formation in Complex
Plasmas (2002), submitted.

[140] E. B. Tomme, D. A. Law, B. M. Annaratone, and J. E. Allen, Phys. Rev.
Lett. 85, 2518 (2000).

[141] M. Horanyi, Phys. Plasmas 7, 3847 (2000).



64

BIBLIOGRAPHY



A Reprints of Journal Papers

65



66

A. REPRINTS OF JOURNAL PAPERS



Al

NONLINEAR RESONANCES OF PARTICLES IN A
DUSTY PLASMA SHEATH

C. Zafiu, A. Melzer and A. Piel

PHYSICAL REVIEW E
Vol. 63 (2001), Pages 066403-1-066403-8






PHYSICAL REVIEW E, VOLUME 63, 066403
Nonlinear resonances of particles in a dusty plasma sheath

C. Zafiu, A. Melzer,andA. Piel
Institut fur Experimentelleund AngewandtéPhysik, Christian-Albrechts-UniversitaKiel, 24098Kiel, Germany
(Receiveds December2000; published23 May 2001

Vertical oscillationsof microparticlestrappedin the sheathof a capacitiverf dischargehavebeenexcited
showinga strongly nonlinearresonanceThe nonlinearoscillationsare analyzedin termsof an anharmonic
fourth-orderpotential energycurve. It is demonstratedhat the observednonlinearitiescan be relatedto a
position dependenthargeof the microsphereswhereasthe electric field is found to be as nearly linearly
increasing.The experimentaresultson the position dependenthargingand electricfield structureare com-

paredto a numericalmodel.
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I. INTRODUCTION

In the lastfew years,dusty plasmashaveattaineda great
interestbecauseof their importancefor astrophysicalphe-
nomenaandtheir applicationin plasmaprocessingechnolo-
gies. Plasmascontainingsmall particles (nanometerto mi-
crometersize arefoundin planetaryrings, cometsnebulae,
noctilucentclouds,etc. Dusty plasmagplay animportantrole
in industrialdevicesfor microchipprocessingywhereparticle
formation posesa seriousproblemof contamination.Tech-
nological applicationsare found in dischargeswith reactive
gasedor particlegrowthanddepositionaswell asmanufac-
turing of nanopowderssolarcells, and new materials.

Evenmorefascinatingin view of fundamentaphysicsis
the observationthat microspherestrappedin the plasma
sheathform nearly two-dimensionalcrystal-like structures
(the so called plasma crystals [1-4]) providing an ideal
modelfor condensednatteron a macroscopicscale.

The chargeof the grainsandthe electricfield structurein
the sheathare consideredto be crucial parameterdor the
particletrappingand crystallizationof microparticlecrystals
in laboratoryexperimentson Earth.

Oscillatory motion of particles that are trappedin the
sheathof an rf dischargewas alreadyusedas a diagnostic
meansfor determiningthe chargeon microsphere$5]. This
techniquewas later refined by using a laser force on the
particle [6], confirming the Q/M valuesfound earlier. The
variousoscillationmodesof a particletrappedin the sheath,
including parametricexcitation of the vertical resonance,
were studiedin Ref.[7].

Dampedlinear oscillationsof particlesdroppedinto the
sheathwere exploitedto obtain a detailedinsight into the
particlecharge[8]. The key pointin all theseexperimentss
that the electricfield is consideredo be linearly increasing
andthe chargeon the particleis constantresultingin alinear
resonanceof the oscillating particle. A linear resonances
characteristiof a particleoscillatingin a paraboliceffective
potentialwell, that resultsfrom the assumptionsn the elec-
tric field and particle charge[5,6,9].

Recently, the nonlinear oscillations of single particles,
thatweretrappedinto the sheatlregionwereusedto explore
the electric field structureof the sheath[10]. Self-excited
oscillations driven by a delayedcharging due to a finite
chargingtime were observedby Nunomuraet al. [11].

1063-651X/2001/6)/0664038)/$20.00
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In the experimentshere,micrometersizedsphericalplas-
tic particlesof threedifferent sizesare trappedin the ionic
spacechargesheathof a capacitiverf discharggseeSec.1V)
and their vertical nonlinearoscillationsare studiedhere to
derivethe positiondependentharging.The experimentale-
sultsare comparedwith a numericalmodel.

II. OSCILLATION MODEL

The particlestrappedin the positiveionic spacechargeof
an rf discharge,usually attain a high negativecharge(see
alsoSec.lll) dueto the higherelectronmobility. The result-
ing electric force on the particle points upwardsagainstthe
gravitationalforce and the static equilibrium of the particle
in the sheaths describeddy theforce balancd seeFig. 1(b)]

Mg=Q(X)E(X). @

Here, we assumethat the chargeand electric field are
position dependenbut time averagedx is coordinatein the
“local coordinatesystem” relative to the particle equilib-
rium position. The “absolute coordinatesystem” is takento
berelativeto the sheathedge.With x, beingthe equilibrium
particle positionin the ‘absolute” system x+ xy=X.

The generalequationof motionthenhasthe form

MX+ M Bx=Q(X)E(X) —Mg+FgySinwt). (2

M Bx is the force dueto the friction of the particle with the
neutrals[12]. The excitationforce F,Sin(wt) is dueto the
modulationof the rf power with a low frequencyvoltage,
that resultsin a “shaking” of the plasmasheathwith the
appliedlow frequency.This periodicalforce drivesthe par-
ticle oscillation.

Otherforceslike thethermophoretidorce[5], andtheion
drag force [9] are neglectedhere. They are commonly as-
sumedto be much smallerthan the electric field force or
gravity in the sheath for largedustgrains(=2 um).

In previousexperimenty5,9], the electric field was as-
sumedas linearly increasingfrom the sheathedgeto the
electrodd seeFig. 1(b)]; it wasalsoassumedhatthe electric
chargeon the dust grainsis constantover the regionscov-
eredby the oscillations.This resultsin a paraboliceffective
potentialenergywell for the particle.In this casethegeneral
equationof motion simplifiesto

©2001 The AmericanPhysicalSociety
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FIG. 1. Schemeof the experimentabetup a andequilibriumin
the sheathmodulationtechniqueglectricfield, andeffective poten-
tial b.

. . 1
X+ Bx+ w(z)X:MFexc ®)

with wngoEl, whereQ is the constantchargeandE; is
the slope of the electric field. This equation describesa
dampedharmonicoscillation with a linear resonanceSuch
linear resonancesf single particleswere exploitedto mea-
surethe electric chargeof the dustgrains[5].

Variation of the electronandion densitiesandcurrentsin
the sheathlead to a deviation from the linearly increasing
electricfield profile andto a position-dependerdustcharge.
This resultsin a nonparabolieffective potentialenergywell
that the particle experienceslin our analysisit is assumed
that the electric field and the chargeare describedby poly-
nomial functions

Q(X)=Qo+ Qux+Qx*+Qax®
=Qo+ QuX+QoX%+Q3X?, )
E(X)=Eg+ Ex+ E,x2+ Egx®
=Eo+E X+ EX?+E X3, (5)
[Eo=0 since E(X)=0 at the sheathedgeX=0.] The

equationof motionthenbecomesonlinear,including higher
orderterms

PHYSICAL REVIEW E 63 066403

Fexc

M

X+ BX+Cyx+Cox?+Cax3+ - - - = cogwt). (6)

ThecoefficientsC,, C,, andC; arecombinationof elec-
tric field and chargecoefficients.

1
C1:M(QOE1+Q1EO)1 V)
1
Cz:M(QoEz"‘ Q1E1+Q2Ey), €)
1
Cszm(QoEﬁ‘ Q1E2+ Q2E1+ Q3Ey). 9

C, andC; describethe nonlineartermsgiving the devia-
tion of the effective potential energywell from the simple
parabolic shape.lf C, and C; are zero, then the simple
dampedharmonicoscillationis obtained with the frequency
determinedby C,. C, determineshe up/downasymmetry
of the potentialin the sheathandC; determineshe weaken-
ing or strengtheningf the potentialenergywell for higher
oscillationamplitudes.

Higher orders that could be taken into accountin the
equationof motion would add new unknown coefficients.
Here we restrict ourselvesto the three coefficientsholding
the main information, i.e., resonancefrequency (C,),
oscillation/potential asymmetry (C,), and weakening/
strengtheningf the potential (C5).

1. CHARGING AND SHEATH MODEL

The experimentsare comparedwith a model of particle
chargingin the sheathof an rf dischargeto give a more
detailedinsightinto the problem.

Here,the particlechargingis describedby the commonly
usedOML model. Becauseof their large size comparedto
the plasmacomponentgionsandelectron$ the dustparticles
actlike small probescollectingionic andelectroniccurrents
on their surface.In the special situation of the sheath,a
modifiedexpressiorfor the ion current,thataccountgor the
supersonidon flow in the sheathis adopted 13]

B T
10

1/2[1 26 0
kBTe i Xp

8kg T, 2 e ,
le  p:Xp Ne X, € RZ( e) exp

kgT
|i(¢’p,Xp)=nse7TR2(Te

HereR is the particle radius,kg is the Boltzmannconstant,
m; andm, arethe ion andelectronmassrespectively,T, is
the electrontemperatureand , the surfacepotentialof the
particle relative to the local plasmapotentialat the particle
position.In the sheaththe reducedelectrondensityis taken
into accountfor the electron current. Thereforen, is the
electron density at the particle position x,. The ions are
assumedo be acceleratedo the velocity ; by the sheath

066403-2
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electric field without collisions. The ion density at the par-
ticle positioncanthenbe determinedaccordingto the equa-
tion of continuity

N Xp i Xp Ns g, 12
whereng is theion/electrondensityat the sheathedgeand g
is the Bohmvelocity. The electronandion currentsarethere-
fore positiondependentueto the reductionof the electron
density and increaseof ion velocity in the sheath,respec-
tively. n, and ; are takenas position dependenbut time
averagedvaluesover the rf period becausehe rf periodis
muchsmallerthanthe chargingtime or the oscillationperiod
of the dustpatrticle.

