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Abstract

This thesis explores the fundamentals and first applications of spatially-resolved
Langmuir probe diagnostics in dusty plasmas with respect to laboratory and mi-
crogravity experiments. The basics of dusty plasmas and the subtleties of Lang-
muir probe theory in low density plasmas with weak collisionality are described.
The investigations address the following topics:

• the design of an rf compensated miniature Langmuir probe with two-axis
drive, which matches the constraints for experiments under microgravity

• the evaluation and adaption of available probe theories for the analysis
of probe data under typical discharge conditions used for complex plasma
experiments

• the quantification of possible feedback of the probe on the plasma and
verification of the developed Langmuir probe system

• the investigation of effects of the probe on the surrounding particle distri-
bution

• the demonstration of first probe diagnostics applications in dusty and dust-
free plasmas

The major results can be summarized as follows: An automatic fitting algo-
rithm for the Langmuir probe data based on the ABR-Model was developed that
includes corrections for ion-neutral collisions. The competing OML-model was
found to be not valid in given discharge regime. The random sampling technique
to obtain probe characteristics was optimized to avoid dust contamination of the
probe. An important discovery was the observation of “anti-voids” around probes
and their explanation by quantitative modeling of the acting ion drag and electric
field forces on dust particles in the presheath regime. From the understanding
of this mechanism the formation of dust layering and its relationship to the gra-
dients of exerted forces could be explained by direct comparison between model
and experimental observations. The marking of the equilibrium point by dust
tracers was introduced as a novel technique to visualize the sheath boundaries.
The quantitative comparison of probe diagnostics with SIGLO plasma simula-
tions shows now a reasonable agreement, which is an important prerequisite for
future applications of the Langmuir probe in the IMPF experiments aboard the
International Space Station.





Kurzfassung

Diese Dissertation untersucht die fundamentalen Eigenschaften und erste Anwen-
dungen von ortsaufgelöster Langmuir-Sondendiagnostik in Staubigen Plasmen
im Hinblick auf Experimente im Labor und in Schwerelosigkeit. Es werden die
Grundlagen Staubiger Plasmen und die Feinheiten von Langmuir-Sondentheorien
in schwach stossbehafteten Plasmen geringer Dichte beschrieben. Die Unter-
suchungen zielen auf die folgenden Themen:

• Das Design einer HF-kompensierten Miniatur-Langmuir-Sonde mit
Zweiachsantrieb unter Berücksichtigung der Anforderungen für Experi-
mente unter Schwerelosigkeit.

• Die Bewertung und Anpassung vorhandener Sondentheorien für die Auswer-
tung von Sondendaten unter für Komplexe Plasmen typischen Entladungs-
bedingungen.

• Die Quantifizierung möglicher Rückwirkungen der Sonde auf die Entladung
und die Verifikation des entwickelten Sondensystems.

• Die Untersuchung des Einflusses der Sonde auf die umgebende Staub-
verteilung.

• Die Demonstration erster Anwendungen der Sondendiagnostik in staubigen
und staubfreien Plasmen.

Die wesentlichen Ergebnisse lassen sich wie folgt zusammenfassen: Basierend
auf einem ABR-Modell mit Korrektur für Ionen-Neutralatomstössen wurde ein
automatischer Auswertungsalgorythmus für Sondenkennlinien entwickelt. Das
konkurrierende OML-Modell erwies sich im gegebenen Entladungsregime als nicht
gültig. Für die Aufnahme von Sondenkennlinien wurde die “Random-sampling”-
Technik optimiert, um die Kontamination der Sonde durch Staub zu verhin-
dern. Eine wichtige Entdeckung stellt die Beobachtung von “Anti-voids” um
Sonden und ihre Erklärung durch die quantitative Modellierung der auf die
Staubpartikel wirkenden Ionenwind- und elektrischen Feldkräfte im Vorschicht-
bereich dar. Mit dem Verständnis dieses Mechanismus konnte die Ausbildung
von Partikelschichten und ihr Zusammenhang mit den Gradienten der wirk-
enden Kräfte durch Vergleich des Modells mit experimentellen Beobachtungen
erklärt werden. Die Markierung des Kraftgleichgewichtsortes durch Tracer-
Partikel wurde als neue Methode zur Visualisierung der Grenzen von Raum-
ladungschichten eingeführt. Als wichtige Voraussetzung für zukünftige Einsätze
der Langmuir-Sonde im IMPF-Experiment an Bord der Internationalen Raum-
station zeigt sich nun im quantitativen Vergleich von von Sondenmessungen und
SIGLO-Plasmasimulationen eine ergänzende Übereinstimmung.
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1 Introduction

“Complex plasma” or originally “dusty plasma” names a gas plasma, that consists
of electrons, ions, neutral gas atoms and additional microscopic particles with
sizes ranging from about 10 nm to several ten micrometers. While the old name
addresses mainly the origin of such systems, that is related to dust clouds in
space, the name “complex plasma” stands for the unusual properties of this kind
of plasmas, e.g. the formation of crystalline phases due to the highly charged
microparticles.

Two main reasons can be identified as motivation for the study of complex
plasmas: As the plasma phase provides the major contribution to the cosmic
matter, it often comes with embedded solid particles. This is the case for exam-
ple in proto-planetary disks, planetary ring systems, comet tails and interstellar
clouds [1]. Another origin of interest can be found in industrial applications.
There, dusty plasmas are either a result of plasma etching of semi-conductors or
a material reservoir and generator for deposition processes [2].

The interest of fundamental research is focused on the electrostatic phenomena
of the strongly coupled particles in a complex plasma [3]. Previous work, for
example, has been spent on the essential shielding and charging effects of dust
grains (see Section 2.2), the propagation of waves and solitons [4, 5], formation
of dust clusters and crystals [6] or the basic forces acting on the particles in the
plasma environment (see Section 2.3) and on diagnostical aspects [7].

The advantage of complex plasmas experiments compared to other setups for
investigation on strongly coupled particles, like laser cooled ions in particle traps
[8], is that they yield easily observable physics of (screened) Coulomb systems at a
relatively low rate of technical expense. Dusty plasmas are also in many respects
preferable to colloidal suspensions, because suspensions include by definition a
high damping rate, what makes them less suitable for e.g. wave investigations.
Nevertheless, the convenient study of dynamical properties of particle systems
consisting of micrometer sized grains in the laboratory is mostly restricted to two
dimensions, since gravity is a dominant force and confines dust clouds in the lower
boundary of the embedding plasma. Thus, only flat dust objects of significant
particle size can be studied under laboratory conditions. To overcome these limi-
tations and obtain three-dimensionally extended dust distributions, experiments
have been performed under microgravity conditions on sounding rocket missions
[9], parabolic flights [10], the MIR [11] and on the ISS∗ [12].

∗
International Space Station
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2 1. INTRODUCTION

These investigations yielded a wealth of data on new phenomena like dust-
free regions (“voids”) [9], de-mixing of differently sized dust particle populations
[13] and the repulsion of dust cloud boundaries [14], which can be observed only
under microgravity conditions. The effects are theoretically assumed to result
from the influence of dust on the discharge, shaping the plasma profile, which
yields the amplification of inherent forces on the particles, like ion drag force
and electric field force [15, 16, 17, 18, 19]. While various numerical simulations
addressed these open questions [20, 21, 22, 23, 24], the experimental access to
spatially resolved parameters of such complex plasmas is still missing. Thus,
as a promising candidate, Langmuir probe diagnostics are highly desirable to
overcome this limit.

Therefore, this study explores the fundamentals and the use of electrostatic
probes in complex plasmas with respect to microgravity experiments and espe-
cially the envisaged application aboard the ISS as part of the IMPACT†-IMPF‡

project. In detail, the main goals addressed are:

• the design of an rf compensated miniature Langmuir probe with two-axis
drive, which matches the constraints for experiments under microgravity

• the evaluation and adaption of available probe theories for the analysis
of probe data under typical discharge conditions used for complex plasma
experiments

• the quantification of possible feedback of the probe on the plasma and
verification of the developed Langmuir probe system

• the investigation of effects of the probe on the distribution of particles

• the demonstration of first probe diagnostics applications in dusty and dust-
free plasmas

As one of the roots of complex plasmas is found in industrial processing, where
capacitively and inductively coupled plasmas are used, these discharge types
also dominate in scientific laboratories. The PKE§ and IMPF devices, which
were designed for microgravity experiments and have been used for this work,
are members of the first type of reactors. Thus, the second chapter gives an
introduction to complex plasmas in capacitive rf discharges starting with basics
of plasmas under high frequency condition, the particle charging processes and
the various forces, exerted on the dust grains in the ambient plasma. Based on
these fundamentals, the mechanisms, which confine the third plasma species in
the discharge volume, is treated and an introduction to the void-phenomenon
and force-induced particle ordering is given.

In Chapter 3 the experimental setups are introduced in terms of plasma

†
International Microgravity Plasma, Aerosol and Cosmic Dust Twin

‡
International Microgravity Plasma Facility

§
Plasma-Kristall-Experiment
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chamber geometries, working conditions, dust particle properties and their
video observation in the discharge. The aspects of experiments on parabolic
flights, which have been used for the investigations, and other methods to obtain
microgravity condition are also discussed. The description of the probe hardware
includes the necessary compensation of fluctuations in the rf environment
and avoidance of probe contamination by particles in dusty plasmas, which is
strongly required for future long term experiments aboard ISS. Since no absolute
parameters from plasma diagnostics are available for the PKE and IMPF devices,
discharge simulations and especially the SIGLO code [25] are introduced as
additional “experimental” method yielding necessary comparison data for the
evaluation of probe measurements.

A method for the interpretation of measured probe data is worked out in
Chapter 4. This is done by classifying the given plasma conditions and probe
properties in comparison with the various existing probe theories as well as by
empirical arguments regarding the reliability of the theoretical and the mea-
sured probe characteristics. The considerations require a decision between the
applicability of the almost standard Laframboise theory [26] and the competing
Allen-Boyd-Reynolds model [27].

The performance of the Langmuir probe design and analysis method as
diagnostics in the experiments PKE and IMPF is characterized by measurements
of quantitative plasma properties in dust-free discharges. First the influence of
the probe on the discharge is addressed as non-negligible effect in feeble plasmas
in order to estimate the validity of the method. Further on, the exploration of
plasma properties as a function of discharge parameters is done by comparing
systematic measurements with corresponding simulations in magnitude and
two-dimensional spatial distribution. Besides the resulting information on the
properties of the probe system, this data is required to improve and adjust
plasma simulations and to characterize and rate plasma chamber designs for a
future ISS-based experiment.

Investigations on the interaction of charged particles and Langmuir probes
are a prerequisite for developing suitable diagnostic methods for complex
plasmas. Taking into account the presence of dust in the plasma, Chapter 6
therefore focuses on the behavior of dust particles in the vicinity of an object,
the probe, in the plasma. Since in the absence of gravity more subtle forces
dominate the motion of particles, which also play a role in the dust’s behavior
near the probe, the reported experiments had to be performed on parabolic flights.

To demonstrate the overall capabilities of the probe and concurrently go
further into the understanding of complex plasmas, advanced probe applications
are performed: Two-dimensional plasma parameter profiles from simulations
and probe measurements in the IMPF chamber are used to calculate the forces
on particles and obtain modeled equilibrium particle distribution. Recalling a
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recent debate [28, 29], competing ion drag force theories are included in the
model to promote a decision on the validity of models. The convenience of
measurements and simulations is then evaluated by comparing the result to ob-
served arrangements of tracer particles in the microgravity experiment. Finally,
the influence of a large amount of dust on the plasma parameter profile of a
discharge is explored by direct probe measurements in a laboratory investigation.
Both experiments also contribute to the still not complete understanding of void
formation in microgravity experiments [9, 10, 11, 30].

Besides the aim of this thesis to develop a diagnostic method, which opens a
new access to the physics of complex plasmas, it serves as a prestudy on probe di-
agnostics in the IMPACT-IMPF project to establish an experiment infrastructure
for dusty plasma aboard ISS.



2 Basics of complex plasmas

This chapter describes the properties of complex plasmas in capacitively coupled
radio-frequency (rf) discharges, in which all presented experiments are performed
and which generally dominate in scientific laboratories as dusty plasma experi-
ments. Besides inductively coupled plasmas, this type of discharge is also favored
in industrial processing, where it is used for anisotropic etching of semiconductors.

Therefore, starting with basics of plasmas under high frequency conditions,
a survey of the processes that determine the charging of dust grains as well as
the various forces, which are exerted on the dust in the ambient plasma, is given.
Special emphasis is laid on competing ion drag force models. Based on these
fundamentals, the mechanisms that trap the third plasma species, the particles, in
the discharge volume and the effect of force induced particle ordering is discussed.
Additionally, the void phenomenon is shortly described in terms of the present
models.

For simplicity, all further considerations are limited to electropositive plasmas
with only one gas component. Further, the ions are supposed to carry only one
elementary charge. This assumption is valid for the later introduced noble gas
discharges.

2.1 Capacitively coupled rf discharges

2.1.1 General Aspects of a Capacitive Discharge

In laboratory experiments, a plasma is produced in a vacuum chamber which is
evacuated and filled at a low pressure of (5 · · · 150) Pa with a selected background
gas. Often noble gases are chosen to provide the ions. An rf plasma chamber
[31] is equipped with at least one powered electrode and a arbitrary number of
grounded electrodes. In a simple setup the grounded electrode is represented
by the chamber walls. Figure 2.1 shows the schematic drawing of a rf plasma
chamber with two symmetrical plane electrodes. Typically the electrodes are in
direct contact with the plasma and their radius ranges from (2 · · · 10) cm. They
are separated by a gap d ≈ (1 · · · 10) cm. The discharge is driven by an external
rf source applied to the powered electrodes through a matching unit. To avoid the
loss of all charged particles created in one half cycle of the rf, the frequency frf

must be typically above 50 kHz. In laboratory experiments a standard frequency
of fRF = 13.56 MHz is commonly used. In contrast to the electrons, the ion

5



6 2. BASICS OF COMPLEX PLASMAS

Figure 2.1: Scheme of a typical rf discharge setup with two symmetrical electrodes.
One electrode is powered and the other one is grounded. Configurations with multiple
powered electrodes are also possible (see Chapter 3).

inertia is so high, that they cannot follow the RF field and thus they gain energy
only from the weak averaged fields generated by the plasma. The result is a
plasma, that is far from equilibrium, with a hot electron and cold ion component.
The differences in mobility implicate special properties of the plasma sheath, the
interface from plasma to electrode.

The rf-sheath

To describe the structure of the space charge sheath that connects the plasma
to an rf-driven electrode, we assume that a plane electrode, is in contact with
a non-isothermal plasma of equal ion and electron densities ni,e (compare with
Section 2.1.2). Then, the random electron flux to the plate is much high than
the ion current, because of the higher electron mobility. This is analogous to
the discussion of the potential of charged spherical bodies (Section 2.2.1) or the
floating potential of cylindrical probes (Section 4.2.1) in a plasma. Thus, the
electrode is charged up negatively and further electrons are repelled while ions
are accelerated towards the electrode. The equality of charge-carrier densities
(quasi-neutrality) is broken and the point, from whereon this universal property
of a plasma is no longer valid, is known as the sheath edge. A positive space
charge layer and an accompanying strong electric field that points towards the
electrode establishes close to it. The potential of the electrode is maintained at a
certain negative value, when the reduced electron current becomes equal to the
ion current and if the electrode has no ground contact, which can be ensured by
the blocking capacitor. The process of charging of an electrode to this floating
potential is called self-biasing.

In an rf discharge the described process is superposed with a sinusoidal oscil-
lating voltage Urf (t) fed to the electrode. It is shown in Section 2.1.2, that only
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the electrons can follow the resulting oscillation of the electric field in the sheath.
Keeping in mind Figure 2.2, the ion density ni is unaffected, since the ions follow
the average electric field, but the electrons are more repelled form the electrode
during the negative half of the rf period and flood the former sheath during the
other half. The sheath edge position xs(t) and the local electron density ne(z, t)
is then time-dependent. Still, the time-averaged electron current has to compen-
sate the ion flux to the electrode. Therefore, the averaged electron density ne at
electrode surface z = zelectr. is small, but non-zero. It is obvious, that an electron
located in the bulk plasma, is able to reach an electrode, and thus can contribute
to the discharge current when the electrode potential is more positive than the
space potential φp in the plasma volume close to the sheath edge during a small
fraction of the rf period. Therefore, considering only weak potential gradients in
the bulk, the peak plasma potential φp of a discharge is expected to adjust itself
at a value comparable to the rf amplitude or half of the peak-peak voltage 1

2
U rf

pp

[31].

Figure 2.2: Charge carrier densities ni and ne(t) in the sheath of a rf driven discharge.
The sheath edge position is given by the break down of ne(t) and thus the invalidity of
quasi-neutrality. The dashed line shows the averaged electron density over one rf cycle
at the position z. After [32].

Often it is useful for the description of physics in the region of oscillating
electron population, e.g. the determination of the charge of dust particles, to
define a duty cycle

α(z) =
ne(z)

ni(z)
(2.1)

for given quasi-neutrality at a point z. Assuming a time-averaged electric
field E(z) only dependent on the distance to the electrode z, Poisson’s equation
becomes

ε0
∂E(z)

∂z
= ρ(z) = eni(z)(1 − α(z)) . (2.2)
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Approximately, the charge density ρ from the averaged sheath edge zs to zelectr.

can be considered as constant. Solving Eq. (2.2), E(z) linearly increases for
zs ≤ z ≤ zelectr., yielding

E(z) = E0

(

1 − z

zs

)

, (2.3)

with E0 = E(zs). The assumption of a linearly increasing electric field has been
used previously [33] and proven by simulations [20] as a good approximation.
Zafiu et al. [34] have experimentally studied the details of the sheath electric field
in more detail. A sophisticated self-consistent model of a collisionless rf sheath
is given by Lieberman and Lichtenberg [32]. In experimental setups the electric
field in the space charge layer is found of the order of 104 V/m and is therefore
very important for the confinement of negatively charged dust particle in the
plasma (see Section 2.4). The width of the sheath (zs − zelectr.) can be estimated
to extend over some electron Debye lengths (see Section 2.1.2) [35, 36].

As the potential distortion caused by the electrode cannot be completely
screened by the space charge region, the field penetrates into a quasi-neutral
transition region, the presheath. It can be shown [37], that the weak potential
variation of the presheath accelerates the ions, so that the Bohm criterion [38]

v⊥ ≥ vB =

√

kBTe

mi

(2.4)

is fulfilled for ions entering the sheath. Here, v⊥ is the ion velocity component
perpendicular to the electrode surface, kB the Boltzmann constant, Te the electron
temperature, mi the ion mass and vB is the ion acoustic speed, known as the Bohm
velocity. Equation (2.4) is valid for a monoenergetic ion beam and is, as good
approximation for most experimental conditions, satisfied with the equality sign.
It should be noticed, that for a real ion velocity distribution 〈v−2

⊥ 〉 ≤ v−2

B has been
proposed as generalized Bohm criterion [39]. The brackets 〈〉 denote an average
over the local distribution function. The Bohm criterion has direct applications
in plasma diagnostics, because from the measured current of a Langmuir probe
the plasma density at the sheath edge can be estimated (see Chapter 4). From
here on, the position of the sheath edge zs will be defined by v⊥(zs) = vB.
Further information on the physics of the plasma-wall transition, even under
collisional conditions that have not been discussed here, is provided in [40] and
the review [41].

Discharge modi

In order to produce a steady-state discharge, it is necessary to energize the elec-
trons, so that enough ions are produced by electron-neutral collisions for the com-
pensation of charge carrier losses to the plasma boundaries like chamber walls and
electrodes. Two types of electron heating can be distinguished in a capacitive rf
discharge.
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Under moderate gas pressures pgas
>
∼ 15 Pa, the electrons gain energy from the

oscillating sheath edge. The expanding sheath accelerates the electrons in the
plasma volume, where, after an electron mean free path, they perform elastic
and inelastic collisions with neutral gas atoms. This type of heating is known
as collisional or ohmic heating [32]. The energy loss in elastic collisions is very
small due the mass ratio of electrons and neutrals me/mn, so that the electrons
only experience a change in momentum. In inelastic collisions the energy is
transfered to excitation and ionization of neutrals. As this process occurs close
to the sheaths, the main light emission of the plasma is found here.

Under low pressure discharge conditions, the electron mean free path may
become larger than the distance d of the two electrodes. Then a small fraction
of the electrons can travel, accelerated at one sheath edge, through the plasma
volume to the other sheath, where they “collide” with the sheath electric field.
It depends on whether the sheath is contracting or expanding at the time of
arrival, if the electrons loose or gain energy from these encounters. Statistically
they are heated and become a high energy component of the plasma which is
responsible for maintaining the plasma by ionization. On the other hand, the
main electron component remains at a temperature even smaller than in the case
of ohmic heating, which results from the lack of energy transfer from the “hot”
to the “cold” electron population by electron-neutral collisions. Detailed work on
this stochastic or collisionless heating was done by Gozadinos [42].

The transition from one heating regime to the other is performed erratic and
yields a change in plasma brightness [43], density [44], and measured electron
temperature [45] since the probe is more sensitive to the temperature of the
major electron component. For the Langmuir probe measurements in complex
plasmas studied here, the ohmic heating regime is preferred and as the transition
from the ohmic to the stochastic mode is observed in the used PKE and IMPF
experiments at higher rf power, when the neutral gas pressure is reduced below
pargon

<
∼ (10 · · · 15) Pa, this pressure represents a lower limit for the experiments.

2.1.2 Fundamentals of Plasmas

The intention of the following section is to recall a few properties of plasmas and
their extensions to dusty plasmas, that are of special importance for this work.

Quasi-neutrality

One of the most important features of plasmas is their quasi-neutrality,

ne − ni

ne

� 1 . (2.5)

ni is the density of (singly charged) ions and ne the electron density, respectively.
But, as the quasi-neutrality after Eq. (2.5) is typically on the order of 10−6, it is
justified to use the known plasma approximation

ne − ni = 0 (2.6)
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and care for possible deviations from Eq. (2.6) by bearing in mind

∇φ = E 6= 0 . (2.7)

Although a residual electric field ~E in a plasma volume is weak and in many cases
negligible, it does play a role, for example, in the acceleration of ions in small
discharges from the central plasma to the chamber walls (see Section 2.4).

Taking into account a substantial number of charged dust particles as the third
species of a complex plasma, the quasi-neutrality condition has to be extended
to Eq. (2.40). The properties of a dusty many-particle plasma are discussed in
section 2.2.5.

Shielding

Closely related to the tendency of the plasma to keep quasi-neutrality, is the
shielding of disturbing charges. Assuming a point-like charge perturbation Qδ(r),
Poisson’s equation in spherical coordinates is given by

∆φ = − ρ

ε0

⇒ 1

r2

d

dr

(

r2
dφ

dr

)

= − 1

ε0
[Qδ(r) + e(ne − ni)] , (2.8)

where ρ is the charge density and ne,i are the disturbed plasma densities. For
clarity, the undisturbed densities far away from the test charge will be named
ne∞ = ni∞. Considering a Maxwellian energy distribution of ions and electrons
in the plasma, ne,i affected by the field of the test charge φ is reduced by the
Boltzmann factor and can be developed in a series to the first order,

ne = ne∞ exp

(

eφ

kBTe

)

≈ ne∞

(

1 +
eφ

kBTe

)

(2.9)

ni = ne∞ exp

(

− eφ

kBTi

)

≈ ne∞

(

1 − eφ

kBTi

)

. (2.10)

The latter approximation is valid, when the disturbance is small and thus the
ratio of potential to kinetic energy eφ/(kBTe,i) is small, too. Te,i are the ion and
electron temperatures, kB is the Boltzmann constant. Inserting Eqs. (2.9) and
(2.10) in Eq. (2.8) yields

1

r2

d

dr

(

r2
dφ

dr

)

= −Qδ(r)
ε0

+
1

λ2

D

φ . (2.11)

It can be shown, that Poisson’s equation can be solved with a Debye-Hückel (aka
Yukawa or screened Coulomb) potential

φ(r) =
Q

4πε0r
exp

(

− r

λD

)

. (2.12)
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The Debye-Hückel law describes the development of a potential that decays with
the scale of the linearized Debye length

λD =

[

e2ne∞

ε0

(

1

kBTe

+
1

kBTe

)]−1/2

=

(

1

λ2

De

+
1

λ2

Di

)−1/2

, (2.13)

with the individual electron and ions Debye lengths

λDe =

√

ε0kBTe

e2ne∞

, λDi =

√

ε0kBTi

e2ni∞

. (2.14)

Typically Te � Ti, so that λD ≈ λDi. A result of the solution Eq. (2.12) is,
that local deviations from quasi-neutrality of electrons and ions can exist only in
sphere of radius λD, the Debye sphere, around the potential distortion.

As the charge of dust particles can comprise several thousand elementary
charges, the assumption of eφ � kBTe,i is no longer tenable for the shielding
problem of microspheres immersed in the plasma. Lampe et al. [46, 47] have
solved Poisson’s equation with electron and ion densities given by the OML-
currents (see 2.2.1). They also included the influence of ions which can be trapped
in orbits around the particle [48] and enhance the shielding of the particles electric
field. The resulting potential distribution agreed within 25 % with Eq. (2.12)
up to a maximum distance r ≈ 5λD from the particle. Far from the particle,
the screened potential approximates a 1/r2-dependence similar to an unscreened
Coulomb potential.

Using the linearized Debye length as characteristic length for a Debye-Hückel
potential, implies that ions and electrons contribute to the shielding in the same
manner. In real discharges, ions are often accelerated in the residual electric
fields of the finite plasma. These streaming ions are less affected by a potential
distortion and thus they have a smaller contribution to the shielding process. The
thermal energy kBTi in the ion Debye length has to be substituted by the kinetic
energy Ekin that accounts for the mean velocity of the ions vs [49],

Ekin =
1

2
miv

2

s =
1

2
mi(v

2

ti + v2

i ) . (2.15)

Here, mi is the ion mass, vti the ion thermal velocity (see Eq. (2.21)) and vi the
ion beam velocity. The ion velocity dependent shielding length λv

Di(vi) is then
given by

λv
Di(vi) =

√

ε0kBTi

e2ni∞

(

1 +
v2

i

v2

ti

)

, (2.16)

and yields the linearized Debye length as function of the ion speed,

λv
D(vi) =

[

1

λ2

D,e

+
1

λ2

D,i

1

(1 + v2

i /v
2

ti)

]−1/2

. (2.17)
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Equation (2.17) is a useful expression for vti < vi < vB and can therefore used
for example for the shielding of particles located in the presheath of a plasma
boundary. For vi

>
∼ vB, the contribution of ions to shielding can be neglected and

λv
D ≈ λDe [50]. A similar increase of the effective shielding length in the sheath

region of a plasma was suggested in [51]. Thus, the electron Debye length can be
considered as the characteristic length for the extend of sheaths around probes
and other electrodes limiting the plasma.

Plasma frequencies

Up to now, the more or less static shielding has been considered. In the cases of
dust particle motion or ion wave propagation the dynamic aspects have addition-
ally to be taken into account. Due to their small mass, electrons are much more
mobile than ions. The question is, up to which frequency they are able to screen
deviations from quasi-neutrality, instantaneously. Considering the displacement
of an electron in a fixed ion background of distance x, the force needed is eE and
the approach can be formulated as the equation of a harmonic oscillator,

me
d2x

dt2
= −edE

dx
x = −e

2ne

ε0
x , (2.18)

with the natural frequency

ωpe =

√

e2ne

ε0me

, (2.19)

the electron plasma frequency. Dynamical phenomena taking place on a time scale
smaller than 1/ωpe are not shielded, since the electrons cannot follow. An example
is the transparency of the plasma for electromagnetic waves at a frequency f >
ωpe/(2π). Below the cut-off frequency ωpe/(2π) the wave is reflected.

With ni = ne the ion plasma frequency can be obtained from ωpi =
√

mi/me ·
ωpe. Here, another criterion for the use of the appropriate screening length is
obvious. Accounting for processes with a characteristic frequency ωpe/(2π) >
f > ωpi/(2π), the electron Debye length has to be chosen, because the inertia of
ions is too high. For ωpi/(2π) < f it is justified to use the linearized length λD.

Of importance for e.g. Langmuir probe measurements in complex plasmas,
is the response of charged dust particles to oscillating electric fields (see Sec-
tion 3.4.2). The dynamic limit for particles is the dust plasma frequency, that
writes, analogous to Eq. (2.19),

ωpd =

√

e2ndZ2

d

ε0md

, (2.20)

where nd and md are the particle density and grain mass. Zd is the absolute net
number of elementary charges on the particle surface.
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2.2 Dust particle charging

The complexity of a dusty plasma compared to an ordinary plasma is the pres-
ence of a third species of charged particles besides electrons and ions. The dust
particles differ from the others by a large mass and a high charge. While the
mass of a particle can be easily measured, the charge is strongly dependent on
the properties of the ambient plasma in which the particle is immersed and can
therefore only be estimated or measured with the same approximations, which
are used to describe a plasma. In addition, the dust charge becomes a dynamic
variable. But the magnitude of the charge is an essential parameter when the
phenomena of dusty plasmas, e.g. forces on particles, dust waves and crystalliza-
tion, are quantitatively described. Therefore, the most important aspects of the
common understanding of particle charging are introduced in this section. While
one of the first detailed contribution to this particular field has been provided by
Whipple [52] for charging processes in space, the basic theory had already been
worked out by Langmuir and Mott-Smith [53], who have developed the plasma
diagnostic method of electrostatic probes.

2.2.1 Probe theory for particle charging

Charging currents

For the determination of the charge of a particle immersed in a plasma it is
necessary to know the currents of electrons and ions that are collected by a body
in the plasma with a surface potential φd. This problem is similar to the current
collection by electrostatic probes (see Chapter 4). Langmuir and Mott-Smith
calculated the currents to a probe of cylindrical and spherical geometry. The
latter corresponds to the idealized shape of a dust particle, under the assumption
of collisionless motion of the plasma species, that are additionally supposed to
have isotropic velocity distributions. Considering the surface potential of a
particle as negative with respect to the plasma potential φp, the Orbital-Motion-
Limit-model (OML) assumes that the current contribution to this object in the
plasma is limited to those positive ions that have an impact parameter b <
bc (see Fig. 2.3). For simplicity the space potential is considered as φp = 0.
The assumption of a negatively charged particle is valid in non-equilibrium low
temperature plasmas, since the ratio of electron and ion temperature Te/Ti � 1
and therefore electron hit the particle more often than ions. Thus, the orbital
motion of an ion ends either on the particle or, after a slight deflection in the
central field of the charged particle, at infinity. Ions with b = bc will hit the
particle at grazing incidence. The total energy E0 of an ion starting at infinity
with the average thermal velocity

vti =

√

8

π

kBTi

mi

, (2.21)

is conserved in the electrostatic central field of the particle. Here, mi is the mass
of the ion and kB is the Boltzmann constant. Thus, the maximum energy of a
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Figure 2.3: Assuming a particle with negative surface potential, only attracted ions,
that have an impact parameter b < bc, contribute to the particle charge. Ions with
b > bc are deflected in the electrostatic field of the particle, but cannot reach it. α is
the deflection angle and r0 the distance of closest approach of the ion.

collected singly charged ion is

E0 =
1

2
miv

2

ti = eφd +
1

2

L2

0

mir2

d

, (2.22)

with the initial angular momentum L0 = mivtibc and particle radius rd. Trans-
forming Eq. (2.22) gives

bc = rd

√

1 − eφd

E0

= rd

√

1 − eφd

kBTi

. (2.23)

The parameter bc then represents the radius of an effective current collecting
surface of the particle, which is larger than the real spherical area. If the current
to a spherical particle is given by the charge flux enivti through the effective
surface area Aeff = 4πb2c and including a geometry factor 1/4, Ii becomes

Ii =
1

4
Aeffnievti = πr2

dnie

√

8

π

kBTi

mi

(

1 − eφd

kBTi

)

, (2.24)

where ni is the ion density of the ambient plasma.
The other plasma species which is in this case the electrons is repelled by the

dust particle. Only those electrons which have an energy that is high enough
to overcome the repulsive potential can contribute to the particle charge. Thus,
the collection area for electrons is the real particle surface Ad = 4πr2

d, but for a
Maxwellian distribution the electron density

ne(φd) = ne∞ exp

(

eφd

kBTe

)

(2.25)

close to the surface is reduced by the Boltzmann factor. The electron current is
then given by

Ie = −1

4
Adneevte = −πr2

dne∞e

√

8

π

kBTe

me

exp

(

eφd

kBTe

)

. (2.26)
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Figure 2.4 provides electron and ion currents to a particles with rd = 1.74 µm
and rd = 3.4 µm as a function of the potential φd for selected values of Te.

Figure 2.4: Charging currents to spherical dust particles of radius rd = 1.74 µm (A)
and rd = 3.4 µm (B) in an argon plasma with ni,e = 1.2 · 1015m−3 for various Te and
Ti = 0.026 eV. The intersections of electron and ion currents indicate the magnitude
of the floating potential, that is expected for the particle under the given conditions.

Determination of the charge

As the particle represents an isolated spherical probe in the plasma the net charge-
carrier flux to the body must become Ii(φf ) + Ie(φf ) = 0 after the steady-state
charge is reached. φf is the floating potential, at which the equality of ion and
electron current is given. For a particle at steady state, φd = φf . Combining
Eqs. (2.24) and (2.26) then gives the transcendent equation

1 − Te

Ti

ηf =

√

mi

me

Te

Ti

ne∞

ni∞

exp(ηf ) , (2.27)

with the normalized floating potential ηf = eφf/(kBTe). Equation (2.27) can be
solved numerically and yields, for a quasi-neutral, non-isothermal plasma with
Ti � Te (see Fig. 2.4),

φf ≈ (2 · · · 3)kBTe/e . (2.28)

At steady state the charge on the particle Qd can be obtained from

Qd = Adσ = 4πr2

dσ . (2.29)

The surface charge density σ is determined by the electric field perpendicular to
the surface and

σ = ε0E(rd) = −ε0
∂φ

∂r

∣

∣

∣

∣

rd

= ε0

(

1

rd

+
1

λD

)

φ(rd) . (2.30)
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Here, the Debye-Hückel potential (2.12) is used for φ(r). Then, the particle charge
becomes

Qd = Csφf = 4πε0rd

(

1 +
rd

λD

)

φf . (2.31)

Cs represents the capacity of the spherical capacitor under shielded conditions. In
Fig. 2.4 the charge of the particle corresponding to its floating potential is shown
under the assumption that λD ≈ λDi, which is valid in drift-free low temperature
plasmas.

2.2.2 Validity of the OML charging model

In laboratory plasmas, particles are often confined in the plasma sheath. Here,
the OML requirement for Maxwellian distributed ions is no longer valid, due to
the acceleration of the ions in the sheath. If the kinetic energy of the ions becomes
Ei � kBTi for high drift velocities vdr, the charging current to the particle is [49]

Ii = πr2

dnie

√

2Ei

mi

(

1 − eφd

Ei

)

, (2.32)

with

Ei =
1

2
miv

2

s (2.33)

and an average ion velocity of

vs =
√

v2

ti + v2

dr . (2.34)

The development of the particle charge Qd in an ion beam with a velocity up
to vB is shown in Fig. 2.5. For the determination of the charge with Eq. (2.31)
both cases have been considered, namely a constant Debye length λD and a drift
velocity-dependent Debye length λv

D (see Eq. (2.17)). The charging of particles
under charge carrier drifts was also studied by Whipple [52]. Matsoukas and
Russell presented an expression for arbitrary distribution functions [54]. Even for
electrons the assumption of Maxwellian distribution is questionable, since in a rf
plasma they are mainly energized in the sheath.

Furthermore, if the mean free path of the ions λmfp = (nnσt)
−1 is significantly

smaller than the electron debye length λDe, collisions cannot be neglected. The
total cross section σt for ion-neutral and charge exchange collisions in argon at
“room temperature” is approximately 125 Å2 [55]. In Section 4.2.3 it is shown,
that collisions destroy the orbital motion of ions and favor radial trajectories.
Thus, even in the bulk plasma the OML theory for ions becomes questionable
and a radial motion theory should be used. Using the ABR approach (see Sec-
tion 4.2.2) in the case of rd � λD, Nairn et al. [56] found the particle to carry



2.2. DUST PARTICLE CHARGING 17

Figure 2.5: The particle chargeQd vs. the ion drift velocity vdr after [49]. The shielding
length in Eq. (2.31) is assumed to be constant (a) or dependent on ion velocity (b).
The particle radius is rd = 1.74 µm, the argon plasma conditions are Te = 3.3 eV,
Ti = 0.026 eV and ne = 1.2 · 1015m−3.

a charge, which is approximately the same as if it were situated in a vacuum.
Therefore, taking into account a Coulomb potential,

Qd = Cφf = 4πε0rdφf . (2.35)

Bryant [57] investigated numerically the floating potential and the resulting
charge of spherical dust grains with a more sophisticated ABR model which takes
ion-neutral collisions into account. He finds the influence of collisions to be im-
portant for particles of several micrometers in diameter at 6 Pa or higher gas
pressure in argon.

Nevertheless, the results of the OML model have been proven to be a valid
approximation for small particles (rd � λD) [58] and a good one up to rd ≈ λDe

[59]. In the case of a particle radius of rd = 1.74 µm and a Debye length λD ≈
40 µm the difference between particle charges obtained from Eqs. (2.31) and
(2.35) is less than 10 %.

Experimentally, the particle charge can be measured indirectly via resonance
methods [6, 33], the excitation of dust lattice waves [60, 61], the observation of
dust particle collisions [62] or after extraction with a Faraday cup [63]. Another
indirect method is the comparison of electron density measurements with and
without the presence of a large number of dust particles [64]. In this case, the
phenomenon of electron density depletion due to the binding of charge on the
dust surfaces is employed. This effect is discussed in Section 2.2.5 in more detail.
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Figure 2.6: Charging of a dust particle (rd = 1.74 µm) in an argon discharge under
the alternating presence of electrons in the rf sheath (α = 0.33) and in the undisturbed
plasma (α = 1). (Te = 3.3 eV, Ti = 0.026 eV, ne = 1.2 · 1015m−3).

2.2.3 Charging time

After the injection of a dust particle into the plasma, it will charge up according
to the ordinary differential equation

t < αTrf :
dQd

dt
= Ii + Ie (2.36)

t > αTrf :
dQd

dt
= Ii . (2.37)

Here, the generalized case of a particle trapped in the rf sheath of a plasma is
considered where the presence of electrons and thus quasi-neutrality is only given
during a time phase of α times the rf period Trf . If the particle is charged up in
the bulk plasma α = 1 and assuming the validity of the OML model, so that the
charge currents are given by Eq. 2.24 and 2.26, Eq. 2.36 transforms to

dQ

dt
= −πr2

dneevte exp

(

eQd

4πε0rd(1 + rd/λD)kBTe

)

+ πr2

dnievti

(

1 − eQd

4πε0rd(1 + rd/λD)kBTi

)

, (2.38)

where the particle potential is substituted using Eq. (2.31). The charging with
time t of a particle with rd = 1.74 µm is shown in Figure 2.6. In the case α = 0.33
the particle’s negative charge increases during one third of the rf period, since
ni = ne in the ambient plasma. During the remaining two third of the period the
electrons are displaced from the sheath and the ion current discharges the particle
again until the next electron flood. If the particles are trapped in the bulk plasma
under constant quasi-neutral conditions α = 1 the equilibrium charge reaches a
much higher absolute value.
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Regarding electron and ion currents separately, time constants τi,e analog
to the discharging of a capacitor Q(t) = Q0 exp(−t/τ) can be extracted from
Eq. 2.38:

τx = 4πε0rd

(

1 +
rd

λD

)

kBTx

e

1

πr2

denxvtx

, (x = e, i) . (2.39)

The formula given by [65] was extended, here, with respect to the shielding of the
particle charge according to the Debye-Hückel potential. Under the conditions
outlined in Fig. 2.6, τi = 8.7 µs and τe = 0.4 µs. Obviously, the charging
process is dominated by the longer time constant τi. Because of τi,e � Trf , the
equilibrium charge of a dust particle can be considered as constant even in the
sheath. Nevertheless, dust dynamical phenomena take place on a time scale, that
is determined by (ωpd)

−1 � τi,e. Therefore the charge is adjusted instantaneously
to the changing plasma conditions during particle motion.