The equilibrium floating potential and thus the equilib-
rium chargearederivedfrom the balanceof the electronand
ion currents.The chargeon the particulateis relatedto the
floating potential,assuminghe particleasa sphericakapaci-
tor 5

C 4 (R 13
Q C ,. 14

The sheathmodel of Lieberman 14 is applied hereto
calculatethe electronandion densitiesvelocities,and elec-
tric field in the sheath.

The sheathmodel of Lieberman 14 presentsa self-
consistensolutionfor the ion and electrondensitiesandthe
electric potentialin the sheath,obtainedunderthe assump-
tions of time independentcollisionlession motion, andin-
ertialesselectrons.Using the model of Lieberman,the elec-
tric field, ion andelectrondensitiesandfloating potentialon
the grain surface have been calculatedand plotted in the
absolutecoordinatesystemin Fig. 2.

Multiplying the calculatedchargeQ(x) with the electric
field E(x), the potentialenergycurveis obtainedafter inte-
gration. This calculatedpotential curve was comparedwith
the potentialdeterminedrom the experimentalaluesusing
C,, C,, andC; seeSec.V andFig.3b .

Figure 2 ¢ representghe calculatedelectric field in the
sheathtogetherwith a linear fit. As it canbe observedthe
electricfield is almostlinear over the whole plasmasheath,
in agreementvith recentresults 15 . Only in the vicinity of
the plasmaedge the electricfield startswith a smallerslope.
To simplify the analysisof the experimentwe assumedhe
following approximationfor the electricfield: at the sheath
edge(X 0), it startsaszerountil the “turning point” at
X Xg) from which on the field continuesas a linearly in-
creasingfunction seeFig. 2 b, dottedcurve.

Consideringthis, Eq. 5 becomes

0, X X
E X ~ 15
E, X X Eg Eix, X Xs.

If this expressioris replacedn the equationgfor C;, C,,
andCj;, Egs. 7, 8,and 9 become

1
Ci 7 Qo1 QiEo . 16

PHYSICAL REVIEW E 63 066403

FIG. 2. Liebermanand Lichtenbergmodel; electron and ion
densities a, floating potential b , andelectricfield c . The sym-
bols mark the positionswherethe the force balanceis fulfilled for
eachparticle.

1
Co y QuEr Q2Eo . 17

1
Cs Vi Q:E; QsEo , 18

whereEy E (Xq Xs) with X, the equilibrium position of
the particle.C,, C,, andC5 arezerofor X X;.
Assumingthat the chargingprocessis the samefor all
three particles, it is reasonableto introduce a “charging
function”  (X). Underthe assumptiorof the sphericalca-
pacitor charging model for the dust grains, this charging
function is the floating potential. Therefore we split the

066403-3
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FIG. 3. Best-fitresultsof the nonlinearresonanceurve a and
effectivepotentialwell b for 9.47 m particle.The dashedine in
plot b representshe ideal parabolicpotentialwell.

chargeof the grain into the geometricalfactor4 (R and
assumehe chargingfunctionasthe “universal” floating po-
tential  p(X)

QX ,X4 (R 19

The chargingfunctionis alsoassumedo be a third-order
polynomialfunction of position, like the particlecharge see
Eq.4.

p X 0o X X

X3 20

Figure 2 b showsthe floating potential computedfrom
balancingthe electronand ion currentson the particle sur-
face,accordingto Egs. 10 and 11 andintroducingtheion
and electron averagedensities plotted in Fig. 2a . The
opencirclesindicatethe equilibrium positionsfor the three
differentparticleswith diametersof 9.47 m, 12.07 m,and
20.02 m usedin the experiments.
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IV. EXPERIMENT

The experimentshavebeenperformedin a parallel plate
rf dischargen heliumatlow pressure5.8 Pa andrf power
of 13W seeFig. 1 a . Monodispersesphericalplasticpar-
ticlesof 9.47 mand12.07 m diametermadeof melamine
formaldehyde,and of 20.02 m diameter,made of poly-
methylmethacrylatareimmersednto the plasma.Thelower
electrodeis poweredwhile the restof the dischargechamber
is groundedThe particlesaretrappedn the sheatrabovethe
lower electrode Here,an electrodewith a shallowparabolic
troughis usedto imposea very weakhorizontalconfinement
on the particle. Two 690-nmlaserdiodeswere usedto illu-
minatethe particlestrappedin the sheath.One beamis ex-
pandedhorizontally andthe othervertically.

Two video cameraswere usedfor observationfrom top
andfrom side.The vertical lasersheettogethemwith the side
view cameraare usedto record imagesof the oscillating
particle. The side view high speedcameraallows recording
at up to 200 frames/s.

Low frequencymodulationof the rf voltagewas usedfor
excitation of large amplitude particle oscillation. By com-
parisonwith laserexcitation, this voltage modulationtech-
nigue hasbeenshownnot to affect the plasmaenvironment

6 . The excitationsignalis appliedto the electrodethrough

a low passfilter seeFig. 1 b . The excitationamplitudes
were:5V,, (d 9.47 m, 10V ,, (d 12.07 m, and23
Vyp (d 20.02 m . The oscillationsare recordedover sev-
eral oscillation periods,with up to 100 frames/s.

The three different particle sizeswere usedto inspecta
largeregionof the sheath.

Very small particlesof 0.93 m wereintroducedto mark
the position of the sheathedge (X 0). Becauseof their
small mass,we assumedhat they needa very small electric
field to levitatethemand,thus,we considerthemlying atthe
sheathedge.

V. DATA PROCESSING TECHNIQUE AND RESULTS

The nonlinearresonanceurvesare measuredn the fol-
lowing way. A single particle of one of the three different
sizesis introducedinto the chamber.The particleis trapped
in the sheathof the lower electrodeand then the low-
frequencymodulationis applied with various frequencies.
The resulting oscillation amplitudesare measuredupwards
and downwardsrelative to the equilibrium position. The re-
sulting resonanceurvesareshownin Fig. 4 for the smallest
(9.47 m andthe largest(20.02 m particle 12. In our
experimentshystereticresonanceurveswereobtained that
bendtowardslower frequenciesandyield jumpsor dropsin
amplitude for increasingor decreasingfrequency,respec-
tively seeFig. 4 . The observechysteresids a generalfea-
ture of nonlinearresonancesl6 . From this overall behav-
ior, it can already be deducedthat the effective potential
becomessofter with increasingthe amplitude, that means
that C; mustbe negative.

It is alsoeasilyobservedhatthe oscillationis asymmetric
and that the asymmetrydependson the position in the
sheath.For the lighter particle that oscillatescloseto the
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FIG. 4. Measuredipwardsanddownwardsamplitudecurvesfor
a947 m a anda20.02 m b particle, for increasingand
decreasindgrequency relativeto the equilibrium position.

sheath edge, the oscillation asymmetry is towards the
plasmaedge, which meansa positive C,. In the case of
heavierparticles that oscillatedeepelin the sheath, the os-
cillation asymmetrychangesshowinga potentialasymmetry
towardsthe electrodewhich meanshat C, is now negative.

The coefficientsof nonlinearity C;, C,, and C5; have
beendeterminedin two ways from the resonancecurves.
First, the equationof motion 6 is solved approximately,
usingthe following trial solution 16

xt By A;sin t Bjcos t. 21

whereBy, is the term that definesthe asymmetry offset of
theoscillation.ConsideringhatA? B2 D2, whereD is the
amplitudeof oscillation, the generalequationof motion can
be solved,neglectingtermsof higherharmonics( ). The
amplitudeandthe asymmetryof the oscillationare then ob-
tainedfrom the system

Fexc|? 5 3 > 2 Pz
C, 2C,B, -C;2B2 D?|D
M 2
2 2D2,
1 2 2 1 2 2
0 C]_Bo ECZ ZBO D ZC3BO 4BO 3D g
22
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TABLE |. Best-fitvaluesfor coefficientsC,, C,, andCs;.

d m Ci(s ? C,(m 1s ?) C;(m 2%s ?)
9.47 7200 1.5 10° 1.2 10°
12.07 6200 1 10° 1.1 10°
20.02 1900 51 10° 6 10

Solving this systemfor given C,, C,, and C3, the non-
linearresonanceurve canbe calculated D asa function of
frequency. The dampingconstants, were computedfor
eachparticle size usedin the experiment 12 . They were
foundto be  1.64s 1(9.47 m, 1.28s ' 12.07 m,
and0.78s ' 20.02 m.

The secondway of finding the valuesfor C,, C,, andCjy
is by numerically solving the generalequationof motion.
This methodis more generalsincewe cantakeinto account
that the particle might be pushedinto the plasmaregion
where only the gravitation and friction forces act on it.
Again, the valuesfor the coefficientsgoverningthe equation
of motion are obtainedby fitting the computedresonance
curveto the experimentabne. The valuesfoundin this way
arevery closeto thosecomputedusingthe previousmethod.
The differencesare within 5% of eachvalue.