2.2.4 Other charging mechanisms

Besides the current collection from the ambient plasma as discussed in the pre-
vious sections, a number of other charging mechanisms exists. Even if their im-
portance is mainly given for astrophysical plasmas [52], the most common ones
will be mentioned for completeness in the following.

Secondary Emission

When energetic electrons of the ambient plasma collide with or, for example in
space, cosmic rays hit a negatively charged dust particle, secondary electrons
may be released from the particle surface [66, 67, 68, 69]. The loss of negative
charge can be considered as a positive current towards the particle. The emission
probability depends on the electron energy and on the particle material [70]. For
the combination of electron energies less than 7 eV and the emission capability
of the plastic particles, which are used in the presented laboratory experiments,
the effect can be neglected. Ions require an energy in the range of keV before
their contribution to the charge by secondary emission becomes substantial [70].

Impact Ionization

Complementary to the charged plasma species, the neutral gas atoms can collide
with the particle at a high energy. Here too, electrons can be released from
the particle surface or the atom itself ionizes and donates electrons to the dust
particle. While in the first case the change in net charge is positive, it can be
negative in the second case. Impact ionization becomes important at high neutral
gas densities and temperatures.
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Photo Emission

Electrons can also be removed from the particle by incoming photons. If the
photon transfers its energy hν to an electron in the particle surface, so that the
electron can overcome the extraction work function, the particle is discharged
due to electron losses. Typically, photons with an appropriate energy are emitted
by ultra-violet light sources. Generally the intensity of the UV-component of the
spectral emission in dusty plasma laboratory experiments is too weak to play a
role in dust charging mechanisms, but in astrophysical plasmas under the effect
of direct stellar radiation the photo effect even generates positively charged dust
[71, 72].

Stochastic Fluctuations

For nanometer sized particles, stochastic fluctuations must be taken into account.
It has been found that the charge of a particle has a Gaussian distribution
around the average charge over the time [73, 74, 54]. These fluctuations
are a stochastic result of the discreteness of electric charge. The standard
deviation of the charge distribution is proportional to Q

1/2

d . Thus, small
particles which carry only a few tens or hundreds of elementary charges can be
positively charged for a short time. For micrometer sized dust as it is used for
this work and on the time scale of dust dynamics, the described effect is negligible.

Several other mechanisms can be considered that play a role on dust charging
under extreme conditions, e.g., emission of electrons resulting from very strong
gradients of the electric field at the particle surface [52], or charge removal
by radioactive α- and β-radiation. Dust particle charging in the experiments
presented in Chapter 3 is assumed to be only affected by currents consisting of
the plasma species, namely electrons and ions.

2.2.5 Many-particle effects

Up to now, dealing with the charging mechanisms the dust particles have been
regarded as single or at least separated (d � λD) objects in the electron-ion
plasma, consisting of electrons and ions, where d is the mean interparticle dis-
tance. When the dust particle density nd is increased and d is of the order of the
Debye length, more and more charge is accumulated on the third plasma species,
the particles. The quasi-neutrality condition then becomes for a three component
plasma

nee− ndZde− nie = 0 , (2.40)

where Zd is the mean net number of elementary charges on the particle. The
signs in Eq. (2.40) show, that the positive charge of the ions is compensated by
free electrons and electrons bound to the dust grains. Due to typical conditions in
laboratory plasmas, the particles are assumed to carry a negative charge. When
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a high dust density concentrates a large amount of negative charge to a certain
volume, the space charge potential in this volume increases negatively. Then,
the free electron density is depleted, because a substantial part of electrons is
bound on the particles. Thus, the negative charging current on the dust grains
is affected and the particle potential φd is shifted to less negative values. This
model has been proposed by Havnes et al. [15, 75] for astrophysical plasmas and
was adopted to laboratory conditions by Goree [74]. If the undisturbed plasma
potential outside the dust cloud is taken as φp∞ = 0, then the charge-carrier
density in the dusty plasma region with reduced (negative) space potential ψ is
determined by the Boltzmann factor

ne = ne∞ exp

(

eψ

kBTe

)

, ni = ni∞ exp

(

− eψ

kBTi

)

. (2.41)

The charging of the particle shall be still given by OML currents. Substituting the
densities in Eq. (2.27) with ne,i from Eq. (2.41) and keeping in mind ne∞ = ni∞,
gives

exp

(

− eψ

kBTi

)(

1 − Te

Ti

eφd

kBTe

)

=

√

mi

me

Te

Ti

exp

(

eψ

kBTe

)

. (2.42)

Using the vacuum solution Zd/e = Qd = 4πε0rdφd which is valid for rd � λD,
the quasi-neutrality condition Eq. (2.40) can be written as

exp

(

eψ

kBTe

)

− exp

(

eψ

kBTi

)

− nd

ne∞

4πε0rd

e
φd = 0 . (2.43)

The last coefficient on the left side is defined as

P
e

kBTe

≡ nd

ne∞

4πε0rd

e
. (2.44)

P is known as the Havnes reduction parameter and can be interpreted as a
measure for the ratio of charge, that is bound on the particles, to the charge
of free electrons.

Solving Eqs. (2.42) and (2.44) numerically yields the particle potential φd

and the deviation from the dust-free plasma potential ψ from a given reduction
parameter as plotted in Fig. 2.7. With increasing P the fraction of charges located
on the dust surface is increased, while the space potential is supposed to decrease.
The side effect of electron depletion results concurrently in a discharging of the
particles.

A very high dust density in a low power rf discharge can cause a high value of
P , so that even if only a few electrons are still found on the particles, the number
of free electrons is so small that ionization and thus plasma production becomes
insufficient. The plasma then collapses.



22 2. BASICS OF COMPLEX PLASMAS

10
−4

10
−2

10
0

10
2

10
4

−10

−8

−6

−4

−2

0

φ d / 
V

P
10

−4
10

−2
10

0
10

2
10

4
−0.15

−0.12

−0.09

−0.06

−0.03

0

ψ
 / 

V

ψ

φ
d

Figure 2.7: Particle potential φd and deviation ψ from the dust-free plasma potential
as function of the reduction parameter P that characterizes the charge distribution in
a complex plasma. Electron and ion temperatures are the same as in Fig. 2.6.

2.2.6 Coulomb coupling

The ability of a micrometer sized particle to carry typically 103 to 105 elemen-
tary charges in a laboratory plasma manifests in phenomena, that are related to
particle-particle interaction. The electrostatic energy Eel(d) between two similar
grains separated by the distance d in a plasma is given by the Debye-Hückel law

Eel(d) =
Q2

d

4πε0d
exp

(

− d

λD

)

. (2.45)

To minimize the electrostatic energy the highly charged particles tend to generate
ordered structures. This trend is opposed by the particles’ kinetic energy, which
can be approximated by the dust temperature Td

Eth =
1

2
mdv2

d =
3

2
kBTd ≈ kBTd . (2.46)

The ratio of the Coulomb energy to the kinetic energy of a particle system is
defined as the coupling parameter

Γ =
Eel

Eth

=
Q2

d

4πε0d

1

kBTd

exp

(

− d

λD

)

. (2.47)

When Eel � Eth the dust particle system is strongly coupled (Γ � 1) and
it condenses in liquid or solid phases. The solid phase is known as dust crys-
tal [76, 77, 78]. Critical values of Γ and the screening strength κ = d/λD for
crystallization in face-centered-cubic or body-centered-cubic structures have been
provided for strongly coupled systems [79, 80, 81].

A weakly coupled complex plasma is indicated by Γ � 1 and a gaseous phase
of the particle ensemble. Due to their small charge, weak coupling is also given
for the plasma electrons and ions.
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2.3 Forces on dust particles

Dust particles that are injected into a plasma obtain a high charge and can be
trapped inside the discharge. Various forces acting on the particles are responsible
for the motion of dust grains and the local equilibria, where they are balanced.
Especially the electric force can overcome the gravity and prevents particles from
leaving the plasma. This section gives an overview of the most important forces.
In particular, the common models describing the ion drag force will be discussed.
Further on, the final section will be focused on the force equilibria, that confine
and arrange the particles under laboratory conditions and under microgravity.

More details on the variety of forces are given in [65, 82]. For the discus-
sion of forces, separated spherical particles are assumed. Coagulation of two or
more particles in the experiment is mostly suppressed by the method of particle
injection (see Section 3.1.3).

2.3.1 Gravity

Without changing to an appropriate non-inertial reference system, in which the
gravitational force does not appear, all experiments and thus the dust particles
in the plasma underlie the acceleration |~g| = 9.81 m/s2 in the gravitational field
of the Earth. With the material dependent mass density ρd a spherical particle
of radius rd is subject to the gravitational force

~Fg = md~g =
4

3
πr3

dρd~g . (2.48)

For particles of the same material the force scales with the third power of the
particle radius. As a result, the size distribution of the particles has a strong
influence on equilibrium positions. For nanometer sized particles gravity plays a
minor role, while it is the dominant force concerning micrometer sized particles.
For the particles mostly utilized here (see Section 3.1.2) of rd = 1.74 µm, | ~F | =
3.3 · 10−13 N. Methods to overcome the dominance of gravitational force are
described in Section 3.2.1.

2.3.2 Neutral gas friction

Gas friction is based on the momentum transfer from neutral gas atoms to the dust
particle. The gas drag is only present when the particle is moving with respect
to gas background. The front side of the dust grain then, in average, experiences
a higher momentum transfer from colliding gas atoms than the back side, due to
the enhanced relative atom-grain velocity. Therefore the net momentum transfer
is opposite to the relative particle velocity ~vd and the particle is slowed down.

Assuming the absorption of all neutral atoms colliding with the particle and
|~vd| � vtn, yielding the gas atom’s kinetic energy Ekin ≈ mnv

2

tn/2, the average
transfered momentum per atom is

pn = mn

√

2Ekin

mn

= mnvtn , (2.49)
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where mn and vtn are the mass and average thermal velocity of the neutral gas
atoms. The product of the momentum and the flux on the particle cross sec-
tion σd = πr2

d estimates the neutral gas friction (the neutral gas drag is written
with the opposite sign),

~Fn = −pnnn~vdσd = −πr2

dmnnnvtn~vd . (2.50)

nn is the number density of neutral atoms.
Since the assumption of general absorption of the atoms is arbitrary, Epstein

[83] has studied the statistics of collisions with the particle surface in depen-
dence on the type of reflexion – radial, specular or diffusive – the colliding atom
experiences with the grain. He obtained the neutral gas friction as

~Fn = −δ4

3
πr2

dmnnnvtn~vd . (2.51)

The Millikan coefficient δ includes the type of atom reflection and 1 ≤ δ ≤
(1 + 4/9). Introducing the friction or Epstein coefficient

βfric = −δ 8

π

pgas

ρdrdvtn

, (2.52)

the friction force can be transformed to give

~Fn = −mdβfric~vd . (2.53)

pgas represents the neutral gas pressure. While the friction coefficient is reduced
with increasing particle size, the resulting neutral gas friction is increases with r2

d.
The most important role of the gas friction can be found in the damping of

dust dynamic phenomena, for example of stimulated particle oscillations in the
sheaths or dust waves [5, 34, 61, 84].

Especially under microgravity conditions when the gravitational force as dom-
inant effect is removed, the gas drag, produced by the gas flow from gas inlet to
pumping port of an experiment, often appears as a undesired force that breaks
the symmetry of a particle arrangement in the discharge. A way out to observe
subtle forces is to seal the vacuum chamber at the targeted gas pressure for the
duration of the measurement or to use a special chamber design that cares for
symmetrical low gas flow (see Section 3.1.1).

2.3.3 Thermophoretic force

The thermophoretic force on a dust particle results, analogous to the friction
force, from an asymmetry of momentum transfer to the particle due to neutral
gas atom collisions. In this case the relative particle velocity to the background
gas is assumed to be ~vd = 0 and a temperature gradient ~∇T is considered to
exist in the gas. Because of the non-uniform temperature, the particle “sees” a
hot and cold side. Atom impacts from the hot side transfer more momentum,
since the kinetic energy is higher than on the cold side. Hence, a net force in
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direction of the heat flux is exerted on the particle, that becomes important for
micrometer sized grains, when ~∇T is of the order of a few Kelvin per meter
[82, 85, 86, 87, 88, 89]. Rothermel et al. [90] have compared the expressions

for the thermophoretic force ~Fth, as they have been provided by several authors.
With the thermophoretic levitation of particles, they proved the suitability of

~Fth = −8

3

r2

d

vtn

Λ~∇T (2.54)

for the utilization under conditions similar to that in the experiments performed
for this work. For argon gas, the translation heat conductivity at 293 K is Λ =
0.016 WK−1m−1 [90].

In low pressure rf discharges ions are assumed to have approximately “room
temperature” (see Section 2.1). Additionally, the ionization rate ne/nn at low rf
power is of the order of 10−7. Therefore, the energy transfered from the few ions
to the neutral gas atoms is small. Plasma simulations for the PKE experiment
[22] show, that under typical discharge conditions the deviation from the ambient
temperature in the central plasma is ≈ 1 K. The resulting force is then negligible
compared to the electric field force and the ion drag which will be discussed below.

An interesting application of the thermophoresis is the compensation of the
gravitational force with an externally generated temperature gradient [90].

2.3.4 Electric field force

Due to the charge Qd of a dust particle, a Coulomb force

~FE = Qd
~E (2.55)

is exerted on it in an external electric field ~E. Since Qd is approximately linear in
the particle radius rd (see Section 2.2), the field force increases with rd. Although

the electric fields in the quasi-neutral bulk plasma are small, ~FE becomes the
dominant force in the plasma sheath, where strong electric fields exist (refer

to Section 2.1.1). Considering a sheath electric field of | ~E| = 5000 V/m and

|Qd| = 6000e, the Coulomb force | ~FE| = 4.8 · 10−12 N and noticeably overcomes
the gravitational force. The same particle in a quasi-neutral plasma region with
|Qd| = 10000e and an estimated residual electric field | ~E| ≈ 150 V/m, yields

|~FE| = 2.4 · 10−13 N. Thus, under gravity, micrometer sized particles can only be
trapped in the sheath or presheath of a discharge.

Equation (2.55) has been used without taking care that the particle is not
embedded in a vacuum, but in a plasma shielding the particle’s charge. In an ex-
ternal electric field, the charges on the particle surface and the shielding charges
in the Debye sphere around the particle are polarized and form a dipole. Daugh-
erty et al. [91] included the additional dipole force as a second term in the electric
field force and obtained

~FE = Qd
~E

[

1 +
(rd/λD)2

3(1 + rd/λD)

]

. (2.56)



26 2. BASICS OF COMPLEX PLASMAS

Under the usually fulfilled condition rd � λD, Eq. (2.56) approaches Eq. (2.55).
The important result is that although the plasma ensures its quasi-neutrality by
shielding the particle, it does not shield it from external electric fields. This result
have been confirmed by Hamaguchi et al. [92]. Further on, Eq. (2.55) is used.

2.3.5 Ion drag force

In analogy to the neutral drag force, a relative velocity between ions and charged
dust grains causes a force on a particle due to momentum transfer such that
streaming ions can accelerate the particle, thus an ion drag is present, or a moving
particle is slowed down as consequence of ion friction. The difference compared
to the neutral drag manifests in two points:

• The cross section for ion impacts on the particle is larger than the geometric
cross section, since the positive ions are attracted by the negatively charged
dust grain.

• Due to the attractive Coulomb interaction, momentum transfer is also pos-
sible when passing ions do not collide with the particle.

In general, these two mechanisms are referred to as the collection force Fc and
the orbit force Fo [49], the sum of which is the ion drag force Fi = Fc + Fo.
In order to keep the scattering problem of Fo manageable, simplifications have
to be made: An isolated dust particle is considered, i.e. the distance between
two dust particles d is large compared to the Debye length, d � λD. Hence,
no distortion of the grain charge and the surrounding Debye sphere has to be
taken into account. Wake-field effects [93, 94] are neglected. The ion mean free
path λmfp � λ, so that the ion motion is collisionless for the time of interaction
with the particle and rd � λD.

Despite the listed simplifications, additional approximations are necessary to
derive an analytical expression for the ion drag force. The discussion concerning
the orbit force [49, 59, 95, 88, 82] is still far from being settled [50, 28, 29]. Thus,
to cover the broadness of contributions to this topic, the widely used standard
approach of Barnes et al. [49] and a recent model of Khrapak et al. [50] will be
introduced in the following.

The “Barnes formula”

Bearing in mind the effective collection radius bc (Eq. 2.23) of ions from OML
currents in Section 2.2.1, the enhanced cross section σc for the collection force is
already known,

σc = πb2c = πr2

d

(

1 − eφd

Ekin

)

. (2.57)

Ekin is the kinetic energy of the approaching ion with impact parameter bc. With
the averaged transferred momentum pi = mi

√

2Ekin/mi the collection force can
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(analogously to Eq. (2.50)) be written as

~Fc = pini~viσc = πr2

dmini

√

2Ekin

mi

~vi

(

1 − eφd

Ekin

)

. (2.58)

For a monoenergetic ion distribution, like an idealized ion beam, Ekin = miv
2

i /2,
where vi is the relative velocity to the dust particle. To give an approximate
formula for a more general distribution function, Barnes et al. [49] identified Ekin

as in Eq. (2.15), and obtained

~Fc = πr2

dminivs~vi

(

1 − 2eφd

miv2
s

)

. (2.59)

It shall be mentioned that, to derive a more exact expression, the momentum
transfer must be integrated over the real ion velocity distribution. This approach
is followed in the discussion of Khrapak’s model [50].

The momentum transfer by scattered ions in the electric field of the dust
particle is the origin of the orbit force. Numerical methods are obligatory to
calculate the momentum cross section of the orbit force [95, 96] for a screened
Coulomb potential. For rd � λ it is a reasonable assumption to consider the
potential φ(r) close to the particle r < λD as approximated by the classical
Coulomb potential and to cut off the potential curve at λD, hence φ(r > λD) =
0. This is justified, since ions with impact parameter b > λD experience only
the mostly screened particle charge and their deflection in the residual field is
weak. Thus, their contribution to the transferred momentum is small and can be
neglected. This kind of potential is known as cut-off Coulomb potential with cut-
off radius bmax = λD. The orbit cross section is then given by integration over the
impact parameters, that do not result in a collection of the ion (b > bmin = bc),
but still contribute a substantial momentum exchange to the particle by deflection
(b < bmax = λD) (see [55, 97]).

σo = 4π

∫ λD

bmin

bmax

1 + (b/bπ/2)
db . (2.60)

The concept of a cut off-radius for the upper limit is essential, because the integral
diverges for an infinite upper limit. bπ/2 is the Coulomb radius, which represents
the impact parameter, that results in a α = π/2 deflection angle (compare with
Fig. 2.3) of the scattered ion trajectory. Estimating the interaction time t =
bπ/2v

−1

i during which the average Coulomb force FE is exerted on an ion in the
field of the dust particle and assuming that for large deflection angles α the
momentum loss of the ion is total yielding ∆pi = mivi,

mivi = FEt = − Qe2

4πε0b2π/2

bπ/2

vi

⇒ bπ/2 = − Qde

4πε0miv2

i

. (2.61)

The type of the scattering interaction and the validity of the cut-off Coulomb
approximation is often defined by the dimensionless parameter β = bπ/2λ

−1

D .
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When β � 1, all large-angle deflections take place within the Debye sphere
around the particle, where the ions can be considered to see the bare Coulomb
potential. In this case the use of the cut-off Coulomb potential is additionally
reasonable, since the neglected interaction of ions with b > λD is weak. Thus,
β � 1 is referred to as the “weak-interaction type”. The strong interaction case
β � 1 is characterized by momentum transfer from ions from outside the Debye
sphere. Here, the potential approximation with an unscreened Coulomb distri-
bution and especially the use of the linearized Debye length as cut-off radius is
extremely questionable.
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Figure 2.8: Orbit force Fo, collection force Fc, and the total ion drag force Fi vs.
ion speed vi and β after [49]. For FiB the linearized Debye length as cut-off radius is
substituted by the electron Debye length. The calculation is performed for a particle
with rd = 1.74 µm and a fixed charge of 10500e at a plasma density of ni = 1.2 ·
1015m−3).

Solving the integral in Eq. (2.60) for the unscreened potential yields

σo = 4πb2π/2
Γ , Γ =

1

2
ln

(

b2max + b2π/2

b2min + b2π/2

)

. (2.62)

It should be noted that a different choice for the integral limits in Eq. (2.60) can
be easily included by substitution of bmax,min in the Coulomb logarithm Γ. In
close resemblance to the collection force (Eqs. (2.58) and (2.59)), the orbit force



2.3. FORCES ON DUST PARTICLES 29

is written as

~Fo = pini~viσo

= 4πb2π/2
minivs~viΓ = 2πb2π/2

minivs~vi ln

(

λ2

D + b2π/2

b2c + b2π/2

)

. (2.63)

Orbit force, collection force, and the total ion drag force after [49]

FiB = Fc + Fo , (2.64)

are plotted vs. the relative ion velocity and β for a dust particle of 3.47 µm
diameter in Fig. 2.8. Obviously, the orbit force is the dominant part of the ion
drag at subsonic ion velocities. In typical rf plasmas, the ion speed reaches the
sound velocity vB only in the sheath, because the bulk plasma provides only weak
acceleration fields combined with a limited ion mean free path. Therefore, the
collection force plays a role exclusively at plasma boundaries.

In Figure 2.8 the drag force for a Coulomb cut-off radius of bmax = λDe is
provided additionally to demonstrate the strong dependence of the calculated
force on the inherent assumptions. The “Barnes formula” is also in use with
bmax = λDe (see the discussion of the ion drag below).

The model of Khrapak et al. (2002)

It is obvious from Fig. 2.8, that for high ion speeds or small β, the ion drag force
is dominated by the collection force. For β > 10−2 the orbit force determines
the ion friction force and is strongly influenced for example by the choice of the
cut-off radius. In contrast to the idea of the cut-off radius, that ion Coulomb
collisions with b > λD need not to be taken into account, Fig. 2.9 shows, that for
β > 1 the distance of closest approach r0 (see Fig. 2.3) of the ion to the dust grain
can be quite well smaller then the Debye length, even if the impact parameter is
considerably larger. Thus, using the cut-off radius with bmax = λD will neglect a
significant fraction of the momentum transfer.

In the approach of Khrapak et al. [50] all ions, that come closer to the
grain than λD during the collision are taken into account, yielding the cut-off
radius condition r0(bmax) = λD. With respect to the concept of the enhanced
OML collection radius (Eq. (2.23)), bmax, matching the previous condition, can
be easily obtained. Analogously, considering an ion grazing an imaginary sphere
of radius λD with the surface potential φ(λD) = Qd/(4πε0λD), Eq. (2.23) can be
rewritten,

bmax = λD

√

1 − eφ(λD)

E0

= λD

√

1 +
2bπ/2

λD

= λD

√

1 + 2β , (2.65)

where E0 = miv
2

i /2 has been used. For β � 1, Eq. (2.65) reduces to the standard
cut-off radius λD. Using the same definitions, the collection radius bc transforms
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Figure 2.9: Numerical calculation of the ion distance of closest approach to the dust
particle in dependence on the impact parameter b for a Debye-Hückel potential. For
β = bπ/2λ

−1

D = 13.2 the effect of a potential barrier (see [96]) leads to a discontinuity
in the curves. From [50].

to

bmin = bc = rd

√

1 + 2
bπ/2

rd

. (2.66)

Including the new bmin and bmax, the orbit force cross section (Eq. 2.62) becomes
in Khrapak’s model

σo = 4πb2π/2
ΓK , ΓK = ln

(

λD + bπ/2

rd + bπ/2

)

. (2.67)

Again, assuming the validity of the OML theory for ion motion, the cross section
of the collection force has been chosen equal to that in Barnes’ model [49].

Additionally refining the approach, the ion drag force FiK is derived by inte-
gration over a given ion velocity distribution fi(~v),

~FiK = mi

∫ ∞

0

~vvfi(~v)(σc(v) + σo(v))d~v . (2.68)

Gozadinos et al. [24] have simplified the general expression (2.68) given in [50]
for the case of a shifted Maxwell-distribution,

f(~v)d~v =

(

mi

2πkBTi

)3/2

exp

(

−mi(~v − ~vi)
2

2kBTi

)

d~v , (2.69)

which is a reasonable assumption for subthermal ion flow – as well as disregarding
the negligible contribution of the collection force, yielding σc = 0 in Eq. (2.68).
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The integral then reduces to one dimension, providing the drag force in direction
of the ion flow,

FiK =

√

2

π

nimi

vTvi

∫ ∞

0

σo(v)v
3 exp

(

−v
2 + v2

i

2v2

T

)[

cosh

(

vvi

v2

T

)

− v2

T

vvi

sinh

(

vvi

v2

T

)]

dv,

(2.70)

where vT =
√

kBTi/mi.
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Figure 2.10: Comparison of the ion drag force after the Barnes model [49] for a cut-
off radius bmax = λD (Fi) and bmax = λDe (FiB) and Khrapak’s model [50] (FiK)
for subthermal ion velocities. In all three cases only the orbit force components are
regarded. The conditions are similar to those given in Fig. 2.8.

Comparing the forces of Eqs. (2.70) and (2.63) in Fig. 2.10, FiK overcomes Fi

for very low ion speeds by a factor > 5. For vi ≈ vB/2, they are almost equal.
FiK is not approximately as large as the ion drag, using the “Barnes formula”
with the electron Debye length as cut-off radius.

It should be noted that, for simplicity reasons, Khrapak et al. [50] still use
a Coulomb potential to obtain their scattering cross section. Therefore and by
comparison of their derived orbit cross sections with numerical data from [98] and
[95], the authors limited the validity of the resulting ion drag formula to β < 5. In
[96] a parameterization formula is given for slow ion drifts with β > 13.2. Here,
potential barriers resulting from a high initial angular momentum of the ion and
forcing it on orbits around the dust grain in a screened potential are taken into
account. The model [96] has been compared with Barnes’ model in [55].
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Discussion

Both ion drag models, the “Barnes formula” [49] and the model of Khrapak et
al. [50] are based on the approximation that the screened Coulomb potential
surrounding a highly charged dust particle can be estimated by the standard
Coulomb potential which is set equal to zero for distances to the grain larger
than a cut-off radius bmax. The similarity of Coulomb and screened potential
is reasonable for cut-off radii up to the screening length, namely the linearized
Debye length λD [97]. Barnes et al. [49] have not specified, which (electron or
linearized) Debye length they address. Since the screening length in a quasi-
neutral plasma with ion drift velocities vi < vth,i is given by λD, the Barnes’
approach fulfills the condition to use the Coulomb potential approximation, when
using the linearized Debye length. Nevertheless, Kilgore et al. [95] had performed
numerical simulations of the ion scattering cross section assuming a screened
Debye-Hückel potential and found the results to be in a good agreement with
the “Barnes formula” including the electron Debye length λDe as cut-off radius.
Since then, the model of Barnes is used with λDe (e.g. [99]) – in contrast to the
original idea of the cut-off Coulomb potential.

Additionally, experiments and simulations have demonstrated, that the
Barnes model with λD does not explain the deflection of free falling particles
in plasma column [100, 101] or the formation of a dust-free region (“void”) in the
center of a discharge [22, 102], while the use of the electron Debye length does.

The model of Khrapak et al. [50] accounts for the possible large fraction
of Coulomb collision with impact parameters b > λD, that are neglected in the
Barnes force with bmax = λD, and therefore yields ion drag forces, that are, for low
ion speed, a factor 5 to 10 higher than those of the Barnes model [49] and might
be able to agree with the above mentioned experiments. Nevertheless, Khrapak’s
model [50] is in conflict with the Coulomb potential approximation for β 6� 1 as
well as the “Barnes formula” with bmax = λDe.

The advantage to make allowance for a given real velocity distribution in
Khrapak’s model, has the side effect of noticeable enlarged computation time.
With respect to Fig. 2.11, where orbit force cross sections are plotted for differ-
ent cut-off distances, it appears that the Barnes model can still serve as a fast
approximation formula with results close to Khrapak’s expression, when used
with the ion velocity dependent Debye length of Eq. (2.17) for a β of the order
of unity. This will be shown to be the interesting β-range as it is found in the
volume plasmas of the PKE and IMPF experiments in connection with the “void”
formation (see Section 2.4).

Parameterization formulas obtained from numerically simulated scattering
cross section have not been addressed here since the results of [95] are mostly
covered by Eq. (2.67) or are not applicable [96] for the expected values of β.

In conclusion, it must be pointed out, that both discussed models suffer from
the neglect of ion collisions and the influence of high dust densities which are
evident in many complex plasma experiments. For example, Schweigert et al.
[103] have shown in simulations that collisions can even lead to a negative ion
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Figure 2.11: Orbit force scattering cross sections σo as used in the Barnes model [49]
for cut-off radii bmax = λD, bmax = λDe and an ion drift velocity dependent cut-off
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D (see Eq. (2.17)) and from Khrapak’s model [50].

drag force. These features have not been included in any practicable ion drag
expression up to now.

2.3.6 Ordering of the forces

The maximum neutral gas temperature and space potential in a typical capac-
itive rf discharge are reached in the center of the plasma. Therefore, all forces
that depend on the gradients of these potentials act radially with respect to the
geometry of the plasma. While the electric field exerts a force on the dust grains
pulling them into the plasma, it accelerates the ions outwards, which on the
other hand generates an ion drag in the same direction. The thermophoresis also
drives the dust particles out of the plasma as it is shown in Fig. 2.12 (B). Only
the gravitational force has a fixed direction for every particle in the discharge and
can thus break the symmetry as long as its magnitude is comparable to Fi and
FE, and confine all grains in the bottom part of the plasma. It is obvious from
Fig. 2.12 (A) that this feature is lost for rd � 1 µm, since Fg ∝ r3

d. The dynamics
of micrometer sized grains including the particles with rd = 1.74 µm that have
been used in this work are determined by the dominant ion drag, electric field
forces, and gravity (if present). The resulting equilibrium positions occupied by
dust in the plasma is discussed in Section 2.4 in more detail. The thermophoretic
force plays a minor role in a low temperature plasma.

2.4 Force balance and “voids”

Studies on forces on particles [101, 55] or on the influence of dust on the discharge
[104] can be performed with particles falling through the plasma. But to observe
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versus particle radius. The vertical line marks the size of the grains (rd = 1.74 µm)
which have been mainly used in our experiments. The conditions ∇T = 25 K/m,
vi = vti, ne = 1.2 · 1015m−3, Ti = 0.026 eV, |Qd| = 10500e and pargon = 37.1 Pa are

possible values for the PKE experiment. (B) Directions of the forces ( ~FE , ~Fg, ~Fth and
~Fi,iB,iK = ~Fo + ~Fc) for the given conditions under gravity.

longer time scale dynamics like dust crystallization or oscillations of grains, a
confinement of particles in the plasma is highly desirable. Certainly, large mi-
crometer sized particles are easily observable, since the amount of scattered light
is large and two particles are distinguishable due to their inter-grain distance. The
problem is that their weight lets them sediment to the bottom of the experiment
chamber. Nevertheless, because of Qd ∝ rd (see Eq. 2.35), large particles are more
suitable to obtain a high Γ and thus, to yield dust crystallization (see 2.2.6). In a
laboratory experiment with an electrode as lower boundary of the discharge like
a typical capacitive rf discharge the gravitational force and the parallel ion drag
force can be balanced by the electric field that reaches 104 V/m. In the lower
sheath of an electro-positive plasma, the electric force on a negatively charged
particle points upwards to the high potential region of the plasma (compare with
Fig. 2.12). The opposing forces form a vertical potential well, which is to a good
approximation parabolic [34, 78]. Minimizing their energy in the potential well,
the trapped particles first fill up a single monolayer in a horizontal plane above
the lower rf electrode. Depending on the chamber geometry, often an additional
lateral confinement has to be applied in order to prevent the grains from being
lost at the edge of the electrode. Increasing the number of particles, more layers
appear but due to attractive wake-fields [94, 105] induced by the supersonic ion
flow in the plasma sheath, the grains tend to line up in vertical chains. Thus
the particle interaction in horizontal and vertical direction in the dust cloud is
different and in the latter case asymmetric [93]. Plasma crystals are therefore
known as flat, nearly two-dimensional systems.

To generate three dimensional particle arrangements, the particles have to
be liberated from the narrow potential well in the non-equilibrium sheath region,
which is possible by reducing the influence of gravity. For this purpose nanometric
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Figure 2.13: Scheme of the balance of electric field force and ion drag creating a dust-
free region (“void”) in the central plasma. On the left side a video frame from the
central meridional plane of the cylindrical PKE plasma chamber is shown.

particles have been used [30, 106, 107] for which gravity is negligible, or, keeping
the advantages of large particles, experiments are performed under microgravity
conditions [9, 10, 11, 12]. In both cases a “void” or void instability appears, when
the dust can fill up the plasma volume. The void is a dust-free region with sharp
boundaries, that is found mostly in the center of the discharge. The sharp bound-
ary of the void comes along with a compression of the first dust particle layers,
which yields particle stratifications [9] (see the following section). Goree [16] ad-
dressed the void phenomenon for collisionless ion motion, Tsytovich [108, 18] for
the collisional case. The mechanism is so far understood that the electric field
force pushing the particles towards the center of the plasma is position-dependent
and weakest in the center of the plasma. The field force is then overcome by the
ion drag force pointing in opposite direction radially outwards and creating a
dust-free region (see Figure 2.13).

In a self consistent analysis of the process, the electron depletion as a result
of charge bound to the particles in the dust cloud leads to an relatively enhanced
ionization in the void and therefore amplifies the electric field at the void bound-
ary. This may even result in the creation of double layers to match dust-free and
dusty plasmas [13]. Some authors doubt the amplification process by enhanced
ionization inside the void [16, 108].

Nevertheless, a quantitative description of the void phenomenon in real dis-
charge geometries is only possible with numerical simulations [22, 24, 23], as they
are introduced in Section 3.5. Akdim et al. [22, 23] demonstrated that the void
creation cannot be explained with the standard Barnes model [49] for the ion
drag but with the “Barnes formula” including the electron Debye length in the
Coulomb logarithm. In the simulations of Gozadinos et al. [24], which neglect
the dynamic process of void creation, it was shown that the void is stable with
respect to the ion drag model of Khrapak et al. [50] and, in contrast to earlier
findings that ionization must still occur inside the dust cloud.

Discharge conditions under which the void closes and dust structures can
establish in the center of a plasma have been theoretically investigated in [17].

It is possibly a result of the few available experimental measurements of
plasma parameters [109], or force gradients on test particles inside the void [110]
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that the experimental proof of one of the theories is still pending. Therefore, the
characterization of experimental, void developing complex plasmas with spatially
resolved measurements is highly desirable.

2.5 Ordering of particles under external forces

The formation of ordered structures in a particle trap is one of the outstanding
properties of complex plasmas. Thomson [111] already considered the behav-
ior of charged particles in a confining potential with neutralizing background in
his model of the classical atom. Similar strongly coupled Coulomb systems are
known from various fields of physics. One well-known example are crystalline
ionic systems in Paul [8] or Penning traps [112]. The advantage of complex plas-
mas in the study of Coulomb systems rests on the relatively simple experimental
setups and observation methods. These systems range from small Coulomb clus-
ters [113, 114] and linear chains [115] over large 2D [116] and 3D clusters [117] to
crystalline arrangements with several thousand particles [76].

Being trapped in a potential well with a dissipative gas background, the ki-
netic or thermal energy of the charged particle ensemble is reduced. The potential
energy due to Coulomb interaction then overcomes the kinetic energy and a cou-
pling parameter Γ > 1 is obtained (see Section 2.2.6). For such a strongly coupled
system further minimization of the total energy is preferably done by the opti-
mization of inter-particle distances, yielding smaller Coulomb energy: the system
becomes ordered. The type of the order is fundamentally affected by the geom-
etry of the confining potential. Thus, for example, it has been experimentally
[113, 116] and numerically [118, 119] demonstrated, that the radial confinement
of 2D clusters induces the formation of outer circular particle rings to match the
potential well. This behavior is also predicted by simulations [120] and observed
in an experiment [117] in connection with 3D clusters, where the outer shell made
of particles is spherical. The simplest configuration is represented by a one dimen-
sional confining potential. Totsuji et al. [121, 122] assumed an infinite extension
of a dust cloud in the x, y-plane, introducing periodic boundary conditions in
their molecular dynamics simulations (see Section 3.5). The confinement of the
Debye-Hückel system in the z-dimension is provided by an external parabolic
potential well,

φext =
1

2
kz2 , (2.71)

where k is the strength of the confining potential φext.
At low dust temperatures Td the authors found the arrangement of particles in

parallel layers perpendicular to the external forces. This result is similar to that
obtained for cooled ions in Paul traps [124]. The number of particle layers N was
found to be only a function of two independent parameters ξ∗ and η∗, as shown
in Fig. 2.14. The first parameter is given by the ratio of mean inter-particle
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Figure 2.14: Position of particle layers in the z-dimension normalized to the mean
particle distance d versus the confinement parameter η∗ (A). Number of layers N as
function of η∗ and ξ∗ (B). Symbols are results from simulations, thin lines are from the
theory provided by Totsuji et al.. From [122]

Figure 2.15: Experimental observation of a vertical confinement of a strongly coupled
dusty plasma by wall of a narrow channel. The width between the walls has been
reduced from the upper to the lower camera snapshot. The corresponding transverse
particle density distributions (ny) at the right side indicate the increasing formation of
particle layers in the confinement. From [123].
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distance d to the screening length,

ξ∗ =
d

λD

= dκ . (2.72)

With respect to the confinement, another parameter is the ratio of potential
energy related to the external particle trap kd2 and the kinetic energy kBTd. As
introduced in Section 2.2.6, the coupling parameter Γ > 1 defines a Coulomb
system to be strongly coupled. Both parameters Γ and kd2/(kBTd) diverge at
low temperatures – therefore, the second relevant parameter is defined as

η∗ =
π1/2

4

kd2

kBTd

1

Γ∗
=
π1/2

4

kd2

kBTd

4πε0dkBTd

Q2

d

=
ε0π

3/2d3k

Q2

d

. (2.73)

The arbitrary factor π1/2/4 is inserted for consistency with previous work of the
authors, Γ∗ = Q2

d/(4πε0dkBTd) is similar to Γ, with removed dependency on ξ∗.
Teng et al. [123] have made the 1D confinement-induced layering visible by

limiting the extent of a dusty plasma in a liquid state with a long and narrow
mesoscopic channel. The increasing order of the confined particle cloud with
reduced channel width is obvious from the transverse particle density distributions
in Fig. 2.15.

The phenomenon of layer-like ordering under an external confinement is
also known from colloidal suspensions [125] and on the nanometric scale from
molecules in thin liquid films [126]. The latter, for example, plays a role in wear
and lubrication processes on the atomic scale [127].



3 Experiment and diagnostics

3.1 Basic experimental setup

The experiments for this study have been performed in two different plasma dis-
charge chambers, that represent different stages towards an optimized experimen-
tal setup on board the International Space Station (ISS). Both vacuum vessels,
the PKE and the IMPF plasma chamber served as platform for experiments in
our laboratory and under microgravity conditions on parabolic flights (2001 and
2003).

This chapter introduces the experimental setups and addresses some detailed
issues concerning microgravity experiments. Special emphasis is given on the
probe diagnostic systems. Besides the measurement methods, the discharge sim-
ulation is introduced as additional diagnostic method.

3.1.1 The PKE and IMPF plasma chambers

The PKE chamber

The Plasma-Kristall-Experiment (PKE) plasma chamber [9] has been originally
developed by the Max-Planck-Institut für extraterrestrische Physik (MPE) in
Garching and has since performed an impressing “career”. Starting with mi-
crogravity tests on several parabolic flights [10], it was operated by MPE on
sounding rockets [9] and, in an cooperation of MPE and the Institute for High
Energy Densities (IHED) in Moscow, became one of the first experiments aboard
of ISS [12]. Studies on particle growth and dynamical dust behavior are described
in [128] and simulations of physical processes in PKE geometry are reported for
example in [22].

In a cooperation of MPE and our Institut für Experimentelle and Angewandte
Physik (IEAP), the PKE experiment was flown on parabolic flights in November
2001 to test the first prototype of an optimized Langmuir probe system for low
power dusty plasmas under microgravity conditions, that has been designed by
our group and is described in Section 3.4.