Here, the numericalsolution of the generalequationof
motionis usedto find the best-fitvaluesfor C,, C,, andC,.
Figure 3 a presentghe best-fitresultfor the 9.47 m par-
ticle the averagedamplitude betweenthe upwards and
downwardsexcursions Tablel showsthe best-fitvaluesfor
the threecoefficientsfor all threeparticle sizes.

As expectedthe changeof signfor C, that definesthe
asymmetryof the effectivepotentialwell, seeFig. 3 b in the
caseof 20.02 m particle reflectsthe changeof oscillation
asymmetryexperimentallyobservedAlso negativevaluesof
C; relatedto the softeningof the effective potential well
for all particle sizeswere obtained,in agreementwith the
model.

At this point the coefficientsin the equationgoverningthe
nonlinearoscillationsof the particleshavebeenderived.The
aim is furthermoreto seehow the chargingprocessandthe
electricfield structureinfluencethe effective potential lead-
ing to the nonlinearfeaturesof the resonancecurvesthat
were discussedabove bendingand asymmetry and which
arethe nonlinearindividual contributionseither of the elec-
tric field and chargeto the nonparaboligotentialwell.

Consideringthat the small particlesof 0.93 m lie just at
the sheathedge the electricfield is chosento be of the form
describedby Eq. 15 andthe particle chargeis definedby

Qo QiX QX Qux®

== = 2 = 3
Qo Qi1 X Xo Q22X Xo° QzX Xg°.

23

QX

Xg Is the position of the particle for which the resonance
curveis recordedrelative to the sheathedge,x; is the dis-
tancefrom the sheathedgeto the “turning point” wherethe
electricfield becomedinearandx is the “local coordinate.”
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FIG. 5. Electricfield, floating potentialand chargecomponents
in the “absolute coordinatesystem” and particle equilibrium posi-
tions. The symbolsmark the positionswhere the force balanceis
fulfilled for eachparticle.

The depthxs waschosenin orderto obtainthe bestagree-
mentof the floating potentialcurvesfor all threeparticles.It
wasfoundto bex; 0.25mm, in goodagreementvith Lie-
bermanmodel,ascanbe observedn Fig. 2.

Assuminga linearly increasingelectricfield with a small
plateauat the plasmaedgeanda polynomial-likevariationof
the chargeon the particulate,the charge,and the floating
potentialarecomputedusingthe valuesfor C,, C,, andC4
obtainedabove.They areplottedin Fig. 5.
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TABLE Il. Chargecomponentsn the “absolutecoordinatesys-
tem.”

d m Qo € 61 e/m 62 (e/mz) Qa(emﬁ)
9.47 1.10 10* 7.18 10° 4.42 10° 8.92 104
12.07 2.67 10* 1.98 10 1.06 10W° 1.93 10%?
20.02 6.86 10° 264 100 6.24 10° 6.34 104

The valuesfor the chargecomponentsaregivenin Table

Il. The electric field slope is defined by E; 4.10

10° V/m?2. It wasobtainedfrom the potentialdrop between
the quasineutraplasma(Vyjasma 32.5V andthe electrode
self-bias(Vpias  45.7V

Xmax
« E X dX Vplasma Vpias- 24

Figure 6 showsthe particle chargeat the equilibrium po-
sition as a function of particle radius. It can be easily ob-
servedthat the chargeis not a linear function of the radius.

Recently,in similar experiments|vlev etal. 10 have
studied experimentally nonlinear oscillations of micro-
spheres.They determinedthe coefficients of nonlinearity
from super-harmonicand subharmonicresonanceghat do
not occurunderour experimentatonditions.They attributed
the nonlinearity completelyto the electricfield, treatingthe
dustchargeasconstantApplying this modelto our data,the
electricfield componentE, ,E,,E5; werecomputed.The so
determinectlectricfield is shownin Fig. 7. The curvesshow
that the electric field is extremelynonlinear. Furthermore,
the electric field computedfor the 9.47 m and12.07 m
becomegositive deeperin the sheath.This is in contradic-
tion with the statement®f Liebermanmodel. Thus,a model
of spatiallyconstantdustchargeis notin agreementvith our
experimentadata.

Thereforein following step,a spatiallyvariablechargeof
the particle and a nonlinear electric field were taken into
account.The electricchargeon the grain surfaceis still con-
sideredto be describedby a third orderpolynomialwhereas
the electricfield is consideredo be parabolic.

FIG. 6. Particlechargeat the equilibrium position.
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FIG. 7. Electricfield componentg&ssuminga constantchargeof
the particle over the whole sheath The symbolsmark the positions
wherethe force balanceis fulfilled for eachparticle.

0, X X

E X ~ ~ 25
El X Xg Ez X Xg 2, X Xg -

Again the valuesfor E; andE, haveto satisfythe poten-
tial drop conditionaccordingto Eq. 24 . The electricfield
andfloating potentialfor all threeparticlesizesareplottedin
Fig. 8 for threerepresentativesetsof valuesfor the electric

field component€, andE,. E; is chosenasarbitrarily be-

tween0 and 4 10°V/m? and E, is computedusing Eq.
24 . For largervaluesof E;, E, would becomenegative,
resultingin an unphysicalconcavecurvatureof the electric
field. As it can be observed,the floating potential curves
correspondingo the largestparticlearestill shiftedfrom the
curvescorrespondingo the smallerparticles,for eachsetof
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electric field components. Figure 8c with E; 4
10° V/m? nearly correspondso the caseof linear electric
field discussedabove.

VI. DISCUSSION

All three curvesrepresentingthe electric chargeof the
particlesshowthe samegeneraltrend of the negativecharge
to decreaseavith increasingdepthin the plasmasheath.This
is mainly due to the reduction of electrondensity in the
sheaththat leadsto a lesseffective chargingof the particle

seeFig. 2a andEq. 11 . The experimentssupportthis
finding. The changeof the asymmetrycoefficientC, canbe
relatedto the changeof slopeof the floating potentialcurve.
The weakeningof the potentialcurves,asseenin the experi-
mentalresonanceurves,canbetracedbackto a negativeCy
andthusto the curvatureof the floating potentialcurve, as
foundin the model.

A quite good mutual overlapping of floating potential
curveswas obtainedfor 9.47 m and12.07 m, eitheras-
suminga linearly increasingor for a nonlinearelectricfield,
but, in both casesthe curve correspondindo the 20.02 m
particleis somewhatshifted.

This leavessomequestionmarkson the capacitivecharg-
ing model assumedor the particle. According to Tomme
etal. 8, the chargeis not a simple linear function of the
particleradius,but hasa morecomplicatednonlineardepen-
dence.This is the reasonwhy we considerthat the simple
capacitivemodelis not able to totally explainthe charging
processfor all particle sizesand/or for all regionsof the
plasmasheath.

The comparisonwith resultsof Ref. 8 showsa good
agreemenfor the light particles 9.47and12.07 m , while
for the heavierparticle (20.02 m , the agreementis worse.

FIG. 8. Electricfield andfloating potential,assuminga nonlinearchargeof the particleanda parabolicelectricfield in the sheath.The
symbolsmark the positionswherethe force balanceis fulfilled for eachparticle.
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The main reasonis that this model startswith different as-
sumptions a constantchargeof the particle over the whole
oscillationamplitudeand anotherkind of oscillation studied
there,i.e. dampedoscillationsof droppedpatrticles.

Onthe otherhand,anothereffect caninfluencethe charg-
ing of the particle. As it wasshownin Sec.V, the heaviest
particlesfloat about3 mm deepin the sheathlf we compare
this depthwith the meanfree path of ion-neutralcollisions
computedat the experimentapressureandion drift velocity,
the valuesare quite close the meanfree pathis about3.8
mm . Consideringthis, an alteredion currentat the particle
position, due to the chargetransferand elastic collisionsin
the sheathjs to be takeninto account.This altersthe ionic
currentgiven in the OML model, leadingto a lessefficient
ion dechargingf the particleandto a highernegativecharge
on the dustgrain than predictedby the OML model.

Anothersourceof uncertaintyis that the largestparticles
aremadeof a different materialthanthe smallerones.Since
at the microscopicscale,the way that chargesstick to the
polymer chainsof the materialis not knownin detail, a dif-
ferentchargingmight occurfor different materials.

VIl. CONCLUSIONS

Here,experimentalesultson particleoscillationsin a ca-
pacitive rf plasmahave been presented.Previous experi-
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mentsrelied on a constantchargeof the particle and a lin-

early increasingelectricfield in the plasmasheath Herewe
extendedthe model to a position dependentchargeand a
nonlinearlyincreasingelectricfield to explainthe nonlinear
resonancedy introducing higher order termsinto the gen-
eralequationof motion. The nonlinearresonanceblavebeen
attributedto an anharmonicpotential energywell with up-
down asymmetryandweakeningat higheroscillationampli-
tudes.

The chargingfunction componentxorrespondingo one
setof experimentaktonditionswere computedfor threedif-
ferentparticlesizes puttingthe chargingmodelin agreement
with the experimentaldata.

Both linearly increasingandnonlinearelectricfields were
takeninto accountfor computingthe chargecomponentand
the floating potential. Thus it was demonstratedhat the
simple capacitancanodel cannotexplain the charging be-
haviorof all threeparticles.Overallgoodagreementvith the
experimentaldata and with the theoretical model of the
plasmasheathis found for the linearly increasingelectric
field.