PKE is a capacitively coupled rf discharge (see Section 2.1) with two identical
size electrodes. The disk electrodes of r = 20 mm radius are mounted in the
center with a gap of 30 mm. An active discharge is confined by a grounded guard
ring, that is part of the base or top plate of the chamber. The walls are realized
as a glass cuvette with square base area and a height of 54 mm, which allows the

39
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illumination and observation of particles from all sides, as shown in Fig. 3.1. Due
to the expected axial and vertical symmetry of dust arrangements in the plasma
under microgravity the camera field of view is adjusted to cover at least one
quarter of the inter-electrode space plus an overleap in center of the discharge.
In order to scan the complex plasma in the y-dimension, camera and particle
illumination laser are mounted on a motor driven translation stage (see Fig. 3.2).
Details on the video observation system is provided in Section 3.3. Injection of

Figure 3.1: Scheme of experimental PKE setup with Langmuir probe, illumination
laser fan and generalized rf circuit.

the dust particles (see Section 3.1.2) into the plasma is done by dust dispensers
(see Section 3.1.3) through a sieve in the center of the electrodes. Since the
lower dispenser has a small efficiency under gravity conditions in the laboratory,
the chamber operated by the Kiel group includes only one dispenser in the upper
electrode. Four flanges are integrated into the upper lid of the chamber, providing
interfaces for the gas system, pressure gauges and diagnostics like the Langmuir
probe. The rotatable and shiftable probe support is located in the front-right
corner of the chamber, as can be seen in the side view (Fig. 3.1) and top view
(Fig. 3.2) of the experimental setup. The probe itself is fixed with a miniature plug
to a filter box, which is mounted at the end of a shaft, inserted into the chamber
through a vacuum feed-through, forming a right angle with it. The probe-tip can
be moved by stepper motors on circular arcs at different heights, that intersect
the center of the discharge vessel, yielding a highly resolved 2D cross section of
discharge parameters. The maximum speed of the probe-tip reaches 30 mm/s in
vertical and 80 mm/s in the horizontal direction with sub-millimeter resolution.
Therefore, in the limited measurement time of 20 s microgravity that is provided
by parabolic flights, approximately 40 separate positions can be performed to
acquire the local plasma parameters. During off-duty periods, the probe has a
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parking position besides the upper electrode, where it does neither disturb the
plasma nor the optical measurements.

Figure 3.2: Top view into the open PKE chamber with visualized probe rotation. The
illumination laser and the camera are fixed on a movable stage to allow scans in the
y-direction through the discharge volume, in order to explore dust arrangements in
three dimensions.

Argon has been chosen as the exclusively used working gas at pressures of
(15 · · · 100) Pa. The discharge is driven by a 13.56 MHz rf signal in push-pull
mode, with 180◦ phase-shift of the electrode voltages. This mode provides the
highest electric fields between the electrodes and small time-averaged fields be-
tween plasma and grounded parts of the discharge vessel. The push-pull signals
are supplied by a custom-made rf generator with tunable networks to match the
generator impedance to the system of electrodes, plasma and additional shunting
circuits. With applied rf voltages in the range of 50 Vpp to 120 Vpp the dissi-
pated power in the plasma is typically a few hundred mW. The electrodes are
connected to ground via a network that provides impedance termination for the
rf generator as well as a DC path. Thus, self-biasing is avoided and the average
electrode potential is then zero. The rf circuit is sketched in Fig. 3.1.

The IMPF chamber

The International Microgravity Plasma Facility (IMPF) is a planned experiment
for studies on complex plasmas under microgravity conditions aboard ISS, in
which several groups from a number of countries are involved. Due to its modular
design several experimental inserts, based on rf and dc discharge vessels, will be
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operated during the lifetime of the facility. IMPF will become part of a larger
IMPACT (International Microgravity Plasma, Aerosol and Cosmic Dust Twin)
facility, which shares part of the infrastructure with the ICAPS (Interactions in
Cosmic and Atmospheric Particle Systems) experiments.

The plasma chamber, used on the second parabolic flight campaign for this
work, is an early prototype of an rf chamber, which is intended to be used in
the first experimental insert of IMPF. Therefore, this chamber will be refered to
as “IMPF chamber”. This chamber was provided by Kayser-Threde, Munich, an
industry contractor of the IMPF project. The IMPF chamber has been flown as
part of experimental setup designed by our group on parabolic flights in June
2003.

Similar to PKE, the IMPF plasma chamber is a capacitively coupled discharge
device with two opposing electrodes of circular symmetry at a separation of d =
30 mm. In more detail, each of the electrodes consists of a center disk and a
ring electrode, which can be individually operated. The center disk has 55 mm
diameter and the ring electrode 80 mm outer diameter (compare with Fig. 3.3
and 3.4). Each electrode pair, the rings and the disks, are operated by their
own rf generator in push-pull mode. To ensure a fixed phase relationship of
the rf signal of the disk or ring electrode, the two generators are synchronized.
Due to the unavoidable capacitive coupling of the disk-ring arrangement, the
maximum rf amplitude ratio of center to ring electrode is approximately 1 : 3
(or 3:1) at typically chosen signals of Urf = (30 · · · 100) Vpp. In analogy to PKE,
self-biasing of the electrodes is suppressed by termination networks. The four
electrode system allows the modification of the radial shape of plasma properties,
as presented in Section 5.3.

The vacuum vessel itself is made of a stainless steel ring-shaped body-section
and the upper and lower lids, in which the electrodes, the gas inlet, pressure gauge
and pump flanges are integrated. Following a concept, that was introduced with
the design of the Kiel experiment “Kleiner Topf” [129] in 1996, the four windows
are flush mounted on the body section. The size of the windows matches the
projected inter-electrode space and allows the illumination and observation of
particles in the plasma for rectangular geometry. In order to visualize the global
arrangement of the dust as well as to study the distance of only a few neighboring
particles, two cameras with different fields of view have been installed. Again, the
optical system, cameras, the particle illumination laser and further components,
are mounted on a stepper motor driven translation stage to make scans in the
y-dimension of the plasma volume, what allows the reconstruction of the three-
dimensional dust arrangement in the plasma (see Fig. 3.4). Minimizing the laser
reflections in the metal chamber and still illuminating the whole inter-electrode
space, that is observed by the large-field-of-view camera, the laser fan has been
parallelized by a cylindrical lens, thus providing a rectangular light curtain.

The body section of the vessel comprises also of four multi-purpose ports for
mechanical access, that are arranged between the windows. During the measure-
ment campaign, two of the ports hosted dust dispenser for two different particle
sizes and a third carried the probe housing. The probe drive is again a special
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Figure 3.3: Side view of a cross section sketch of the IMPF chamber. Each pair of the
disk-ring electrode system has its own rf network, allowing to supply ring and center
electrodes with different rf voltages. Two viewing areas are recorded by the cameras.

design of the Kiel group to fit the constraints given in the restricted space con-
ditions in a space station experiment. Unlike the design solution for PKE, the
stepper motors and the 2D positioning stage are placed in a separated probe
housing, which is attached to the IMPF chamber and therefore becomes part of
the vacuum system. Therefore, no wearing parts, like a mechanical vacuum feed
through, are needed. Being radially movable to the center of the chamber and
30 mm in z-direction, the probe can scan half of a two-dimensional cross section
of the discharge, which, due to the axial symmetry, is representative for the whole
plasma. Due to the different mechanical realization, the probe drive is slightly
slower than the PKE system, but it still allows to record probe data on a 2D
plane during parabolic flights maneuvers. The maximum speed of the probe is
approximately 30 mm/s for both axis, again with sub-millimeter resolution. For
optical measurements the probe is completely retractable into its housing.

Some of the special requirements which the experimental design has to fulfill
to approve for parabolic flights, are listed in Section 3.2.2.

Gas system

The discharge in the IMPF microgravity experiment is an argon plasma with neu-
tral gas pressures of (15 · · · 100) Pa. During the operation time of the experiment,
an increasing amount of the plastic dust particles is deposited in the chamber and
carbon and oxygen compounds are released into the working gas due to sputtering
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Figure 3.4: Sectional view into the IMPF plasma chamber with its ring electrode
system. Cameras and laser are fixed on a motor driven stage. The probe drive is
located in separated vacuum chamber being flanged to the IMPF vessel (the probe
housing is only partly shown). For off-duty cycles the probe is fully retractable from
the discharge chamber.

of the particles. To avoid the contamination of the argon atmosphere, the gas is
refreshed at a low flow rate of approximately 0.25 sccm and a target pressure of
20 Pa. This gas flow is realized by pumping through an adapted bypass consisting
of a thin tube (compare with Fig. 3.5). For pump down of the vessel the bypass
valve can be opened.

When particles are trapped in the plasma, changes of the neutral gas pressure
are possible with closed bypass valve only. Otherwise the neutral drag (see Sec-
tion 2.3.2) of the gas flow removes all particles from the plasma. It turned out
during microgravity experiments, that even a low gas flow has a severe influence
on the particle arrangement. The dust cloud was still confined in the plasma,
but shifted towards the gas outlet port. Therefore, the vacuum system has been
completely sealed from the pump by a main valve during the measurement phase
under microgravity – similar to the procedure used with the PKE chamber which
does not allow any direct gas flow through the discharge vessel. The problem
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Figure 3.5: Schematic of the vacuum system in the IMPF parabolic flight experiment.

with the gas flow will be solved with a “shower head”-like symmetrical gas in-
and outlet and further reduced flow rate in future experiments.

Since the IMPF chamber has to be opened for refilling of the particle dis-
pensers, flooding of the vacuum is only done through an air dryer.

3.1.2 Dust particles

It is a basic requirement for the generation of regular structures, like plasma crys-
tals, but also for general fundamental studies of complex plasmas it is desirable
to reduce the number of unknown parameters in the experiment and thus to work
with dust particles which all have an ideal shape and exactly the same mass and
size. The identical shape, preferably spherical – to account for a simple approx-
imation of the electric field around the charged particle and hence the validity
of the OML charging model (see Section 2.2.1), together with the same size of
two particles, guarantee an identical charge. Additionally, having particles of the
same mass ensures identical dynamic properties in the plasma trap.

For the experiments spherical particles with a radius of rd = 1.74 µm have
been mainly used. In the IMPF experiment a second dust dispenser has been
equipped with rd = 3.4 µm particles to account for a size variation or to create
binary mixtures. The dust grains are plastic particles, that are made of melamine
formaldehyde condensation resin (MF) by Microparticles [130]. They excel
by a highly uniform spherical shape with a smooth surface and a monodisperse
size distribution with a coefficient of variance (CV) < 3%. Their density is
ρd = 1514 kgm−3, thus a small particle weights approximately 3.34 · 10−14 kg.
The temperature stability up to 573◦ K conserves the particles from degeneration
under normal discharge conditions in the experiments, but allows a cleaning of the
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Figure 3.6: Scanning electron microscopy image of a sample of particles made of
melamine formaldehyde condensation resin (MF) with an average radius of rd = 2.5 µm.
The size distribution is extremely narrow (CV < 3 %). From [130].

Langmuir probe by heating via high drawn currents (compare with Section 3.4.2).

3.1.3 Particle injection

Injection of the particles into the plasma is done by dust dispensers, working on
the principle of a salt shaker. A small container with a front sieve is filled with
particles and releases them into the discharge under mechanical agitation. The
dispenser of the PKE experiment is integrated into the upper electrode and driven
by an electric motor driven crank shaft, while the two dispensers of the IMPF
chamber are located at the chamber walls and are driven by ferromagnetic cores,
that are attracted in the field of a pulsed electromagnet. To ensure that only
single particles and no agglomerates are injected, but also to avoid a blocking of
the sieve, the size of the holes in the sieve are selected to match approximately
twice the particle size. The electro-formed sieve material, manufactured by [131],
has square holes of 12 µm side length for the large and 8 µm side length for
the small particles at a total transparency below 10 %. The small transparency
reduces the particle consumption and allows long-term operation. It turned out,
that the ratio of particles trapped in the plasma to particles injected into the
vessel volume is notable higher in the PKE system, since the dispenser is located
close to the plasma. In the IMPF geometry, the dust must have a higher initial
kinetic energy to pass a long distance under neutral gas friction before entering the
inter-electrode space, where it becomes charged and confined. Since the friction
is dependent on gas pressure, the particle trapping efficiency is highest at low gas
pressures.
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3.2 Microgravity experiments

Even for micrometer sized particles, gravity plays a dominant role forcing confined
particle to the lower sheath of a plasma and covering the effects of minor forces.
Thus, if the advantages of large particles, like separate observation of single grains
or a selectable size distribution, shall be kept as a necessity for the detailed study
of the condensed state of complex plasmas, it is unavoidable to “switch off” the
gravitational force. Hence the access to more subtle particle interactions is opened
that control, on the other hand, the dynamics of nanometric grains that are
relevant in industrial plasma processing. How microgravity can be obtained and
how an experimental setup designed for parabolic flights looks like is described
in the following.

3.2.1 Obtaining microgravity

Microgravity or “zero-g” names conditions, under which matter appears weight-
less. There are several ways to generate such conditions, although gravitational
fields exist everywhere in the accessible universe. Since it is also hardly affordable
to bring an experiment to a place, where the vector sum of gravitational forces
on the experiment is zero, the practicable methods are all based on the change
from the earth-bound laboratory into another non-inertial reference system, in
which the gravitational force is balanced by an apparent force or which is moved
synchronized with the trajectory of an attracted body in the present gravitational
field.

The first category consists of the well known weightlessness on board of space
crafts and satellites in the earth orbit. Here, the attraction of the earth is balanced
by the centrifugal force resulting from the circular motion around the planet at
an adjusted speed together with a matching altitude. The almost steady state
microgravity conditions in orbit, for example on the International Space Station
(ISS), allow long term experiments under a residual gravity of a magnitude of
10−6 g, where g is the acceleration in the gravitational field of the Earth. This
residual field is the origin of name microgravity. Recently, experiments with the
PKE experiment have been carried out aboard the ISS [12].

Experiments of the second category have to perform a ballistic flight, then,
in the moving reference system, the gravitational force is hidden. This method
is less expensive than space flights but it has the fundamental disadvantage of a
strongly limited experiment time. In a drop tower, the experiments, packed in a
capsule, fall in an evacuated tube, providing typically (4 · · · 5) s of microgravity
with a quality of 10−5g. The drop tower located at the University of Bremen is a
catapult system that will nearly double the time since the free fall of the capsule
starts already at the bottom of the tower after the upwards shooting catapult is
left.

Sounding rocket missions include strong limitations in volume and mass of
the experimental setup, similar to the drop tower method, but the available time
under “zero-g” lasts up to 6 or 7 minutes. The residual gravity is of the order of
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10−4g. The MPE has also used this opportunity for PKE experiments [9] with
ESA’s “TEXUS” rockets.

Due to the relatively low constraints, compared to the compact and automated
designs that are necessary for rocket or drop tower experiments, parabolic flights
have become very popular. Here, the ballistic flight is carried out with a modified
commercial plane. In Europe, ESA offers flight opportunities with an AIRBUS
A300. Therefore, up to 12 experiments with approximately 40 scientists, who
observe and control their equipment, can join the flight. Typically three flights
are performed in one measurement campaign, each consisting of 30 parabolas
with approximately 20 s microgravity. Starting from a normal flight level at
6100 m, the plane is pulled up to an angle of 47◦ to the horizon. During this

Figure 3.7: Profile of a parabolic flight maneuver. Thirty parabolas are performed
following a narrow table table during on flight.

phase, the acceleration towards the floor of the plane sums up to 1.8 g. Then,
in a short transition phase at 7600 m, the engines are throttled. During the
following ballistic flight the pilots have to adjust the engine thrust and the tilt
angle permanently to compensate the air drag and lift in order to obtain the
parabolic flight curve. The apex of the parabola and thus the point of the lowest
aircraft velocity is found at 8500 m height. Since this maneuver is very difficult,
the resulting magnitude of microgravity is typically only 10−2g. The sequence of
a parabolic flight procedure is sketched in Fig. 3.7.

Although the experiments are controlled by scientists, the experiment need
to be automated as far as possible, since the microgravity phases are unusual to
human beings and the time between two parabolas is very limited. A few notes
concerning the design of the Kiel microgravity experiment are given in the next
section.

A completely different approach to compensate the gravitational force on par-
ticles in a plasma in the laboratory has been made by Rothermel et al. [90]. They
attached Peltier elements to the PKE experiment to heat the lower and cool the
upper cover plate of the chamber. The temperature gradient has been adjusted to
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the particle size and gas pressure in the chamber to generate an upward directed
thermophoretic force (see Section 2.3.3) on the particles that balances gravity.
Even if the method allows only the use of one size of particles, the authors were
able to observe phenomena, that are known from the more costly microgravity
experiments.

3.2.2 Special experimental design issues

The Kiel microgravity experiment for the study of complex plasmas was de-
signed to take part in the 5th DLR (Deutsches Zentrum für Luft- und Raumfahrt)
parabolic flight campaign in June 2003. The campaign has been organized by
NOVESPACE, which is a subsidiary of CNES, the French space agency, which
again is member of ESA. One of the first built AIRBUS A300’s, after strength-
ening the wings, has been equipped for the flights – mainly, all seats are removed
from the middle section of the plane, electric connection panels are installed and
floor, walls and ceiling are covered with padding mats. Experiments are attached
to the former seat mounting rails. This includes that the appropriate load specifi-
cations have to be fulfilled. Applied to the two racks, the Kiel experiment consists
of, each rack is restricted to a maximum weight of 200 kg. Building up for mount-
ing racks for the experimental setup, the resulting center of gravity of the fully
equipped rack has to be taken into account in advance, since the selected upright
material has to resist the bending forces, that occur at a horizontal acceleration of
9 g, which accounts for the stress during an emergency landing. Additionally, all
custom-made pressure or vacuum vessels and moveable part have to be secured
by a closed containment (see Fig. 3.9). The experiment must be also equipped
with an emergency switch-off button, that disconnects it from the aircraft sys-
tems and brings it into a save fall-back modus. Each experiment is restricted to
a maximum power consumption of 2 kW . Thus, a sequential start-up procedure
has always to be kept, when the experiment is powered. All edges of the experi-
ment racks have to be padded to avoid injuries of the experimenters during zero-g
phases. The fully equipped experimental setup has to fulfill a security check by
NOVESPACE before the flights.

Under microgravity, the experiment is computer-operated by predefined se-
quences that include, for example, camera scans, Langmuir probe scans or rf
power ramps. Nevertheless an optimum number of three people is needed for
the operation of the control computer, diagnostics compter, video recording and
for coordination and documentation. Since the plasma chamber is located in a
containment, the supervision of all functions is done on base of camera images
and status indicators integrated into the computer control programs.

A schematic layout of the equipment mounted in the racks and a picture of
the Kiel microgravity experiment is presented in Fig. 3.8.
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Figure 3.8: Schematic layout of the component arrangement in the two racks of the
Kiel experiment for studies of complex plasmas under microgravity (left) and a picture
of the complete experiment mounted in the plane (right).

3.3 Video observation

Besides the Langmuir probe measurements, the imaging and recording of particle
positions or arrangements in the discharge is the main diagnostic method used
with the experiments. The observed field of views of the one camera in the PKE
setup and the two cameras of the IMPF experiment are marked in Fig. 3.1 and
3.3. The following description concerns the IMPF setup, but is largely valid for
PKE, too. Due to the near field observation of the cameras the depth of focus is
limited to record just one particle in the depth (y-dimension of the experiment),
when a minimum inter-particle distance of approximately 100 µm is considered.
In order not to receive scattered light from particles in front of or behind the
focus plane, only the dust in the plane is illuminated by a vertical laser fan of an
adjusted thickness of ≈ 100 µm. To obtain an image of high contrast, the plasma
light emission is suppressed by high transmission interference filter at the laser
wavelength of 660 nm. The utilized monochrome CCD-cameras have an enhanced
sensitivity in the infrared and hence their maximum spectral sensitivity is found
close to the laser wavelength. To overcome the restrictions of observation time and
the requirements for CPU power connected with direct recording of video material
on computer disks, the cameras are generating a standard TV-compatible signal,
that is recorded with digital video (DV) recorders. Any further transfer of movies
or parts of them to a computer for analysis can be done without quality reduction.
The large-field-of-view camera (LFoV) observes a field of 49×37 mm2 in the x, z-
plane, representing approximately the half of the central meridional plane of
the cylindrical discharge volume, while the small-field-of-view camera (SFoV)
acquires only a 19×14 mm2 fraction of the LFoV, as it is sketched in Fig. 3.3.
The resolution of the imaged area is finally given by 68×64 µm2/pixel for the
large field of view and 27×25 µm2/pixel for the small field of view. In the PKE
experiment the field of view is 29×22 mm2 at a resolution of 40×40 µm2/pixel.

The arrangement of cameras and laser is mounted on a stepper motor driven
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Figure 3.9: Top view on the experimental setup inside the containment of the ex-
periment rack. Main parts of the setup are the Langmuir probe housing (upper left
corner of the picture), the IMPF vacuum chamber (central left hand side), cameras
and the illumination laser (right hand side). The web-cam serves as survey camera for
experiment control tasks.

translation stage that allows to move the focus plane in the y-direction through
the inter-electrode space, without re-adjusting the lenses (see Fig. 3.4). A scan
over a distance of 75 mm, which covers the space, where particles are expected
to be found between the electrodes, takes a minimum time of ≈ 3 s. To obtain
a higher sampling rate per distance, the stage speed can be reduced. Thus, 3D
particle arrangements are explorable in detail during one parabola. The spatial
resolution of the scanning movement is of the order of a micrometer. Assuming
the dust cloud in the plasma to have axial symmetry, as the plasma does, the
dust arrangement is obtained from the recording of one half of a central two-
dimensional cross section of the inter-electrode space. Therefore the standard
position of the laser fan is in the center of the chamber.

3.4 Probe diagnostics

One of the main technical tasks of this work was the development of a tuned
electrostatic probe system for measurements in the rf plasmas, that are used for
complex plasma experiments under microgravity like the PKE experiment. This
system has been further-on adapted to the IMPF plasma chamber in view of the
development of an approved diagnostics for an international experimental plat-
form for plasma physics (IMPF/IMPACT) on board of the ISS. The main chal-
lenges of the project are the small size of the plasma volume, compared to typical
Langmuir probe dimensions, in the PKE and IMPF experiments, the rf plasma
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generation, that requires special probe tuning, the development of probe posi-
tioning mechanics matching the spatial constraints of microgravity experiments,
and the “dusty” operation environment. The scientific goal is an advanced under-
standing of the observed particle dynamics under microgravity and the influence
of charged grains on the ambient plasma.

Since the mechanical aspects of the probe system have been introduced in
connection with the PKE and IMPF chambers, this section will focus on the rf
compensation of the probe and the issues that have to be taken into account,
when highly charged dust particles are present in a plasma, that is scanned with
an electrostatic probe.

Regarding the neutral gas pressure and ionization rate conditions in the dusty
discharges, further effects must be considered during the analysis of measured
probe data, which are explained in Chapter 4.

3.4.1 Probe design and rf compensation

The standard method of electrostatic probe measurements in a plasma, intro-
duced by Mott-Smith and Langmuir [53], yields current-voltage characteristics,
from which plasma parameters can be derived (see Chapter 4). To obtain the
characteristics, a probe, consisting of a metal plate, sphere or mostly a simple
wire, is inserted into the discharge and a dc voltage is applied. The resulting
current is then dependent on the (known) geometry of the probe and the plasma
density, potential and temperatures. To reduce effects of the inserted probe on

Figure 3.10: General circuit diagram for Langmuir probe measurements in rf plasmas.

the plasma, the dimensions of the probe-tip and its fixture have to be minimized
to a point that still tolerates the mechanical stress due to the positioning and
on parabolic flights. Minimizing the probe-tip, reduces the current, that is ex-
tracted from the plasma, while a small surface of the probe shaft minimizes the
charge-carrier losses to this additional plasma boundary. The used probes are
tungsten wires with a diameter of rp = 50 µm, length of lp = (3 · · · 4) mm and
a maximum fixture shaft diameter with contact to the plasma of 0.9 mm (PKE)
or 1.1 mm (IMPF) respectively. The PKE probe design is displayed in Fig. 3.12.
A computer with digital-analog converter generates a voltage sequence, that is
amplified and fed to the probe. To account for an expected plasma potential
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of the order of the rf amplitude (≈ (25 · · · 60) V), the probe sweeps typically a
range from -40 V to +70 V, so that the probe attracts a pure ion current at the
lower limit and a pure electron current at the upper limit. Since the maximum
electron current is usually an order of magnitude higher than the ion current (see
Chapter 4) and hence may cause interferences with the plasma, the probe volt-
age sweep does only slightly overcome the plasma potential. An inserted probe
resistor of (20 · · · 50) kΩ allows to measure the probe current with an isolation
amplifier. The probe potential dependent current is then digitized and sampled
with the computer. Hereby, the reduction of the potential applied to the probe-
tip by the voltage drop over the probe resistor, is compensated by the computer
program. Fig. 3.10 shows the schematic setup, that follows in general the detailed
description in [132]. The function of the rf filter is described in the following.

Probe theories, which allow to derive plasma properties from the measured
characteristic, mostly assume a plasma potential that is invariant in time as it is
given in dc discharges. In rf plasmas, the potential is fluctuating, with respect to
ground and the dc probe bias. These fluctuation are a composition of oscillations
at the plasma excitation frequency frf and higher harmonics. In symmetrical
discharge geometries, like the introduced parallel plate experiments, the largest
amplitude is found at 2frf . This is expected from the superposition of the sheath
modulation of the two equal electrodes, while the fundamental frequency and
its odd harmonics are fed by asymmetries of the excitation [133]. A spectrum
obtained from a floating (isolated) probe in the PKE experiment is shown in
Fig. 3.13. The voltage fluctuations across the probe-plasma sheath are rectified
and lead to an additional unknown voltage between probe and plasma, distort-
ing the sampling of the probe characteristic. It has been demonstrated, that
these interferences result in a shifting of the floating potential (probe potential,
at which the collected ion and electron currents are equal) towards more negative
values and a flattening of the probe characteristic [134, 135, 136, 137]. Especially
since the electron temperature is deduced from the slope of the exponential de-
velopment of the electron retardation current close to the floating potential of
the probe characteristics (compare with Section 4), such a flattening may lead to
an error of factor two for the temperature determination. Thus, measured probe
data cannot be used to infer plasma parameters.

To overcome these problems, two approaches can be distinguished: the ac-
tive and the passive rf compensation. Both have in common that they try to
superpose the bias at the probe-tip with an rf signal mostly identical to the space
potential fluctuations. Then, the voltage difference over the plasma-probe sheath
is constant and the characteristic can be treated in the same manner as for dc
plasmas, when the probe current is averaged over several rf cycles.

In the active rf compensation method, the signal to overlay on the probe-tip
is generated externally and matched in amplitude and phase to the local plasma
potential, e.g. [138]. This technique implies the knowledge of the potential fluc-
tuations at the probe positions or amplifier and phase shifter must be empirically
tuned until the most positive floating potential is reached. Due to the increasing
amount of external circuitry when more than one harmonic and non-sinusoidal
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Figure 3.11: Floating potential spectrum in the center of a PKE plasma at Urf =
120 Vpp and an argon pressure of 50 Pa (left). Maximum voltage oscillations of 3 dBV≈
1.5 V occur at twice the rf frequency of 13.56 MHz. Transmission spectrum of a four
stage rf probe filter with inductors of (22, 15, 22 and 56) µH (right).

wave forms are taken into account, the method is often used with only the ba-
sic excitation frequency. Nevertheless a three harmonics system is presented by
Dyson et al. [139].

Figure 3.12: Schematic drawing of the PKE probe design with passive rf compensation
by an reference electrode and the rf notch filter, that is shown here to consist of four
oscillation circuits.

The passive rf compensation needs no extend signal conditioning. Following a
probe design, suggested by Gagné and Cantin [140], the idea is, that the probe-tip
“floats” with the plasma potential fluctuations, when the rf voltage drops mainly
across an additional impedance in the measurement circuit and not across the
probe-plasma sheath. Therefore, a series of inductors blocks the probe from the
external measurement circuit for rf signals, while letting the dc and slowly varying
signals pass. The inductors represent LC circuits with self-resonances selected to
match the main harmonics of the plasma excitation frequency. The impedance at
resonance must be larger than that of the sheath around the probe-tip. Since the
capacity of the probe-plasma sheath is limited by the small area of the probe-tip,
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the coupling of the rf signal onto the probe has to be enhanced by an additional
large area reference electrode close to the measuring probe-tip to pick up the
local space potential fluctuations. The electrically floating reference electrode
then feeds the signal over a capacitor to the probe-tip. This method accounts for
all spectral components of the time-variant space potential. The compensation
network is housed in a small plexiglass cylinder to minimize the stray capacitance
of the probe circuit.

Due to the substantially more compact components and the inherent adaptiv-
ity of the passive-filtered probe to changing plasma conditions, a rf filter box and
a reference electrode have been included into the used PKE and IMPF probe sys-
tem. This follows the results of an experimental comparison of the two methods
by Annaratone and Braithwaite [141].
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Figure 3.13: Characteristic of a probe with fully equipped and with an empty (bridged)
circuit board in the filter box.

Derived from passive-filtered probe assemblies proposed in [45, 142, 143, 144]
the notch filter, inserted into the probe circuit, is located in an dielectric
box, supporting the probe shaft inside the vacuum. The box hosts four se-
lected SMD-chokes with suitable self-resonances to block current components
at frf = 13.56 MHz and 2frf . The characteristic spectral transmission of such a
filter is plotted in Fig 3.11. As pick-up or reference electrode a stainless steel tube
has been put on the ceramics, that is supporting and isolating the tungsten wire
as sketched in Fig. 3.12. The reference electrode is connected to the tungsten
probe-tip via a capacitor, also integrated into the filter box. Probes and filter
boxes are modular components, that can be replaced separately. The effect of
the rf compensation on a probe characteristic is demonstrated by measurements
in the PKE chamber in Fig. 3.13.
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3.4.2 Probe contamination

It is a known problem, that in plasma discharges material is sputtered from the
electrode and, in the case of complex plasmas, from the particles. This material is
then deposited on the walls, windows and of course on probes which are in contact
with the plasma. Such a contamination of the probe is often of low conductivity
and thus distorts the measured characteristic.

Figure 3.14: Light microscopic image of the cylindrical tungsten probe-tip before the
use (left) and after the use in a complex plasma with simple ramp-shaped voltage sweeps
(right). Although the picture’s depth of focus is narrow, single particles (rd = 1.74 µm),
that stick on the probe-tip, can be identified.

Another type of probe contamination occurs, when the probe, positioned in a
complex plasma with MF-plastic particles, is biased positive with respect to the
space potential. Then, the highly negatively charged particles are attracted by the
probe. They can approach the probe from the outmost tip, where the maximum
electric field is found, and may stick on the surface of the tungsten wire, as shown
in Fig. 3.14. The standard method to record a probe characteristic is to sweep the
bias of the probe in a ramp-shaped time-voltage curve over the desired voltage
range as plotted on the left hand side of Fig. 3.15. Even if the duration of the
sweep in only a fraction of a second, particles are deposited on the probe, when the
ramp voltage exceeds the plasma potential. In the laboratory the probe current
reduction saturates already after a few voltage sweeps at approximately 60 % of
the initial current value. In contrast, under microgravity conditions, a current
reduction to 20% of the current drawn by a clean probe has been observed.

In order to prevent the particles from reaching the probe and sticking on
it, several sweep functions have been tested. The combination of a randomized
voltage scan together with sampling pauses of highly negative probe bias turned
out to avoid the contamination most effectively (see Fig. 3.15). This sweep type
increases the frequency ω of alternating positive and negative probe potentials,
compared to the plasma potential, to overcome the dust plasma frequency ωpd

(see Eq. 2.20). Resulting in ωpd < ω � ωpe,pi, the particles can hardly fol-
low the transient attracting potential and “see” the averaged potential, that is
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Figure 3.15: Schematic time-voltage plots of the probe bias to obtain a characteristic:
The standard ramp sweep (left) and a randomized sampling(right), that alternates with
negative potential pauses. When the bias exceeds the space potential φp, negatively
charged particles are attracted.

dominated by the strongly repulsing sampling pauses. Due to their high plasma
frequencies ωpe,pi, ions and electrons can react instantaneously on the bias fluctu-
ations. Thus, the probe characteristic is not perturbed by the use of this special
different sweep method.
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Figure 3.16: Probe current at a certain probe bias with respect to the initial value of
a clean probe over the number of completed voltage sweep in a dense particle cloud.
The randomized voltage sweep type III includes pauses of negative probe potential and
has been used on the IMPF flight campaign.

Nevertheless, some particles can overcome the repulsive potential in a dense
particle cloud. Therefore, like in particle-free discharges, the probe has to be
cleaned from time to time. Probe cleaning is generally either done by ion bom-
bardment, resulting from a high negative probe bias, or by electron heating, which
allows to glow the probe-tip under the influence of high electron currents. The
plastic particles used can be shrunk and then removed from the probe-tip by
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electron heating. A sequence of cleaning procedures and measuring phases in a
complex plasma with different sweep types is presented in Fig. 3.16. It is obvious
that the probe contamination can be reversed and finally be reduced to a mini-
mum. This finding is especially important for the future application of Langmuir
probes aboard the ISS which requires long-term operation of the probe without
contamination by the dust.

3.5 Modelling of plasmas

Whenever measurements with standard diagnostics tools in physical systems be-
come a challenging task, numerical simulation are a convincing method to study
hard to access experimental processes. This is also the case for the later on
described rf plasmas which are characterized by a small discharge volume, low
plasma densities and ionization rates. Therefore the use of interferometric or spec-
troscopic diagnostics is practically impossible, especially when spatial resolution
is demanded. Even the use of a tuned Langmuir probe under the given conditions,
must be considered as a new approach and thus the results need to be compared to
an independent diagnostics. Due to the lack of measurements of absolute plasma
parameter values for the PKE and IMPF chamber, the commercially available
simulation code SIGLO-2D [25] will be used to provide two-dimensional plasma
parameter sections, which are suitable for comparison with those obtained from
probe measurements. A few additional data points are also available from a code
similar to SIGLO, which has been extended to include microscopic dust particles
in the discharge [145]. This section will briefly introduce the field of numerical
simulations and describe the problem solved by the SIGLO code.

3.5.1 Simulation techniques

Besides the modeling of a gas discharge that makes use of equivalent circuits to
describe only certain properties of the plasma and thus ignore the basic processes
on the atomic scale, two main categories of simulations exist that imitate the
system on base of fundamental physical equations, namely particle codes and
fluid codes.

Particle simulation codes in plasma physics account for a full kinetic descrip-
tion of the charged particle transport, thus they are mainly used to describe a
system on its microscopic scale. For instance, in molecular dynamics (MD) sim-
ulations, the trajectories of a sample of particles is followed in velocity-position
space. The equations of motion are integrated on a time scale with respect to
the collision frequency in a given electric field, and the field is then recalculated
using Poisson’s equation. Since the processing of typical possible particles num-
bers 102 < N < 106 is very time consuming, particle codes are often focused
only on selected parts of the whole discharge and need simplifying techniques.
In particle-in-cell (PIC), codes the simulation space is divided by a grid, whose
element size is adapted to the characteristic length of the process, e.g. the mean
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free path, and the equations are only solved for the accumulated charges and
masses of the cell on the grid points (see [146]). Other methods are the intro-
duction of super-particles (one particle carrying mass and charge of many), and
the appropriate choice of boundary conditions. Particle codes have been devel-
oped for one, two and three dimensional simulation space. Since no assumptions
on the velocity distribution function have to be made, they are preferable for
extreme non-equilibrium conditions like, for example, low neutral gas pressures
where an additional high temperature electron population is present (compare
with the collisionless heating in Section 2.1.1). Nevertheless, due to the number
of involved particles and the different time scales the motion of electrons, ions and
dust particles takes place, the application of MD simulations in dusty plasmas is
mostly limited to the motion of dust particles. Their dynamics is then calculated
in given model potentials or fields derived from fluid codes, that are described
below. Examples can be found in [146, 147, 148, 149, 150].

Another distinguishable instance of particle codes is the Monte-Carlo tech-
nique (MC), where the fields are assumed to be a priori known and the next ran-
dom step of particle motion is accepted when the Hamiltonian H of the system
is decreased by the resulting system configuration. Steps with a positive change
δH > 0 are also possible with a transition probability of exp(−δH/(kBT )), hence
making allowance for a temperature T of the system. The MC method is often
used to find the minimum energy states for particle-particle and particle-plasma
interactions, for example [48, 94, 114].

Fluid codes have been developed to describe macroscopic systems and are thus
dominant in the simulation of whole discharges. Here, each particle species is rep-
resented by fluid with its properties: momentum and energy density. Instead of
solving the full Boltzmann equation, the first two or three moments are derived
to describe the balance of the different densities. These moments are the con-
tinuity, momentum, and energy equation that are coupled to Poisson’s equation
for the electric field. Since every moment equation introduces a new unknown,
additional simplifying assumptions have to be made to close the system of equa-
tions. Assuming high collision rates, the momentum transport equation is often
replaced by an expression for the particle flux based on drift and diffusion coef-
ficients. To derive the moments assumptions regarding the particle distribution
function have to be made. This and the drift-diffusion approximation generally
restrict applications of a fluid code to equilibrium systems. The main difficulty of
the utilization of a predefined distribution function is the resulting ionization rate
that can severely affect the simulation results. Therefore, special attention has
to be payed also to the atomic cross sections used in the calculation. Neverthe-
less, fluid models have proved to be accurate enough to predict quantitatively the
electrical behavior of a discharge under conditions comparable to those studied
in this work, with a lower gas pressure limit of approximately 11 Pa [20, 151].

The SIGLO code [25, 151], introduced below, and the model used in [152, 153]
are typical representatives of fluid simulation codes. Both have recently been
extended to comprise dust particles as a third fluid [22, 24] to account for the
large number of dust grains that are injected to microgravity void experiments
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(see Section 2.4). Dealing with less particles, hybrid codes, deriving the plasma
parameter profiles from a fluid code, calculating the dust motion from molecular
dynamics and sometimes additionally determining plasma-dust interactions with
a MC method, have been developed [154, 155, 156].

3.5.2 SIGLO-simulations

The SIGLO-2D code [25] is a commercially available computer program to sim-
ulate electrical properties of low-power rf or dc discharges in axial symmetry. It
is based on the code used in [151, 21] and handles the electron and up to two ion
species. As results two-dimensional profiles of charge carrier densities, plasma
potential, electron temperature are obtained, as well as discharge currents on
the electrodes. On the grid of a maximum of 50 × 50 cells, an unlimited num-
ber of electrodes, metal and dielectric walls and other elements can be defined.
The electrodes can be directly (rf/dc) or capacitively (rf) coupled to the external
power generator with different dc biases or rf amplitudes. Thus the program can
be used to simulate the two electrode PKE plasma chamber as well as the four
electrode IMPF chamber described in Section 3.1.1, which both have cylindrical
geometry.

SIGLO is a fluid code, that includes a two-moment description of the ions
and a two- or three-moment description of the electron. For the simulations in
this work, the three-moment feature has been chosen, since the alternative drift-
diffusion approximation is questionable for electrons in the small size and low
pressure discharges, which are operated close to the transition to the collisionless
heating regime (see Section 2.1.1), when the electron mean free path becomes
comparable to the discharge dimensions.

SIGLO comes with a database of gas parameters for various gases, providing
electron and ion mobilities, mean electron energy and ionization coefficients as
function of reduced electric field strength E/n, where n is the neutral gas density.
For argon gas, which is exclusively used for this study, two sets of parameters
are available and have been employed for simulations to compare with probe
measurements. Both sets contain ion mobilities taken from Ellis et al. [157]
and while the other parameters have at first been calculated from cross sections
discussed in [158] (later on referred to as first set of gas parameters), the newer
data set is derived from cross sections from Phelps et al. [159, 160, 161] (referred
to as second gas parameter set).

The conversion from the real plasma chamber geometry to the grid based
simulation space setup is documented in the screen shots displayed in Fig. 3.17.
A grid size of 50 × 50 cells for PKE and 50 × 45 for the IMPF chamber has
been used. The electrodes are directly coupled, so that no self-bias establishes
(see Section 3.1.1).