ACKNOWLEDGMENT

This work wassupportedby DFG GrantNos. Pil85-17/1
andINTAS 97-0775.

[

H. Ikezi, Phys.Fluids 29, 1764 1986.

H. Thomas,G. E. Morfill, V. Demmel, J. Goree,B. Feuer-

bacher,and D. Mohlmann,Phys.Rev. Lett. 73, 652 1994.

J.H. Chuandl. Lin, Phys.Rev. Lett. 72, 4009 1994.

Y. HayashiandK. TachibanaJpn.J. Appl. Phys.,Part2 33,

L804 1994.

5 A. Melzer,T. TrottenbergandA. Piel, Phys.Lett. A 191, 301
1994.

6 A. Homann,A. Melzer, and A. Piel, Phys.Rev. E 59, 3835
1999.

7 H. Schollmeyer,A. Melzer, A. Homann,and A. Piel, Phys.
Plasmass, 2693 1999.

8 E. B. Tomme, B. M. Annaratone,and J. E. Allen, Plasma
SourcesSci. Technol.9, 87 2000.

9 T. Trottenberg,A. Melzer, and A. Piel, PlasmaSourcesSci.

N

W

Technol.4, 450 1995.

10 A. V. Ivlev, R. Stterlin,V. SteinbergM. Zuzic,andG. Moffill,
Phys.Rev. Lett. 85, 4060 2000.

11 S. Nunomura,T. Misawa, N. Ohno, and S. Takamura,Phys.
Rev. Lett. 83, 1970 1999.

12 P.S.Epstein,Phys.Rev.23, 710 1924.

13 T. Nitter, PlasmaSourcesSci. Technol.5, 93 1996. In this
referenceheion currentequation 27 hasa misprint. Herethe
correctequationis used.

14 M. A. Lieberman|EEE Trans.PlasmaSci. PS-16, 638 1988.

15 E.B. Tomme,D. A. Law, B. M. AnnaratoneandJ. E. Allen,
Phys.Rev. Lett. 85, 2518 2000.

16 C. Hayashi,NonlinearOscillationsin PhysicalSystemsPrin-
cetonUniversity PressPrinceton,NJ, 1985.

066403-8









PHYSICSOF PLASMAS

VOLUME 9, NUMBER 11

NOVEMBER 2002

lon drag and thermophoretic forces acting on free falling charged particles

in an rf-driven complex plasma
C. zafiu,® A. Melzer, and A. Piel

Institut fir Experimentelleund AngewandtéPhysik, Christian-Albiechts-UniversitaKiel,

24098Kiel, Germany
Receivedl19 July 2002; accepted?9 August2002

Monodisperseplastic microspheresiave beendroppedthrougha long radio-frequencydischage
column. The trajectoriesof the falling particleshave beenmeasuredlt was observedthat the
particlesare driven out of the plasma.From the trajectoryanalysisand plasmameasurementthe
forceson the particleshavebeenderived.Specialattentionhasbeenpaidto thethermophoresiand
ion dragforceswhich arealsoconsideredo be responsibldor the void formationin microgravity
experimentsTwo experimentasituationshavebeenconsideredhere:first a plasmacharacterizethy
its naturalsymmetricelectric potentialand temperaturelistribution and second,a plasmawith an
asymmetrictemperatureand electric potential profile. For both casesa good agreementashbeen
foundbetweerthe measuredtrajectoryforce” obtainedfrom the particletrajectoryanalysisandthe
sumof theion drag,thermophoreti@ndelectricfield force. © 2002Americaninstituteof Physics.
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I. INTRODUCTION

In the lastfew yearsdusty plasmashaveattaineda large
interestbecausef their importancein astrophysicahnd up-
per atmosphergohenomenaplanetaryrings, comets,nebu-
lae, and noctilucentclouds,respectively andfor their appli-
cationin plasmaprocessingechnologiesFor example they
play a very importantrole in industrialdevicesfor microchip
processingwhereparticleformationposesa seriousproblem
of contamination Among other technologicalapplications,
manufacturingof nanopowderssolar cells, and new materi-
als are to be mentioned,as well as dischagesin reactive
gasedor particle growth and depositiont

It is well knownthatunderthe influenceof gravity large
particles(a 1 m) in complexplasmagendto sedimento
the bottom of the dischage, into the plasmasheathof an
electrodeor of thevesselwall, wheresufficiently strongelec-
tric fields prevail to levitate the particles® In contrast,fine
grains(a 1 m) canbe trappedin local plasmapotential
maximawithin the dischage volume?

The conditionsin the plasmasheathare suitablefor the
formation of flat, almost2D plasmacrystals?~’ Thesesys-
temshavebeenextensivelystudied,e.g.,with respecto the
melting phase transition®® the excitation of lattice
waves'®~2 andMach conest®*~V

The nonequilibriumconditionsof the plasmasheathare
responsiblefor a numberof unexpectedeaturesof the 2D
plasmacrystals.The supersonigon flow in the sheathleads
to positive chage accumulationin the particle wakes'®2
which causesattractive force$'=2 and leads to vertical
alignmentanda novel type of instability.34?°For this rea-
son,in complexplasmasundergravity conditionsthe forma-
tion of proper3D plasmacrystalsis limited.

The generatiorof 3D extendedplasmacrystalsis still an
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importantgoal for the complexplasmaresearchln labora-
tory devices,the nonequilibriumeffects can be reducedby
using high gas pressureswhich leadsto the destructionof
thedirectedion flow andquencheshe Schweigerinstability.
In this way crystals with typically 5-10 layers can be
generated®?’ Underspecialconditions,up to 19 layershave
beenobtained®® An alternativeapproachis the searchfor
plasmacrystallizationundermicrogravity conditions.

In microgravity experimentsparticle confinemenis de-
terminedby the weakerforceslike ion drag, neutral drag,
thermophoresisand electric field force in the bulk plasma,
which are generally negligible in the laboratory plasmas
when comparedo the gravitationforce. First investigations
under microgravity?®*° have shown an unexpectedeature.
Ratherthan accumulatingthe microparticlesin the positive
potentialwell of the dischage, the plasmacenterwasfound
particle-free and a large ‘‘void,” with a sharp boundary
formed. In a similar manney submicron particles fill the
plasmavolume and also showvoid formation3!*? Although
this effect givesa hint thatthe confiningelectricforce on the
particlesmay be smallerthanthe outwardorientedion drag
and/orthermophoretidorces,the behaviorof this systemis
still  little  understood. Recent models of the void
phenomen#>* and simulations® raisedsomedoubton the
validity of expressionslescribingion dragforce®® The simu-
lation results®® for example,have shown that an enhance-
mentof thetheoreticallypredictedmagnitudeof theion drag
by a factor of 10 is necessaryor a void formation.

This situationmotivatedus to conceivea laboratoryex-
perimentfor the study of the ion drag and thermophoretic
forces.The principle of theseinvestigationss to studyfree
falling particlesfor which gravity is balancecdby gasfriction.
The vertical dynamicequilibrium is fulfilled aslong asthe
particlesarefalling, andthus,theinfluenceof the gravitation
doesnot play a dominantrole herein addition.lon dragand
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thermophoresisict perpendiculato the direction of gravity
which allows usto decouplethe gravitationalvertical motion
from the interestinghorizontalone.

Theion dragandthe thermophoretidorce actingon the
particlesare measurechere undertwo experimentalcondi-
tions: in a symmetricplasmawherethe neutralgastempera-
ture and potential profiles are almost parabolic,and in a
plasmawherethe temperaturgrofile hasbeenmodifiedby a
heatsource.

The outline of the paperis as follows: In Sec. Il we
summarize the theoretical background,the experimental
setupis describedn Sec.lll, the dataprocessingandexperi-
mentalresultsarepresentedn Sec.lV, andthendiscussedn
Sec.V.

Il. FORCES ACTING ON FREE-FALLING PARTICLES

Whendustparticlesare droppedthrougha long gascol-
umn, dependingon the pressureand friction constant,a
steady-statdalling regimeis reachedwhen the gravitation
forceis balanceddy the neutralgasfriction force,which acts
in the oppositedirection,

G Ffrict_y 0: 1

mg my O, 2

wherey denotesthe vertical direction,and is the friction
constantderivedfrom the Epsteinfriction law*’ normalized
to the particle mass

my th,n
a

n 3
Here,m,, ¢, andn, arethe massthermalvelocity, and
numberdensityof the neutralgas,a and aretheradiusand
massdensity of the particle materialand is the Millikan
reflection coefficientwhich can take valuesbetweenl and
1.444.

The balanceof gravity by the friction force is valid
throughouthe gasvolume,whereadevitation of particlesby
theinhomogeneouslectricfield in the sheathregionsis gen-
erally localizedto a plane.This allows the study of acting
forcesby evaluatingparticle trajectories The algumentalso
holdsfor the horizontalforce balance.

Whenthe particlesarefalling throughthe plasma,in the
horizontal direction important forces like friction, electric
force, ion drag, and thermophoresisre dominantand their
influencewill be describedhere.