The time step of the simulation, which is automatically adjusted by the pro-
gram to be always smaller than the dielectric relaxation time, is additionally
reduced by a factor of 0.5 to obtain more accurate results. The listed control
settings are the same for all simulations in the present work.
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Figure 3.17: Screen shots from the SIGLO-2D program showing density profiles and
the geometry definitions for the PKE chamber (left) and the IMPF chamber (right).
The lower boundary of the simulation space represents the rotation axis of the cylin-
drical chamber geometry (compare with Fig. 3.1, 3.3). Light gray cells are metal, dark
cells are dielectric parts.



4 Langmuir probe models and
analysis

In Section 3.4 the cylindrical single-tip electrostatic probe was introduced to be
capable to characterize spatially resolved the discharges used for this studies. The
obtained probe data consist of a large set of probe characteristics taken at each
position. Subsequently, a method for the interpretation of the data will be worked
out in this chapter. This will be done by classifying the given plasma conditions
and probe properties in comparison with the various existing probe theories as
well as by empirical arguments regarding the reliability of the theoretical and the
measured probe characteristics. The probe data analysis yields a two-dimensional
cross section of discharge parameters, like electron density ne and temperature Te,
ion density ni and plasma potential φp. These parameters are crucial to determine
the charging of dust particles immersed in the plasma and the forces acting on
them, for example electric field and ion drag forces.

4.1 Probe operation regimes

As Langmuir probes are used in space, ionosphere, and in a wide variety of
industrial or laboratory plasma devices, probe theories have been developed for
very different operation regimes. In common usage, three parameters serve to
distinguish the regimes: The probe radius rp, the mean free path λmfp of charged
species in the plasma and the Debye shielding length of the hotter species λDe. It
can be shown that the extent of the ion space charge sheath at a plasma boundary,
for example around a Langmuir probe, can be estimated by equating the Child-
Langmuir current [162] given in the sheath to the Bohm current (4.6) that is
determined by the presheath to be a few λDe [163]. Therefore, λDe describes the
matching of sheath and presheath and is a useful scaling length for boundary
processes.

To distinguish between related theories in one of the operation domains, often
the ion energy distribution function has to be taken into account. According to
Fig. 4.1 thin sheath regimes are given by rp/λDe � 1 and thus the thick sheath
is rp/λDe � 1. The probability of collisions in the sheath is described by the
ratio λmfp/λDe and splits into the collisional (λmfp/λDe � 1), the transitional
(λmfp/λDe ≈ 1) and the collisionless (λmfp/λDe � 1) sheath regimes. Overviews
of the basic theories are given in [37, 136, 165].

62
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Figure 4.1: Probe radius rp, ion mean free path λmfp and electron Debye length λDe

dependant representation of various probe operation domains. The rectangle marks
the operation regime in the studied discharges. The light gray area indicates the ap-
proximate range of validity of the ABR model extension accounting for collisions (see
Section 4.3 and [164]).

With a typical probe radius rp = 25 µm and, in anticipation of the following
chapters, with electron Debye lengths of λDe ≈ (150 · · · 600) µm and ion mean free
paths λmfp ≈ (50 · · · 250) µm the region of interest for this work is found mainly
in the thick sheath regime as indicated in Fig. 4.1. Since λDe ≈ (2 · · · 3)λmfp, a
few ion-neutral collisions are likely to occur in the sheath and presheath of the
probe and their influence on the probe current becomes important. This regime
can be characterized as weakly collisional. For complexity reasons exact theories
are well established only in the cases of collision dominated (λmfp/λDe → 0) and
collisionless (λmfp/λDe � 1) plasma sheaths.

4.2 OML and radial motion

The Orbital-Motion-Limited- (OML) and the Radial-Motion-theory (ABR – after
the authors Allen, Boyd and Reynolds) are two different approaches to describe
the physics of Langmuir probes. While OML theory accounts for angular mo-
mentum effects which result from an initial tangential (thermal) velocity com-
ponent of a probe attracted charge-carrier, ABR describes the limit of cold ions
(Ti → 0) yielding strict radial motion towards the probe. As both theories and
their more sophisticated further developments are valid for the given ratio rp/λDe

(see Fig. 4.1), they are introduced and discussed in the following.
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4.2.1 Orbital-Motion-Limit theory

Starting in 1924, Langmuir has developed the method of electrostatic probes for
measuring the properties of plasmas. Therefore, a single electrode probe, whose
current-voltage characteristic is measured against a large reference electrode, is
called a Langmuir probe. The wall of a plasma chamber often represents the
reference electrode, while the probe itself is made of a small piece of metal wire,
a sphere or a plate (compare with Section 3.4). A variable voltage Vp is applied
to the probe-tip and the corresponding current Ip from the plasma is measured
to obtain a characteristic as shown in Fig. 4.2. A strong negatively biased probe
attracts only the positive ions and the ion current in this regime is only slightly
dependent on the probe voltage. On account of their high thermal energy com-
pared to the ions, the electrons can reach the probe even at a moderate negative
bias with respect the plasma potential φp. The electron retardation current part
of the characteristic ends in an inflection point (“knee”) at the plasma potential.
The electron saturation current is the regime with V > φp. At the floating poten-
tial φf the absolute values of electron and ion current are equal. An isolated body
in a plasma will charge up to φf as a result of the quite different charge-carrier
fluxes of electrons and ions, e.g. the charging of dust particles (see Section 2.2).
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Figure 4.2: Schematic of a typical current-voltage characteristic of a single tip probe
with (A) the ion saturation, (B) electron retardation, and (C) electron saturation part.
The plasma potential φp is given by the inflection point, the floating potential φf by
the zero of the characteristic. As a convention, the currents are plotted with negative
sign.

Langmuir and Mott-Smith [53] started with the assumption that the space
charge layer (sheath) around a probe is very thin compared to the probe (λD �
rp) and that the velocity distribution of the plasma species is undisturbed as
far as to the edge of the sheath. Thus, the charged particle collecting (effective)
surface As of the sheath of the probe is approximately equal to the real conducting
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surface Ap. With an isotropic Maxwellian distribution with the temperatures Ti,e

the saturation currents then become

Vp ≥ φp : Isat
e = −1

4
Apneevte (4.1)

Ii = 0 (4.2)

Vp < φp : Ie = Isat
e exp

(−e(φp − Vp)

kBTe

)

(4.3)

Isat
i =

1

4
Apnievti , (4.4)

with the elementary charge e, the Boltzmann constant kB, and the average ther-
mal velocities

vtx =

√

8

π

kBTx

mx

, (x = e, i) . (4.5)

The saturation currents Isat
i,e thus represent the charge flux envtx through the

probe surface Ap. The factor 1

4
is a result of the integration over the velocity

distribution, in other words, if the direction of the velocity of plasma particles
will make them enter the surface or not.

Equation 4.4 is untenable in low temperature discharges, where Ti � Te so
that the ion energy distribution can be no longer considered to be Maxwellian,
and with a sufficiently large negative probe bias yielding the formation of a space
charge sheath. For this case, Bohm has shown that the ions are accelerated in a
potential difference of φs = (−1/2)kBTe/e, that occurs in a so-called presheath
outside the space charge region. Hence, the ions then enter the sheath with the
ion acoustic (or Bohm) velocity vB =

√

kBTe/mi [38]. At the sheath edge, the
deviation from the undisturbed electron density is given by the Boltzmann factor
ne exp(eφpre/(kBTe)) and, assuming quasi neutrality in the presheath, is equal to
the ion density development. Then, with an ion density dilution at the sheath
edge of ni exp(−1/2) and all ions being directed to the probe, the ion saturation
current is [166]

IB
i = exp

(

−1

2

)

AsnievB . (4.6)

The effective ion collecting area then corresponds to the sheath surface As. Equa-
tion (4.6) is known as the Bohm current. The sheath edge is defined as the point
where the quasi-neutral presheath solution becomes singular (|E| → ∞). In fact,
the transition from plasma to boundary is continuous. Therefore, the concept of
a sheath edge is a feature of different physical approximations for the presheath
and the sheath. Hence, using a model that features both, sheath and presheath,
as in Section 6.3, the sheath boundary is taken at the point where vi = vB. For
a discussion of the sheath edge definition and Bohm criterion in the collisional
case see Riemann [35, 40] and Franklin [167, 168, 169].

For the thick sheath regime of a spherical or cylindrical probe when rp � λD,
the trajectory of plasma particles attracted by the probe may perform hyperbolic
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orbits around the probe. The approach of Mott-Smith and Langmuir was the
consideration of an infinite sheath, so that none of the plasma particles is pre-
vented from reaching the probe by any effective potential barriers. Analogous to
the outlined calculation in Section 2.2.1 for a cylindrical probe with length l � rp

the OML electron current becomes

Ie = Isat
e

(

2
√
η√
π

+ eη erfc(
√
η)

)

(4.7)

≈ Isat
e

(

2√
π

√

1 + η

)

, η > 1 . (4.8)

With the normalized probe bias

η =
e(Vp − φp)

kBTe

(4.9)

the saturation current is now voltage dependent. While for a cylindrical probe
Ie,i ∝ √

η, the calculation for a sphere yields Ie,i ∝ η for η > (3 · · · 5). The
corresponding equation for the ion saturation current to a cylindrical probe then
is

Ii ≈ Isat
i





2√
π

√

1 − e(Vp − φp)

kBTi



 . (4.10)

Again, corresponding to the collection radius bc in Section 2.2.1, an absorption
radius

rc = rp
2√
π

√

1 − e(Vp − φp)

kBTi

≈ rp

√

1 − e(Vp − φp)

kBTi

(4.11)

can be defined from Eq. (4.10) for a cylindrical geometry.
Comparing Eqs. (4.1) and (4.6), a recognizable feature of a probe characteris-

tic in a low temperature plasma is the ratio of electron saturation current to the
ion saturation (Bohm) current,

Isat
e /IB

i ≈ 178
Ap

As

, (4.12)

which can be typically 20–100 depending on the thickness of the space charge
sheath.

Bohm, Burhop and Massey have substituted the artifical concept of an infi-
nite sheath by an absorption radius [38]. In another extension, Bernstein and
Rabinowitz have introduced the existence of potential barriers due to the angu-
lar momentum of incoming particles [170]. This effect has been picked up by
Lampe in connection with the shielding of charged dust particles in a plasma
[46, 47]. In the ambitious numerical works of Laframboise [26] and, parallel
in time, in Hall and Fries [171], a Maxwellian distribution of attracted parti-
cles has been included in the OML model [170]. Several parameterizations of
Laframboise’s numerical results exist to make it more practicable in plasma di-
agnostics [172, 173, 174, 175, 176]. A review of the OML-theory can be found in
[177].
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4.2.2 Radial motion of ions

With respect to Ti/Te � 1 in low plasma density discharges, Allen, Boyd and
Reynolds studied the ion current to a spherical probe in the limit of cold (Ti/Te =
0) ions [27]. Starting from rest at infinity towards an attracting probe, the ion
motion is strictly radial. They obtained the following differential equation:

d

dξ

(

ξ2
dη

dξ

)

− Jsphη
−1/2 + ξ2e−η = 0 , (4.13)

with ξ = rp/λDe. Jsph = Ii/(2
√
πIλ(A

sph
λ )) is the normalized current to the probe,

Iλ(A
sph
λ ) =

1

4
Asph

λ nie

√

8

π

kBTe

mi

, (4.14)

and Asph
λ = 4πλ2

De. Thus, Eq. (4.14) represents the random ion current through
the surface of the Debye sphere λDe if the ions had electron temperature. We
assume only singly charged positive ions. Solving the equation numerically, ion
current characteristics for a given ξ can be calculated. The ABR theory represents
the correct limit for Ti/Te → 0 for the monoenergetic ion solution of Bernstein and
Rabinowitz and the Maxwellian distribution of Laframboise for spherical probes.
Chen [178] has proposed an analogous formulation for infinitely long cylindrical
probes:

d

dξ

(

ξ
dη

dξ

)

− Jcylη
−1/2 + ξe−η = 0 , (4.15)

with Jcyl = Ii/(2
√
πIλ(A

cyl
λ )), Iλ given by Eq. (4.14) and Asph

λ = 2πlpλDe, where lp
is the length of the probe that collects the current Ii. Some results of ξ applicable
in this work are given in Fig. 4.3. It is known as the “cold ion paradoxon”,
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Figure 4.3: Radial motion ion currents Jsph, Jcylξ versus probe potential −η for spher-
ical probes (A) and cylindrical probes (B) for various ratios of ξ = rp/λDe.

that the radial motion for cylindrical probes (Eq. (4.15)) does not fit the OML-
theories [170, 26] in the limit Ti/Te → 0 [165].
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4.2.3 Comparison of theories for the ion current

For the purpose of sampling densities in plasmas of small volumes, measurements
in the ion collection regime are preferable over electron collection. Since the ion
current is much smaller than the electron saturation current, the perturbation
of the plasma by the probe is as well smaller. Often no inflection point can be
found in the current-voltage curve at the plasma potential. This is an effect of
potential shifting by the rf fluctuations and the non-negligible electron depletion
created by the probe in very low density plasmas (see Section 5.1). In such cases
it is hardly possible to derive information from the electron dominated part of
the characteristic and the analysis has to concentrate on the ion current.

Two different approaches exist for the ion collection of cylindrical probes,
OML and ABR. The detailed OML calculation of Laframboise [26] and Hall and
Fries [171] cover essentially the entire range of rp/λD, Ti/Te and η for practical
probe operation conditions in the collisionless limit. Sonin [179] confirmed the or-

Figure 4.4: Sonin plot comparing OML (Berstein and Rabinowitz formulation [26])
and ABR (Allen et al. formulation [178]) theory with experimental data for ion current
collection of cylindrical probes. From [179].

bital motion theory of Bernstein and Rabinowitz for large probe radii, but not for
probe radii smaller than the sheath thickness. Under these conditions the OML
probe current Ii is supposed to saturate for decreasing rp as shown in Fig. 4.4.
The figure provides a Sonin plot which is the usual way to compare experimen-
tal points with the theory curves of OML and ABR and determine whether the
one or the other is applicable. But Sonin’s experimental data exhibit an increas-
ing behavior of the probe current with decreasing rp as it is predicted by ABR.
His measurements for ξ = rp/λDe < 2.8 fall between OML and ABR, as well
as measurements by Sudit and Woods [180], Bryant et al. [164], and measure-
ments performed for this study. More recent experiments have also shown, that
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OML-theories often underestimate the ion currents or, as a result, overestimate
the derived ion density by a factor up to ten compared to the electron density
which is calculated from the saturation current at the “knee” of the characteristic
[180, 181].

In contrast to Sonin’s findings [179], Annaratone et al. [182] observed better
agreement of their experiments with the radial motion model than with OML
over the whole range of ξ. Nevertheless, ignoring current reduction by potential
barriers and trapped or orbiting ions, the cold-ion model overestimates the cur-
rent under collisionless conditions [165]. Theoretical characteristics for OML and
ABR in comparison with a measurement from one of the experiments treated
in this work are shown in Fig. 4.5. The diagram provides synthetic probe char-
acteristics with ion currents derived from OML-theory, ABR, and ABR with a
correction for ion-neutral collisions (see Section 4.3) for a given set of plasma
parameters. These parameters estimate the conditions in the discharge experi-
ment from which a real characteristic is also shown in the plot. It is seen that,
with all three electron saturation currents matching the measurement, only the
collision corrected ABR model reproduces all experimental data points, while
OML severely underestimates and simple ABR overestimates the ion saturation
current. A Sonin plot corresponding to Fig. 4.4 based on experimental data of
the present work in provided in Section 5.2.
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Figure 4.5: Three synthetic characteristics for a cylindrical probe (rp = 25 µm, lp =
4 mm) and given plasma parameters of Te = 3.4, ne,i = 6.5 · 1014m−3 and φp = 36.3 V
are shown: (OML) is derived from Eqs. (4.8)–(4.10), (ABR) from Eq. (4.15) for the ion
and Eq. (4.8) for the electron current. (ABR with corr.) takes into account the density
correction for few collisions in the presheath of the probe (Section 4.3). Crosses mark
a measurement in the PKE experiment at comparable conditions.

Summarizing the results of other authors and our own findings, experimental
probe data for the ion current collection regime of a probe shows no saturation
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for small probe radii as expected by the Orbital-Motion-Limit nor does it reach
the current magnitude predicted by ABR. The influence of even a few ion-neutral
and ion-ion collisions on the ion collection has been already stated by Schulz
and Brown [183] in 1956, and has been made responsible for the above effect by
several authors [164, 165, 180, 184, 185].

With a small but finite ion temperature Ti, orbital motion of ions should limit
the current to the probe, which is surrounded by a thick sheath (rp/λDe � 1).
When λDe becomes comparable to λmfp, ions colliding with neutral gas atoms
or other ions loose their angular momentum and will move radially towards the
probe as it is claimed by ABR. As the cross section for ion-ion collisions increases
rapidly with decreasing Ti, there should even be always enough ion-ion collisions
to destroy OML effects [185]. Therefore the ion current is increased due to the
reduction of orbital motion. In practice, a validity condition [178, 164, 182, 185]
for the neglect of OM effects can be formulated: Following Annaratone et al. [182],
the angular momentum of ions at least grazing the surface of a volume around
the probe with the radius rc (see Eq. (4.11)) and being collected is

L = rcmi

√

2kBTi

mi

. (4.16)

Assuming that the mean free path λmfp is less than the linear dimensions of the
plasma, the maximum allowed angular momentum is

Lmax = λmfpmi

√

2kBTi

mi

. (4.17)

Thus, the OML theory will not be valid if L > Lmax. This yields

λmfp < rc = rp

√

1 − e(Vp − φp)

kBTi

≈ rp

√

−e(Vp − φp)

kBTi

. (4.18)

Then, for parameters of Te = 3.5 eV, Ti = 0.026 eV (a common assumption for
low pressure discharges) and rp = 25 µm, the mean free path must be less than
650 µm at a maximum probe voltage η = −5. This is fulfilled for all experiments
in PKE and IMPF at a pressure of 15 Pa and higher.

When the number of collisions in the presheath of the probe is further in-
creased, for example by increasing the background gas pressure, the ions experi-
ence a resistance, which yields again a current reduction. Thus, an ion current
maximum is expected for weakly collisional conditions as it is the case in typ-
ical PKE and IMPF plasmas and the use of radial motion theory is justified.
Fig. 4.6 plots the ratio nisat, obtained from ABR theory, to nesat derived from
the electron saturation current with OML versus λmfp/λDe. While in an undis-
turbed plasma ni = ne, the plasma densities obtained from real measurements
often show nisat 6= nesat, although their magnitudes are similar. This is caused,
since nisat,esat are determined from different parts of a probe characteristic where
the plasma may be more or less perturbed by the current which is drawn by the
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probe. A second reason is given by the different models the data analysis is based
on. Therefore, the abbreviations for the measured densities nisat,esat are chosen
to be clearly distinguishable from ni,e. Here, the current reaches a maximum
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Figure 4.6: Ion density nisat, obtained by curve fitting of the ABR theory to the
ion current characteristic, to electron density nesat from saturation current at φp over
λmfp/λDe. The curve shows a peak, when weak collisionality is given (λmfp/λDe ≈ 0.4)
and, thus, orbital motions are destroyed, but current reduction by collisions is still not
dominant. The background gas is argon.

at λmfp/λDe ≈ 0.4 for argon gas. Left from the peak, towards the collisionless
limit, orbital motion is possible and the ion current and therefore the derived
ion density are reduced. On the other side, with collisions becoming dominant,
the measured density is also reduced. Obviously even the peak density value is
only about 70 % of the measured ion density, since the presence of collisions does
not meet the assumption of the ABR theory for collisionlessness. For this special
case, Shih and Levi have developed a theory that accounts for few collisions in
the presheath and allows the correction of the ion density measured with ABR
for this effect [185] (see Section 4.3).

4.3 Analysis with collisions

Based on previous numerical work of Self and Shih [186], Shih and Levi [185]
presented an approximate formula for the correction of reduced density values
due to weak collisionality. Their approach is essentially a modification of the
radial motion concept. To account for collisions, they added a friction term to the
ion equation of motion and calculated the additional ohmic potential drop φcoll =
ηcollkBTe/e in the presheath which allows the correction of densities obtained
with the collisionless ABR theory. This presheath model for spherical probes
is also utilized to calculate the local ion velocity and the resulting drag forces
on charged dust particles in Section 6.3. Following on, the necessary results for
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the analysis of cylindrical probe characteristics, are extracted from the work of
Bryant et al. [164] who have consolidated the finding of Shih and Levi.