In a cylindrical plasma,the positive ions are generally
acceleratedrom the centerof the dischage towardthe walls
dueto the higherplasmapotentialon the dischage axis. This
resultsin an outwardsoriented “ion wind” dragging the
negativelychaged particle towardsthe wall. The ion drag
force F;,,, consistsof two component®3¢-*describinghow
momentumis transferredfrom the drifting ions to the par
ticle: the collection force, resulting from direct momentum
transferof the drifting ions which are collectedon the par
ticle surface,andthe Coulombforce resultingfrom the mo-
mentumtransferof theionsdeflectedn the electrostatidield
of the negativelychageddustgrain, thus

lon drag and thermophoretic forces . . . 4795

Fion Fcollect FCoqumb- 4

Sincethe dustparticlevelocity is negligiblecomparedo the

ion drift velocity, the relative dust-ionvelocity is in fact the

ion velocity. In theusuallyadoptedderivationof theion drag
force by Barnesetal.*® it is supposedhat no interactionof

the ions with the particle occursoutsidethe Debye sphere,
andtheion meanfree pathis larger thanthe Debyeradius®

The last assumptionis justified only for relatively low gas
pressures.

The collectionforce is given by®®

I:collect nm i s bgy 5
with
8KgT; v
m;
being the meanspeedof ions approachinghe particle. The
floating potentialof the dustparticleis denotedoy ¢, and
20 1/2
b, a( 1 Zf) , 7
m; ¢

is the maximumimpactparametefor dust-ioncollision from
the orbital motion limited probetheory OML .
Further the orbital force can be written as

Fcouomb 4 Mimiu; $b%, 8
where
eQp
b —_— 9
2 4 om; g

is the impactparameteifor 90° deflection,and

1[5 D%

27102 b?,
is the Coulomb logarithm integrated over the interval
(be, p). Here,n;, m;, T;, q;, andu; arethe numberden-
sity, mass,temperaturechaige anddrift velocity of theions,
kg is Boltzmanns constant,  is the Debyelength,and
is the floating potential of the dust particle relative to the
local plasmapotential.

For usual particle dimensionsof a few micrometers,
thermophoresiproducesa measurableffect whenthe tem-
peraturegradientis of the order of a few Kelvin per centi-
meter The microscopicmechanisnof this force lies in the
fact thaton the side of the particle orientedtowardsthe hot-
ter gas regions,the gas moleculeshit the particle with a
higher thermal velocity than on the side facing the colder
regions.This resultsin an effective momentumtransportop-
positeto the temperaturagradient.The force then read$®#°

10

16 —a?
Fthermo 1_5 h Tn , 11
where is the translationalpart of heatconductivity of the
gas.

Usually, the particleschage negativelyin plasmain the
absencef otherprocessetike electronphotoemissionln an
unperturbedlasmathe walls are time averagednegatively
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FIG. 1. Schemeof the forces acting radially on the dust particles. Their
balancedetermineghe particle trajectory

polarizedwith respectto the bulk plasma.Also within the
bulk plasmasmall electric fields prevail due to ambipolar
diffusion. This resultsin a confining electric field force on
the negativeparticles,

QpEu E p| [} 12

Felectric

Zafiu, Melzer, and Piel

where | is the plasmapotentialandQ, 4 oa ; isthe
particlechage.
Finally, the horizontalfriction force is analogoudo the

vertical one

Frict_x m X. 13

Consideringall the forceswhich act on the horizontal
direction, the dynamicequilibrium is describedby the bal-
anceof theseforces,

I:ion Fthermo I:electric Ffrict_x m'>'<, 14

whereon the RHS the forces determinedfrom the particle
trajectoriesandneutralgasfriction aregivenandonthe LHS
the forcesobtainedfrom the analysisof the plasmaparam-
eters and the neutral gas temperature seeFig. 1. In the
following we will call the sum of ion drag, thermophoresis
andelectricfield force ‘plasmaforce” becausehey arede-
terminedby the presenceof plasmaand the sum of inertia
andfriction force “‘trajectoryforce,” which is obtainedfrom
the particle trajectory analysis.The electric field force is a
confining force, whereasthe ion drag and thermophoresis
point outwards.

lIl. EXPERIMENTAL SETUP

The experimentshave been performedin a long tube
seeFig. 2 a with atotal lengthof 120 cm and a internal

FIG. 2. a Generalschemeof the ex-
perimentalsetup; b setupof the aux-
iliary dischage for particleseparation;
c detailed view of the observation
level with the Langmuir/temperature
probe.
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diameterof 50 mm. Monodispersesphericalparticlesmade
of melamine formaldehyde MF (a 9.55 mdiam) are
droppedfrom the top of the tube, using an automaticdust
dropper The dustcloud is observedabout30 cm below the
injection to ensurethe vertical constantdrift regime of the
dust. The observationlevel seeFig. 2 ¢ is a plastic box
betweentwo glasstubes,providing optimalimagerecording
conditionsdueto the flat windows.The dischageis operated
in helium at pressuref 100, 150, and 200 Pa using two
internal copperring electrodespositionedin the glasstubes
at upperandlower endsof the observatiorlevel. The lower
electrodeis poweredwith 0.8, 1.6, 2.0, 2.3, and 2.6 W at
13.56 MHz while the upper one, as well as the metallic
flangespositionedat the top and bottom of the experiment
are grounded.The falling particlesare illuminated through
the side windows using a thin vertical laser sheathwith a
power density of about 10mW/mn?. The laser power has
beenmodulatedby a periodicrectanglevaveformat 400Hz,
providing a stroboscopidllumination. A camerawith tunable
frame rate hasbeenusedfor imagerecordingperpendicular
to the lasersheath.This enablesthe observationof vertical
crosssectionsof the dustcloud. The dustimageshavebeen
recordedand processean a PC. The stroboscopidgllumina-
tion increaseshe time resolutionof theimagerecordingand
it is suitableevenin combinationwith normal video cam-
eras A long exposuregegimeof the camera about20 frames
per second hasbeenusedhere,so that the particle trajecto-
ries look like dottedlines on the recordedimages seeFig.
4a .

A. Determination of the plasma parameters

The plasmaparameterfiavebeenevaluatedrom Lang-
muir probemeasurements:or eachsetof experimentaton-
ditions, probe measurementbave been performedwithout
dust, assumingthat the presenceof a small numberof par
ticles doesnot influencethe plasmaparametersignificantly
In Sec.V the consistencyof such an assumptionwill be
analyzed.Radial profiles of the plasmaparametersare re-
cordedwith a resolutionof 30-35 points/profile. A compen-
satedcylindrical probe,6.90mm long and0.05mm in diam-
eter with the compensatiorelectrodel0 mm long and 0.8
mm diameterhasbeenusedhere.

Plasmaparametershave been determinedfrom probe
measurementssing standardproceduresThe electrontem-
peraturehasbeenfound analyzingtheionic partof the probe
characteristicfrom the slopenearthe floating potentialV o4

seeRef. 41,
dl, dli) !

dle

Te ehf(d_V) d_V d_V
evaluatedatV Vjoai, Wherel; is thellinearextrapolatiorof
the ion currentto the floating potential,dl,/dV, dl./dV,
anddl; /dV arethe plasmaglectron,andion currentslopeat
the floating potential. The electron temperaturehas been
found to be almostradially constantat 6 eV. The plasma
density has beendeducedusing the Langmuir formula?* It
hasbeenfoundto be almostparabolicwith the maximumof
41 10%®m 2 in the center of the dischage and 1.3

10 m 3 at about40 mm from center

1

el 15
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FIG. 3. Thefalling velocity of a two-particleclusterstronglydependson its
orientation.

B. Temperature measurements

Theradial neutralgastemperaturerofile hasbeenmea-
suredin orderto determinethe temperaturgradientandthus
the thermophoretidorce. A temperaturgprobe consistingof
a thermoresistothas been used here for horizontal profile
measurementwith a spatialresolutionof 1 mm. Dueto the
long recordingtime of a temperatureprofile, an additional
thermoresistothas beenplacedin thermal contactwith the
chambemvall in orderto measureandto extractthetempera-
ture drift of the whole experiment.For our plasmacondi-
tions, theion densityis about10 ° of the neutralgasdensity
andtheion drift velocity hasa maximumvalueof about10%
of the ion thermal velocity, so that drift ion currentsthat
reachthe thermoresistoshould have a negligible contribu-
tion to the temperaturaneasurementslhis gives us confi-
dence that the temperature measurementsare accurate
enoughand no drift ion contribution hasto be takeninto
accountin the temperatureanalysis.

C. Particle cluster separation

It is knownthatsmalldustparticleshavethetendencyto
form clustersdue to adhesion Sincethe forcesactingon a
clusterof severalparticlesare differentfrom thoseactingon
a single particle,it hasto be ensuredhat only single grains
are analyzed.To show this, the behaviorof a free-falling
two-particle clusterwill be analyzed.The dynamicvertical
equilibrium is approximativelydescribedoy

2mg m a%y o, 16
with the orientationcoefficient seeFig. 3

1 sin . 17

Here,” /( a?), istheanglebetweerthe distancevec-

tor of the two particlesb andthe vertical velocity vectory,
and is the friction coefficientfor a singlegrain. It is evi-
dentthat, if b is parallelto the velocity vectory, the cluster
will fall with a constantvelocity twice ashigh asthe velocity
of a singleparticle.If the distancevectoris perpendiculato
thevelocity, the clustervelocity is the sameasthe velocity of
a single particle. Betweenthesetwo extremesituations,de-
pendingon the clusterorientation the constanfalling veloc-
ity continuouslyvaries betweenonce and twice the one-
particle velocity. In reality, the high complexity of clusters
and their eventualrotation involves a broad distribution of
measuredrelocities,soit is consideredsa sourceof experi-
mentalerrors.The higherthe particlenumberin a cluster the
fasterthe clusterwill fall, so thatsingle particleswill have
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FIG. 4. a Singlevideoimageof thefalling particlesand b radialvelocity
distributionof thefalling particlesin a plasmadrivenata pressuref 150Pa
anda power of 2.6 W, as a function of the radial particle position.

the lowest velocity. This kind of error affects not only the

vertical, but also the horizontal velocity measurements.

Therefore,it is desirableto havemostof the particle cluster
separated.

For this aim, an additional rf funnel-shapecelectrode
with a grid bottom is positionedabout 50 mm below the
groundedvacuumflange seeFig.2 b . Theclustersaswell
asthe single particlesare trappedfor severalsecondsabove
the grid in orderto “Coulomb explode’ the clustersdue to
their high negativechage. Whenthis auxiliary dischage is
turnedoff, thetrappedparticlesarereleasedandfall towards
the main dischage. It has beenobservedthat not all the
clustersareseparatedueto variousreasonsAdditionally, as
long asthe dustis trapped a vertical separatiorbetweenthe
lighter single particlesandthe heavierstill unexplodecclus-
tersoccurs,which increasesvhenthe dischage is switched
off and particlesare releasedAt the observationlevel, the
particle cloud consistsof a fast moving cluster group fol-
lowed after a few tenthsof a secondby a cloud formed of
single particles.All the measurementtave beendone on
this secondgroupwhich consistsmainly of single grains.

IV. MEASUREMENT: DETERMINATION OF THE
FORCES ACTING ON THE PARTICLES

A. Analysis of the particle trajectories

Figure4 a showsthe recordedmageof falling dustfor
apressuref 150 Paandaninput powerof 2.6 W. For a high
enoughrf input powet the recordedimagesshow that the
particlesare pushedout of the plasma.lt hasbeenshownin

Zafiu, Melzer, and Piel

FIG.5. a Radialvelocitiesfor variousinput powers 0-26 W asa func-
tion of radial position. The radial velocity increaseswith increasingpower.
b The slopeof theradial velocity increaseslmostlinearly with the input
power Pressure150 Pa, particlediameterd 9.55 m.

Sec.ll how theforce balancedefinesthe particletrajectories.
A detailedanalysison a large numberof picturesof dust
particles falling through the plasmashows that the radial
velocity increasesalmostlinearly with increasingradial co-
ordinate Fig. 4 b . The scatteredraluesof the radial veloc-
ity with anerrorrangeof about10% are causechy the pixel
resolutionof the recordedimages.The slope of the radial
velocity increasesalmost linearly seeFig. 5a with the
powerof the dischage seeFig.5 b . This overall behavior
showsthat the confining electric force is outrun by other
outwards-pointingforces, like thermophoresisor/and ion
drag, and that this unbalanceincreaseswith increasing

powet
The horizontalacceleratiorof the particlesis
_odx 18
X odr
wherex Xx(x(t),t). Insertingthis, yields
xdx X 19
xdt ot

Consideringthe acceleratedchorizontal motion as a global
motion characteristidor all the particles seeFig.5 a , with
the radial velocity dependenbnly on radial position,andnot
ontime,then x/ t 0. Thehorizontalacceleratiorthenbe-
comes

xdx | X

—, 20

X Xdt x
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FIG. 6. Verticalvelocity distribution;the particlesarefalling with a constant
speed.

which can be precisely measuredrom the radial velocity
distribution of the particlesfor eachexperimentakondition.
This is in fact the convectivederivativeappliedto the veloc-
ity vector It is usuallyappliedin the study of fluid mechan-
ics for a stationaryflow pattern.

The analysisof particletrajectoriesin the vertical direc-
tion showsthat the particlesfall with a nearly constantver-
tical velocity, asit canbeseenin Fig. 6, giving usconfidence
that no additionalinhomogeneousorce actson the vertical
direction. This leadsto the ideathat the plasmais vertically
almosthomogeneousn the observationregion. Again, the
measuredvertical velocities are spreadwithin an error of
about7%. A typical indication for the pixel-limited resolu-
tion is the clear tendencyof the vertical velocity to take
preferredequidistantvalues.Equatingthe meanvertical ve-
locity in the equationof dynamicalvertical equilibrium Eq.

2 , the neutralfriction constanthasbeendeterminedand
has beenfurther usedin the horizontal motion analysis.A
certain mismatchbetweenthe measurecdand the theoretical
velocity seeEq. 2 hasbeenobservedwhich increases
with decreasingyas pressure For the worst caseat 100 Pa
the mismatchreache$0%. Here, the drag coefficientcom-
putedusingthe measuredrertical velocity hasbeenusedfor
the whole analysis.

The “trajectoryforces’ in the equationof dynamichori-
zontalequilibrium friction andinertiaforce arethengiven

by

dx
dx
Thesetrajectoryforceshaveto be balancedyy the sumof the

plasmaforcesF ,jasma N@amely thermophoresispn drag,and
electricfield force.

X. 21

Ftraject m

B. Electric field force

The particle chage is neededfor equatingthe electric
force equation.As usual, it is determinedby the floating
potentialof a sphericalprobeassuminga sphericalcapacitor
model for the particle. The floating potential has beenob-
tained solving the equationof ion and electroncurrentbal-
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ancefrom OML theoryusingthe electrontemperatureleter
minedfrom the probemeasurementgjelding

e e i Te /m,
mg kBT

kBT T

wheretheion temperaturé’ i hasbeenconsideredo beequal
to room temperatureTheseequationsare justified for the
caseof plasmaswvherethe chage carriersdo not exhibit any
drift motion. Whenthe drift velocity u; of the ionsis taken

into accountthe ion currentis definedby*?
u? u
I aznieui[(l %h 7) erf ')
2u| i th
—,—th ex;{ (i)z] 23

YA, th '

whereU 2q ;/m; and ¢ 2kgT/m; the ion thermal
velocity. Balancingthis by the electroncurrent

/8kBT
le a’ne kBT

the floating potential ¢ canbe numericallyobtained.It was
observedhatfor our casewhereu; 0.2 ,, thedifference
betweenthe OML and the drifting ion currentis insignifi-
cant.

The electricfield profile hasbeendeterminedfrom the
Langmuirprobemeasurements he electricfield force then
is

22

24

d g
fdxl 25

where ; hasbeenobtainedirom Egs. 22 and 23, and
from the probemeasurements.

Felectric 4 od

C. lon drag force

Theion drift velocity hasbeencomputedrom the radial
electric field of the plasmacolumnby u; E. is the
mobility of singly ionizedionsin the neutralenvironmeniof
their parent gas and is given for helium by

0.143kgms 3K 1%

Figure7 a showsthata nearlyparabolicradial potential
profile of the plasmacolumnis observedwhich producesa
radially symmetricion dragforce.

Theion draghasbeencomputedusingEqgs. 5 and 8,
which are justified for the collisionlesssituation low gas
pressure which is not exactly our case.Our experiments
have beenperformedat higher pressureswhere the mean
free path of chage exchangecollisionsis smallerthan the
Debyelength.We arenot awareof anyion dragmodelwhere
chage exchangecollisions are taken into account,so the
collisionlessmodelhasbeenimplementechere.

D. Thermophoretic force

The temperaturalistributionhasbeenmeasuredas pre-
sentedin Sec.lll. Figure 7 b showsthe nearly parabolic
horizontaltemperaturalistribution, which is responsibleor
a linearly increasingradial thermophoretidorce. The mea-

Downloaded 07 Nov 2002 to 134.245.68.68. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



4800 Phys. Plasmas, Vol. 9, No. 11, November 2002

FIG. 7. a Radially symmetricelectric potentialdistributionand b nearly
parabolicradial temperaturedistribution of an unperturbedplasma,for a
powerof 2.6 W.

sured profile can be comparedto the solution of the heat
diffusion equationwith homogeneougnegy input for the
cylindrical geometryof the experiment,

Pr
T —, 26
2 Ripd

whereP is the input power Ry,e andL the radiusandthe

lengthof the plasmatube,andr is the radial coordinate For

this estimationjt is assumedhatthewholerf poweris trans-
formedinto heatin the plasmacolumn. However this leads
to a systematicoverestimationof the temperaturegradient
andthusof thethermophoretidorce with up to 50%ascom-

paredto the experimentatesults.This might resultfrom the

factthata considerablgart of theinput poweris usedby the

plasmaitself for ionization,or from the enegy lossesat the

upperand lower endsof the plasma,which have not been
takeninto account.For the analysisof the thermophoretic
force the measuredemperaturegre taken.

E. Results for the symmetric case

Finally, the resultsof of the force measurementfr the
radially symmetricplasmaprofiles are presentechere. The
observedsymmetryof the potentialandtemperaturgrofiles
allows us a radial analysisof the problem.

The comparisonbetweenthe total trajectory force and
the sumof the plasmaforces thermophoresispn drag,and
electricfield force is representeéh Fig. 8. The electricfield
force actsasa confiningforce, soit hasbeenrepresenteds
negative whereagheion dragandthermophoresipoint out-

Zafiu, Melzer, and Piel

FIG. 8. a Plasmaforces(thermophoresisiondrag electricfield force,
for the symmetricatemperatur@ndpotentialdistributioncaseand b com-
parisonof the measuredtrajectoryforce” obtainedfrom the particletrajec-
tory analysistaking into accountthe friction with the total plasmaforce.

wards.Trajectoryand plasmaforcesagreewithin an error of
30%. The measuredrajectoryforcesare slightly larger than
the sumof outwardthermophoresigandion dragforcesand
the inward electric field force. A detailedanalysiswill be
presentedn Sec.V.

It is importantto state here that the confining electric
force is much smallerthanthe sumof thermophoretidorce
andion drag. The situationis the samefor other gas pres-
suresor input powers.This showsthat, at leastfor helium,in
this experimentalconfiguration,no confinementcan be ex-
pected.

F. Modified temperature profile

In orderto extendour studieson thermophoresiandion
dragforces,experimentaindermodified temperaturecondi-
tionshavebeenperformedn orderto establistregionsin the
plasmawhere ion drag and thermophoresidave opposite
directions.Thereforean externalheatsourcehasbeenadded
atthe observatiorievel. This heatsourceconsistsof a Peltier
elementof 18.7 W. The hot plate has beensetin thermal
contactwith one of the side windows the left side in the
recordedparticleimages, while the cold platehasbeenkept
at room temperatureThe maximumtemperaturelifference
betweenthe cold andthe hot plate suppliedby this model of
Peltier elementcan be up to 60°C, which is enoughto
changethe direction of the thermophoresis.

Polymethyl methacrylate PMMA  particles (a

20.02 mdiam) aredroppedthroughthe sameexperimen-
tal setupusing the sametechnique.The particle trajectories
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FIG. 9. a Horizontalelectric potentialdistributionand b modified hori-
zontal temperaturedistributionin the caseof the plasmawith the external
heatsource.The heatsourceis mountedto the left sidewindow horizontal
positionx 28 mm).

areagainanalyzedandthe horizontaland vertical velocities
are extracted. Temperatureand Langmuir probe measure-
mentshave beenperformed,asin the symmetriccase.The
electrontemperatures againfound to be almostconstantat
6.5 eV. Figures9 a and9 b show the temperatureprofile
andthe plasmapotentialdistribution. For this casethe tem-
peratureprofile is visibly modified due to the heatsource.
The plasmapotentialis alsomodifieddueto the useof quite
large metallic piecesof the heatsourcein the vicinity of the
plasma.The profile is still parabolic,but shiftedtowardsthe
heatsource seeFig. 9 a . The sameoccursfor the plasma
density profile. It has the maximum density of 5.9
10" m 2 shifted towardsthe heatedwindow. For these
modified condition, the arrowsindicatethe direction of drift
for the positiveions acceleratedn the plasmaelectricfield,

andthusof theion drag,andthedirectionof thermophoresis.

For this modifiedasymmetridemperaturease horizon-
tal Cartesiancoordinatesare used, with the origin corre-
spondingto theleft sideof the recordedmagesof thefalling
particles.They mustnot be confusedwith the radial coordi-
nateusedin the symmetriccase.

In Figs.10a and10 b, both the trajectoryforce mea-
suredfrom the particle trajectories,taking into accountthe
neutralgasfriction, andthe plasmaforces ion drag,thermo-
phoresis,and electric force have beenplotted. Again, the
confiningelectricforceis muchsmallerthanthe sumof ther
mophoresisandion drag.In this casethe differencebetween
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FIG. 10. a Plasmaforces(thermophoresisiondrag electricfield force
for the asymmetricaltemperatureand potential distribution caseand b
comparisonof the measuredrajectory force from the particle trajectories
analysistaking into accountthe friction with the total plasmaforce.

the total trajectory and plasmaforces is measuredio be
about50%.

V. RESULTS AND DISCUSSIONS

The measuredrajectory force, which is the total force
computedfrom the acceleratecdutward motion taking into
accounthefriction force hasbeencomparedvith the sumof
the plasmaforces ion drag, thermophoresisand electric
field force . A reasonableagreemenbetweentrajectoryand
plasmaforcescanbe observedn both casesFor the radially
symmetricplasmathe forcesagreewithin 30% while for the
asymmetriccasewithin 50%

Figure 11 shows the relative difference (Fiaject

F plasma/ F raject D€tweenthe outwardand inward force for
two differentpressuresind for variousinput powers.It can
be observedhatfor very low powers the differenceis nega-
tive, which meansthat the measuredsum betweenion drag,
thermophoresisndelectricfield force s slightly larger than
the trajectoryforce on the falling particles.For 150 Pa, 2.3
W the highestmismatchoccurs.This canbe correlatedo the
fact that for theseexperimentalkconditionsthe dustdropper
hasbeenfreshly refilled, so that a hugenumberof particles
were injected into the plasmacolumn. A high number of
particleswhich simultaneouslyfall throughthe plasmacol-
umn canhavetwo effectswhich havebeennot discussedo
far.

A high dust particle density considerablyperturbsthe
electronandion densitiesWhena hugeamountof particles
is droppedinto the plasmait canbe observedwith the naked
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FIG. 11. Therelativedifferencebetweerthe ‘‘trajectoryforce,” whichis the

total force computedrom the particletrajectoryanalysistakinginto account
thefriction, andthe “total plasmaforce,” which is the sumbetweertheion

drag,thermophoresisandelectricfield force.

eyethat the dischage tendsto extinguish.Whendustis in-
troducedthe free electrondensitydecreasedueto the nega-
tive chage attachedo the particles.The unbalanceésetween
free electronsand ions increaseswith the numberof par
ticles, affecting both the chaging processand the electric
field distributioninsidethe plasmalt is very difficult to mea-
sure this effect in situ due to the time-variablenumber of
particles.The probe measuremenhas beenperformedin a
particle-free plasmabecauseit is practically impossibleto
recorda completeplasmaparametermprofile within the few
fractions of secondwhen the particlesfall. Thereforethe
plasmaparametersecordedn a particle-freeplasmahaveto
be correctedA decreas®f the electrondensitycanbe intro-
ducedinto our analysisin orderto checkits influenceon the
force balance.Figure 12 showsthe changeof the ion drag,
thermophoresiandelectricforce on the particleswith varia-
tion of the n, to n; ratio. As expectedthis ratio hasno effect
on the thermophoreticforce, but the electric and ion drag
showsomevariation.Theion dragis describedy a function
which is not injective. This complex behaviorresultsfrom
the complicateddependencyf the variousquantitiesin the
ion drag equationon the electronandion densities.For in-

FIG. 12. Behaviorof the ion drag, thermophoresisand electric force with
the ratio n./n; as an effect of electro density reductiondue to the high
numberof particulatesAs expectedthermophoresiss not affected,whereas
theion dragis characterizedy a nonmonotonougunction.
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creasingng/n;, up to the maximumvalueatn,/n; 0.3,the
increaseof the particle chage is dominant, whereasfor
ne./n; 0.3the decreas®f the Coulomblogarithm predomi-
nates.Also the electric field force is seento increasewith
n./n;. This increases the resultof two competingeffects:
with increasingn./n;, the electric field E p in the
plasmadecreasedyut simultaneouslyit canbe relatedto an
increaseof the particle chage due to the higher electron
density The curveshownin Fig. 12 showsthatthe variation
of chage is dominant.

With theratio n./n; aconsiderablehangeof thegeneral
matchof the trajectoryand plasmaforcescan be observed.
For 150 Paand 2.6 W, a perfectmatchcan be obtainedfor
two differentvaluesn./n; 0.6 andng/n; 0.15.A reduc-
tion of 40% of the electrondensity might be reasonablea
reductionby 85% seemsto be out of range. However a
quantitative analysisof n./n; from this results would be
speculative.

For a plasmacontainingvery few dust, the interparticle
distanceis usually muchlarger thanthe screeningength, so
the mutual repulsionbetweenneighboringgrainsis not im-
portant. With the increaseof the dust density the interpar
ticle distancecorrespondinglydecrease$o valuescloseand
belowthe screenindength.In this case the mutualrepulsion
canhavea considerableontributionto thetotal force, which
pusheghe particlesout of the dischage.Again this effect is
quite difficult to be estimatedbecauseof the time-variable
numberof grains,and dueto the space-variatiorof particle
densityinside the dustcloud.

For the lowestinput power the sumof measuredralues
of thermophoresision drag, and electric field exceedthe
trajectoryforces.This canbe relatedto measuremengrrors.
For low powerthe outwardsbendingof the particletrajecto-
ries is quite small, also the probe measurementare much
more noisy, so that quite large errorsare expected.

For the casewherethe temperaturdield hasbeenmodi-
fied, the matchis within 50% mainly as a resultof the fact
thatin this specialcaseof asymmetrictemperatureand po-
tential profile, systematicerrorsin the Langmuir probeand
temperatureanalysis could not be compensatedas in the
symmetriccase The Langmuirprobemeasuremeris mainly
affected by the presenceof the probeholder being more or
lessinsidethe plasmalf atthe beginningof a profile record-
ing the holderis completelyoutsidethe plasmaat the endit
is completelyin contactwith the plasma.The resultis an
increasecasymmetryof the profile. For the symmetriccase
this errorcould be compensatelly averagingoothascendent
and descendenarm of the horizontal profile. Also the tem-
peraturemeasurementare affectedby heattransportto the
probeholder Whenthe probeis in contactwith coldertem-
peraturaegionsthanthe holder thena heatflow occursfrom
the holderto the probe.When the probeis hotter than the
holdet the heatflows vice versa.ln the symmetricalcasethis
problemcanagainbe compensatetly averaging Therefore,
it is reasonabl¢o expectthatthe asymmetriccaseis affected
by higher measuremenerrors, thus the match is slightly
worse.

After all the experimentalproblemslisted here,a short
overview of the reliability of the measuredorcesis neces-
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sary In theinwarddirection,the dominantforceis the accel-
erationand friction forcesmeasuredrom the outward par
ticle motion. A large numberof particletrajectorieshasbeen
analyzedhere, so the measuremenaccuracyis very high.
Thus, an eventuallack of precisionin measuremenof the
electric field force, derived from probe measurementsas
only a smallinfluenceon the total inward pointing force. For
the outwarddirection, the ion dragandthermophoresitave
comparablemagnitudesThermophoresi®©iasbeenquite ac-
curately estimatedusing the measuredemperatureorofiles.
The ion drag however due to the complicateddependency
on plasmaparameterss susceptibleo larger errors.The un-
derlyingion dragequation2® aresuitablefor our experimen-
tal conditionswith limitations.

Until now, enhancementsf 10 times>® or of 40 timeg*
of theion draghavebeenstated From our results,only mod-
erateenhancementsf up to 50% might be neccesaryde-
pendingon the experimentaktonditions.
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Thermophoretic and on Drag Forces Acting on
Free-Falling Charged Particlesin an RF-Driven
Plasma
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Kiel, Germany

Abstract. Thethermophoretidorce andion-dragactingon micro-particledalling throughalong

RF plasmahasbeenmeasurecereundertwo differentexperimentalsituations:eitheran unper

turbed plasmacharacterizedy its symmetricpotentialand temperaturalistribution or a plasma
with anasymmetridemperaturendpotentialprofile. The dominanteffect of the gravitation force
is reducedheredue to the dynamicequilibrium with the friction force of the particleswith the
neutralgas.

Thereductionor even suppressiomnf the dominantinfluenceof the gravitation force
on the complex plasmasystemshasallowed the studyof "hidden" effectslik e voidsin
three-dimensionatlust structureq1, 2, 3, 4], which occurdueto smallerforceslike
thermophoretidorce andion drag. For typical particlediametersof 1 10um, these
forcesareaboutoneorderof magnitudesmallerthanthe gravitation force.

Simulationof experimentundermicro-gravity [2] shav thatanad-hocenhancement
of theion dragforce of at leasta factorof 10 is necessaryo simulatevoidslike those
obseredin experimentg1]. Therefore guantitatve measurementsf thesetwo forces
arenecessaryn orderto checkor improve thetheoreticakalculationsandsimulations.

Here, experimentsto measurethe ion drag and thermophoresisinder laboratory
conditionsarepresented.

In our experiment,the micro-particlesaredroppedthrougha long plasmadischage.
Within severalcentimetersthe particlesreacharegime of constanwerticalvelocity due
to the balanceof the gravitation force by thefriction force of the falling particleswith
theneutralgas.

mg mBy O (1)

Thus,this experimentprovidesa dynamicequilibrium, therebyeffectively reducingthe
influenceof gravity.

In the following, the forcesacting on the particleson the horizontaldirection (see
Fig. 1d) aresummarizedin a dischage tube,the electricfield structureis determined
by the positive polarizationof plasmawith respecto thewalls. This typically provides
alinearly increasingadialelectricfield E x . Theelectricforce on a particleof chage
Qis thendefinedby

I:electric QE X (2)



For the particleswith a horizontalvelocity, thefriction forceis

I:f rict_x mB X (3)

The ions are acceleratedowardsthe walls due to the sameelectricfield E x in the
plasmaandacton the negatively chagedparticlesby the so-calledon drag[2, 5, 6]. It
hastwo componentsa directone,which is dueto the momentunmtransportof theions
which hit the particlesurface

F

collea

MMV Vs TIOZ (4)

anda secondne,the Coulombcomponent,whicls producedy exchangeof momen-
tum of theionswhosetrajectoriesarebentin theelectricfield of the particles

F

2

Coulomb 4TI MV;Vsb7 (5)

Here,vs is the meanspeedf ionsapproachindhe particle,b. is the maximalcollection

impact parameterb, is the impact parametercorrespondingo a deflectionangle of
2

m 2, [ is the Coulomblogarithm.n;, m, T., g andv; arethe numberdensity mass,
temperaturechage anddrift velocity of ions,andAj is the Debyelength.

Thethermophoretidorce dueto atemperaturgradientof the neutralgaspusheghe
particleto colderregionsof the plasmaandis givenby [6]

3213
Fp, —_Pom, (6)
themo 15Vth
whereA is the translationpart of heatconductvity of the gas,andv,,, is the thermal
velocity of theneutralgas.
In summarythe horizontalequationof motionof thefalling particlesis describedy

I:Coulomb I:thermo (7)

mx I:ele(Iric I:frict I:colle(I

Theinfluenceof theion dragandthermophoresifiave beenstudiedhereboth for a
symmetricandanasymmetridemperatur@ndpotentialdistributionin the plasmaThis
hasbeendoneto establishplasmaregionswith opposingion dragandthermophoretic
forces.

Theexperimentshave beenperformedn along RF dischagetube(seeFig. 1a)in He
at a gaspressurébetweenl00 and 200 Pa, for plasmapower between0.8 and 2.8 W.
The particlesareobsered at a certainlevel in the middle of the plasmacolumnin the
scatteredight of athin verticallasersheetusinga high frameratevideo cameraThe
laserstroboscopicallylluminatesthe particlesat 400 Hz. This methodprovidesa high
time resolution.evenwhenusinga low speedccamera.

The particlesusedhereare of 9.55 um and 20.02 um diameterand are made of
MelamineFormaldehydéMF) andPolymethylmethacrylatt®PMMA) respecitiely.

Theforcesontheparticlesaremeasuredherein thefollowing way: Fromthe particle
trajectories,the accelerationand friction force (in horizontal direction) are directly
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FIGURE 1. a)Schemef theexperimentaketupb) videoimage(symmetriccemperatur@ndpotential
distribution), ¢) video image(asymmetridemperatureand potentialdistribution), andd) horizontaland
verticalforcesactingon thefalling particles.

obtained.The plasmapotentialprofile andthusthe electricfield distribution have been
derived from probemeasurements hereforethe electricforce on the particlescould
be determined.To measurethe thermophoretidorce, the temperatureorofiles of the
neutralgashave beenmeasuredvith athermo-resistorTo evaluatetheion drag,theion

velocity hasbeencalculatedemploying their mobility p; andthe electricfield structure
in theplasmav; [4E X . It mustbe mentionedherethatthe equationgiescribingthe
iondrag(Eg.4, 5) areapplicableundertheassumptiothatnoion collisionsoccurinside
the Debyespherewhich is the caseof low pressurgplasmasin our case however, the

ion meanfree pathis smallcomparableo the Debyelength.

Two differentexperimentalsituationshave beenstudiedhere.First, the behaior of
falling particlesthroughan unperturbedplasma,characterizedy its naturalradially
symmetricelectric potential and temperaturedistribution, has beenanalyzed.In the
experiment,it can be seenthat the particlesmove radially outward with increasing
velocity (seeFig. 1b). This effect becomestrongemwith increasingplasmapower.

In the secondcase the temperaturealistribution hasbeenalteredusinga heatsource
on oneof the obsenationwindows (left side of the Fig. 1c¢). The probemeasurements
revealedthatalsothe electricpotentialdistribution hasbeenperturbedn this casedue
to theuseof large metallicpartsvery closeto thedischage.

Fig. 2 shavstheforcesactingon the dustparticlesin the symmetriccase.Therefore,
we have chosenradial coordinateswith the origin on the dischage axis. The radial
acceleratiorandfriction force from the radially outward moving particlesare shavn
in Fig. 3a. Additionally, the inward electricfield forceis shavn togethemwith the total
inwardforce. This total forcein Fig. 3ais supposedo be balancedy theion dragand
thethermophoresidt is seerthatthe sumof the measuredhermophoresiandion drag
is slightly smallerthanthetotal measurednwardforce. Thesmalldiscrepang between
thesetwo total forcesmight lie in the applicability of the ion dragequationgEq.4,5)
for our experimentalconditions.For thesemeasurements, ten-foldincreasedon drag
is not compatiblewith our results.The sameanalysishasbeendonefor the asymmetric
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FIGURE 2. Symmetricaltemperatureand potential distribution case;a) measuredorce, from the
particle trajectoriesanalysis,taking into accountthe friction andthe electric force, and b) theoretical
force (thermophoresiandion drag).
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FIGURE 3. Asymmetricaltemperatureand potential distribution case;a) measuredorce, from the
particle trajectoriesanalysis,taking into accountthe friction andthe electric force, and b) theoretical
force (thermophoresiandion drag).

experimentalcase.Here, also plasmaregions have beenobsered with opposingion
drag and thermophoresisAgain, the total measuredorce summarizingthe inward
acting forcesis slightly larger than the sum betweenthe measuredhermophoretic
force and the ion drag. Concluding,for both casesanalyzedhere,the ion drag and
thermophoresisiave beenexperimentallymeasuredshoving a quite good agreement
with the theoreticalpredictions,and emphasizinghe applicability limits of the actual
modelsdescribingthesetwo forcesfor our experimentakonditions.
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