It was shown in Section 4.2.3, that it is adequate to use ABR theory to derive
the plasma density from the ion part of a characteristic of a probe, because orbital
motion of ions is destroyed by collisions. The theory of Shih and Levi [185]
requires a few collisions to occur in the sheath to limit orbital motion, but not
so many that the ABR current is significantly impeded (see Fig. 4.6). Under
the experimental conditions treated in this work, this is a valid assumption for
neutral gas pressure of pargon ≈ (20 · · · 50) Pa. It is then assumed that ion-neutral
and ion-ion collisions occur mostly in the presheath of the probe as claimed by
the model in [164, 185].

For describing the physics of the presheath surrounding a cylindrical probe, it
is clever to use spheroidal coordinates ζ, µ [185] (see Fig. 4.7). The transformation
relations to the cylindrical coordinates ρ, z are

ρ2

ζ2 − 1
+
z2

ζ2
= L2 ,

ρ2

µ2 − 1
+
z2

µ2
= L2 (4.19)

Under the assumption, that the potential η varies only with the length coordi-
nate ζ, the equi-potential surfaces are confocal prolate spheroids. With a focal
distance of L = 2lp, for ζ � 1 such a surface fits to the cylindrical shape of
the probe, while for ζ > 1 it approximates a sphere. Hence, the finite length of
the probe is properly taken into account. Another advantage derives from the
alternative use of cylindrical coordinates yields a singularity in the electric field
at infinity. Then ions are assumed to move with a velocity vi perpendicular to
ζ = const.
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Figure 4.7: Spheroidal coordinates as function of the cylindrical coordinates ρ, z:
length coordinate ζ ≥ 0 and angular coordinate 0 ≤ µ ≤ π. For ζ > 1 the surfaces with
ζ = const. approximate a sphere.

The set of ion continuity equation, ion equation of motion, and Poisson’s
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equation becomes, analogous the the spherical case in Section 6.3,

∂

∂ζ
(f1f2NV ) = 0 (4.20)

∂

∂ζ

(

v2

2 + η

)

=
υL

λD

f1

f2

V (4.21)

∂

∂ζ

(

f 2

2

[

∂η

∂ζ

])

=

(

L

λD

)2

f 2

1
(exp(η) −N) , (4.22)

with the normalized ion velocity V = vi/vB, local density N = ni/ne∞ and
υ = νi/ωpi, where νi = vtinnσ is the ion collision frequency and ωpi =
(ni∞e

2/(ε0mi))
1/2 is the ion plasma frequency. nn stands for the neutral den-

sity. In the experiments, it is approximately 106 times higher than ni. There-
fore, only ion-neutral collisions are taken into account and σ is the sum of the
gas kinetic and the charge exchange cross section. For clarity, the undisturbed
plasma density far away from the probe is named ne∞. The current Ii drawn by
the probe is normalized similar to the case of a spherical probe (see Eq. 4.14)
with J = Ii/(

√
2πIλ(A

cyl
λ )). (Note the lack of the factor 1/

√
2.) Moreover

f1 = (ζ2 − µ2)1/2 and f2 = (ζ2 − 1)1/2.
With approximations, which are using the spheroidal shape of the potential

geometry far from the probe, the current continuity equation can be derived as

J =
1

2

(

L

λD0

)2

f2 exp(η0)(−2η0)
1/2

(

(ζ2 − 1)1/2 + ζ2 sin−1

(

1

ζ

))

. (4.23)

The subscripted “0” indicates a value as obtained from the collisionless case. A
series expansion for the potential in Eq. (4.23) then reads

η0 = −1

2

(

λD0

√
J

L

)4

(x4 +
4

3
x6 + · · · ) , (4.24)

where x = 1/ζ. Shih and Levi [185] and Bryant et al. [164] assume, that the
Bohm criterion (Eq. (2.4)) is still valid in the presence of few collision. Thus,
ηs0 = −1/2 and the position of the sheath edge xs0 can be calculated. J is
directly given by the actual normalized probe current. The normalized energy
equation V 2/2 = −η and Eq. (4.24) then yield

V0 =

(

λD0

√
J

L

)2

(x2 +
2

3
x4 + · · · ) . (4.25)

Equation (4.21) can be integrated to give the total potential drop in the presheath

ηs = −1

2
− ηcoll , (4.26)

with

ηcoll = − υL

λD0

xs0
∫

0

√

1 − µ2x2

√
1 − x2

V

x2
dx . (4.27)
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The additional ohmic drop ηcoll becomes

ηcoll =
υJλD0

L

[

xs0 +

(

7

18
− µ2

6

)

x3

s0 + · · ·
]

, (4.28)

when replacing V and λD in Eq. (4.27) by V0 and λD0 and expanding and inte-
grating term by term. With µ2 ≈ 1

ηcoll ≈
υJλD0

L

(

xs0 +
4

18
x3

s0

)

. (4.29)

Finally, with the presheath edge position xs0 calculated from the first zero
of Eq. (4.24), the potential drop due to collisions can be approximated with
Eq. (4.29). Remembering quasi neutrality in the presheath, the density nisat ob-
tained from the collisionless ABR model is then simply corrected for collisions by
the Boltzmann factor for electron depletion. Therefore,

nicoll = nisat exp(ηcoll) . (4.30)

Developing the perturbation method, Shih and Levi considered additional
potential drops ηcoll � 0.5. In [164] the applicability of the method up to ηcoll ≈ 1
was demonstrated. In the experiments presented here, for 0.25 < λmfp/λDe < 0.4
which corresponds to discharges with 20–50 Pa argon pressure, the corrected ion
density nicoll and the density nesat obtained from the electron saturation current
agree within 20 %. For lower gas pressures, Sudit and Woods [180] found the
correction formula from [185] to be more successful than OML theory, but they
still observed discrepancies to the derived electron density.

4.4 Finite length of a probe

Basic probe theories require a simple geometry of the probe, like spheres, cylinders
of infinite length or planes without boundaries. The MF-microspheres immersed
in a dusty plasma act like spherical probes, but a real probe needs a connector
and a fixture, that both break the symmetry, and must be much smaller than the
dimensions of the plasma. For a cylindrical probe the claim for infinite length is
understood to be satisfied, when the aspect ratio rp/lp � 1. To allow spatially
resolved measurements and not to disturb the central PKE plasma which has a
maximum diameter of 4 cm, the length of the cylindrical probe cannot be larger
than a few millimeters. With rp/lp ≈ 25 µm/3500 µm this requirement is fulfilled
for the PKE and IMPF experiments. But if the effective current collecting area
is not the probe surface itself, but an area given by the thickness of the sheath,
the ratio is dramatically changed. Assuming the extent of the sheath around the
probe to be of the order of a few λDe ≈ 400 µm, the effect of the ends on the
sheath geometry surrounding the probe must be considered.

An obvious approach is to approximate the total current to a finite probe by
the current to a theoretical cylindrical probe of length lp and radius rp plus the
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current to a hemisphere of radius rp at the end of the probe. Jaeger et al. [187]
have modeled the trajectories of ions in the field of an infinite cylindrical probe
and calculated the resulting current. The results have been compared with the
current Ii obtained from OML theory for a cylinder Ii,cyl and for a sphere Ii,sph

as

Ii = Icyl
i + kIsph

i . (4.31)

For the hemisphere representing the end cap of the probe, k = 1/2. The method
was found to be a good approximation and has been discussed for instance in [176,
188]. Remembering the linear dependence of Isph

e and the square-root dependence
of Icyl

i on the probe bias Vp, the slope of the development of the ion current with
Vp is increased by the additional spherical part. This tendency is also valid for
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Figure 4.8: Ion saturation part of a cylindrical probe characteristic with modeled
curves from ABR theory with and without an additional part of current from a spherical
probe that represents the end effects of the probe.

ABR theory and the method will be used for probe characteristic analysis in this
work. As the area of the cylindrical part is much larger than that of the spherical
part of the probe, the total current is only slightly increased but a theoretically
generated I-V -curve fits obviously better to a real characteristic as it is shown in
Fig. 4.8 with k = 0.75.

While the probe has an end at one side, it has insulating parts of the fixture,
carrying the probe, on the other. Nevertheless an “end effect” exists here, too.
A ceramics tube with a diameter of 500 µm contains the tungsten wires of the
IMPF and PKE probes on that side. As a result, a part of the probe is shadowed
from plasma particles with a non-perpendicular trajectory to the probe axis and
the current contribution from the second end of the probe is reduced. Thus, for
further analysis, k was empirically adjusted to k = 0.75.



76 4. LANGMUIR PROBE MODELS AND ANALYSIS

4.5 Probe data processing

Section 3.4 provides an overview of the efforts that have been spent on an the
hardware side to optimize the probe system for the measurements in the small
and dusty RF-plasmas of the PKE and IMPF experiments with time-limit under
microgravity conditions. In this section, the combination and adjustment of probe
theory regarding the weak collisionality, low temperature, low density, and small
size of the plasma will be summarized. This is done by explaining the structure
of the algorithm for probe data analysis, which is sketched in Fig. 4.9.

In a first step, start values for the modeling of a theoretical characteristic are
generated from the measured characteristic with the help of simple approximation
formulae. Because of the possible disturbance of the plasma by high electron
currents drawn by the probe, so that the “knee” of the curve disappears for these
small-volume low-density discharges, the analysis will focus on the ion collection
part of the probe data. This is done by weighting the ion current with a factor
typically up to 200 for the later comparison of experimental data and modeled
characteristic with a least-square method. With the help of the start values the
parameter ξ is calculated in a next step and the appropriate ion current curve
are chosen from a pre-computed set of ABR characteristics as they are shown in
Fig. 4.3. ABR theory has been chosen since the low Ti and even weak collisionality
favors the radial motion of the ions.

Bearing in mind the problem of the end effect of a finite cylindrical probe
when the plasma density is low and thus the large shielding length changes the
effective aspect ratio of the probe, this is done for the cylindrical as well as for
the spherical geometry (see Section 4.4). For generation of the theoretical OML
electron current curve, first nisat has to be corrected for collisions in the presheath
as described in Section 4.3. Then the OML curves for both basic probe geometries
are derived from nicoll and the start values Te, φp. Combining the contributions of
k times spherical probe current and cylindrical probe current of ion and electron
collection parts, the modeled current-voltage-curve is completed.

Summing up the least-square-residuals of experimental and theoretical curves
and their first derivatives decides whether the fit is successful or not. In the
latter case the generation of a modeled curve restarts with slightly varied values
for Te, φp and ni until the exit condition is fulfilled. In a last step, the electron
density nesat is then calculated from the electron saturation current at the fitted
value of φp. The algorithm provides Te, φp, n

esat, nisat, and nicoll as results.
Following on, nicoll and nesat are used to quantify the plasma density and, in
comparison, to evaluate the consistency of the two different analysis methods,
with which the values are derived.

Even if the presented algorithm is adjusted to various effects that are found in
the PKE and IMPF discharges, it cannot account for all, since theories would be
too complex or simply do not exist. One aspect, for example, is the anisotropic
ion velocity distribution which is a result of the ion acceleration radially outwards
from the center to the boundaries of the plasma. The strength of the responsible
electric field is a consequence of the small-sized discharge volume in connection
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Figure 4.9: Scheme of the probe characteristic analysis algorithm.

with mean free path, that yields centrally peaked potential profiles (compare with
Section 5.3). Another effect is the influence of the fixture parts of the probe on
the effective geometry of the current collecting probe-tip which is discussed in
Section 6. It should also be kept in mind that the above considerations require
the presence of only one species of singly charged positive ions.



5 Characteristics of particle-free
discharges

This chapter addresses the determination of the performance of the Langmuir
probe hardware design and analysis method as diagnostics in the experiments
PKE and IMPF and their characterization by quantitative plasma properties.
The first section is concerned with the influence of the probe on the discharge,
which have to be considered in finite plasmas to estimate the validity of the
method. Further on, the exploration of plasma properties as a function of the
discharge parameters is done by comparing measurements with corresponding
simulations in magnitude and spatial distribution. Since only particle-free plasma
simulation codes have proved their suitability to make quantitative predictions
and complex plasmas can potentially adversely affect probe measurements (see
Section 3.4.2), this section is focused on dust-free discharges.

5.1 Effects by the probe

Probe theories assume that the dimensions of a probe inserted into a plasma are
negligible compared to the size of the plasma. The plasma can then be considered
as infinite and the influence of the probe on the discharge is negligible as well.
For a small discharge chamber like the PKE experiment with its inter-electrode
distance of 30 mm and an expected electron shielding length λDe of the order
of 0.4 mm, it is impossible to build a “small” probe, because even a fine wire
inserted in the discharge will develop a sheath around it. As mentioned, this
sheath extends up to a few λDe and therefore even the smallest probe may affect
the plasmas.

Since the properties of a discharge are a priori unknown, but the measured
values may be influenced by the presence of the probe, the idea of studying these
influences is to insert a second probe. The second probe can be inserted into and
retracted from the plasma, while the first one scans possible changes in the plasma
parameters, that are related to the action of the second probe. It is assumed,
that the first probe in a plasma causes comparable effects as the additional second
probe.

Besides the plasma parameters obtained from the probe, the discharge current
to the electrodes has been studied in dependence of probe operation (see ampere
meters in Fig. 3.1). Since the (negative) self-biasing of the PKE and IMPF

78
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electrodes is suppressed by dc paths to ground, the electron confinement in the
plasma is less effective and negative currents to ground establish to compensate
the enhanced plasma losses on the electrodes. Due to the complex self-adjusting
processes and the resulting current balance of the discharge, it is hardly possible
to derive probe induced changes of plasma properties from the electrode current.
This is especially true, when the current collecting (effective) area of the probe
is unknown, since it depends on the local plasma parameters. Nevertheless the
discharge currents are a measure for the current densities in the electrode-plasma
interface, the sheaths, and can therefore serve as a qualitative indicator of plasma
disturbances.
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Figure 5.1: Discharge current, central plasma potential φp, and plasma density nicoll in
dependence on the horizontal position of a second floating probe for various discharge
conditions. The vertical position of the probe is in the mid-plane between the electrodes.
The measuring first probe is located at 10 mm distance to position (3).

Figure 5.1 shows the development of the total electrode current and plasma
parameters, measured by a second probe, in dependence on the position of a
floating probe with respect to the plasma. Rotating the probe from the “neutral”
position close to wall and far from the plasma to the border of the plasma glow,
the central space potential and plasma density are mostly unaffected, although
the absolute discharge current is reduced by approximately 5 %. When the probe
is rotated further into the central plasma, but still with a closest distance of 1 cm
from tip to the tip of the reference probe, the discharge current is again increasing,
while the space potential is lowered by a maximum of 5 % with respect to the
fully retracted probe. Due to the shielding effect of the plasma, the minimum
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distance is large enough to exclude any interferences between the two probes.
Noticeable are the plasma density measurements, that yield a reduction of up to
20 % for lower rf powers and thus lower absolute densities. A density reduction
by the proximity of the probe has been expected, because the effective plasma
boundary area and, as a result, the plasma particle losses are increased. In detail,
we consider the charging currents of the floating support structures (ceramic tube
and reference electrode) of the probe as the most perturbing parts. When biased
close to the floating potential, the probe-tip itself contributes with less than 1 %
to this current. Only with a positive bias Vp > φp the current drawn by the tip
reaches the magnitude of the charging currents to the probe shaft.

The influence of a probe voltage sweep, which is used for measurements, on the
floating potential φf in the central plasma and the discharge currents is shown in
Fig. 5.2. In the range from minimum probe voltage Vp = −2.5 to Vp = φp, which
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Figure 5.2: Floating potential φp and discharge currents to the electrodes vs. probe
bias voltage for low (left) and high (right) rf power. Together with the electrode
currents, the probe characteristic is given – contrary to the convention – with the
correct sign.

is used to analyze a characteristic, the floating potential only changes within 1 %
or less than 0.15 V, respectively. Since φf is closely related to φp (see Eq. (2.28)),
these shifts are transferable to the behavior of the plasma potential. In the same
bias interval the absolute electrode currents are typically lowered by 10 % in the
low rf power regime and 16 % at high rf power. It is obvious from the measured
probe characteristics, being also plotted in Fig. 5.2, that this corresponds exactly
to the current drawn by the probe. This effect shows that the contact of the
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plasma to other grounded parts of the chamber, like the top and base plates can
be neglected and that the probe measurement circuit is closed to ground via the
electrodes. Identifying the main loss region for the plasma at the electrodes, the
current drain caused by the probe sampling is found to be still much smaller than
the total loss of charged particles by other mechanisms.

Summarizing, the presence of a probe or any other floating body of a corre-
sponding size, in the small-volume PKE plasma affects the discharge detectably.
Nevertheless, the resulting errors in potential measurements are expected to be of
the order of a few percent. Performing density measurements, a systematic error
of approximately 20 % reduced values has to be taken into account. Data ob-
tained at an applied probe bias, that exceeds the plasma potential substantially,
should not be regarded in the data analysis.

Since the discharges volume of the IMPF vessel is four times larger than of
PKE, corresponding effects lead to smaller errors in the derived plasma parame-
ters.

5.2 Probe model verification

Probe data obtained from measurements under various discharge conditions are
processed by fitting theoretical characteristics to the data. The quality of the fit
is a first indicator if the used theoretical probe model is valid. The first evalua-
tions of probe characteristics have been performed with the most commonly used
OML theory for cylindrical probes. In Fig. 5.3 (A) a typical probe characteris-
tic form the center of the PKE plasma and the best fit of this model, including
Laframboise extensions [26] in the parameterized form suggested by [174], to the
experimental data is shown. Although the model nearly matches the ion current
part of the measured characteristic, the theoretical electron retardation current
strongly exceeds the experimental data and does not saturates until I sat

e ≈ 470 µA
at φp = 51.9 V. This mismatch of the theoretical curve and the measured electron
current becomes visible from Fig. 5.3 (B) which contains the same diagram as
Fig. 5.3 (A) at a larger axis scaling.

Figure 5.4 provides a fit of the ABR model with correction for ion-neutral
collisions [164] which is discussed in Section 4.5. The model data agrees very
well with the experimental data, except for the missing “knee” in the measured
characteristic and the non-saturating electron current. The ABR model gives a
much closer representation of the ion current and the transition to the electron
retardation regime. The OML model especially extrapolates the electron current
for Vp > φf towards extremely high magnitudes which are inconsistent with the
measured probe characteristics.

Plasma parameters derived from both model fits are presented in Tab. 5.2
in comparison with results from an appropriate SIGLO simulation. The plasma
density ne,i following the OML model exceeds the density derived from the ABR
model and the simulation by a factor of 15 which obviously results from the over-
estimation of the electron current by OML theory. A fit of the OML model to
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Figure 5.3: Probe characteristic and best fit of the standard OML probe model of
Laframboise [26]. The model has been implemented after [174]. Both diagrams show the
same data, but at different scale ranges. The vertical line marks the plasma potential φp

as derived from the applied model. For the resulting plasma parameters see Tab. 5.2.
The probe data is obtained from the center of a PKE plasma with p = 40 Pa and
Urf = 60 Vpp.
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Figure 5.4: Probe characteristic and best fit of the model discussed in Section 4.5. The
vertical line marks the plasma potential φp as derived from the applied model. For the
resulting plasma parameters see Tab. 5.2. The probe data is obtained from the center
of a PKE plasma with p = 40 Pa and Urf = 60 Vpp.

only the measured electron current, would yield a theoretical ion saturation cur-
rent, which is an order of magnitude too small to match the ion current regime of
the probe characteristic. This discrepancy has been reported earlier, for example
in [180], for low temperature plasmas. The OML model also yields a plasma
potential of φp = 51.9 V, which is noticeably larger than the expected value of
φp

>
∼Urf/2 [31]. In comparison, under the given experimental conditions, the ex-

tended ABR probe model provides plasma parameter values which are distinctly
better supported by simulation and theory than by the OML model. Residual
differences to the simulation results will be discussed in detail in Section 5.3.

Since the probe is an invasive device, that acts as a sink for plasma particles,
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it is important to minimize the current, drawn by the probe, in order not to
alter the nature of the plasma significantly. The analysis algorithm has thus been
focused on the ion saturation and the electron retardation current. It has been
shown above that, as a result, the OML probe model yields substantially too high
measured plasma densities and, therefore, should not be used.

probe φp Te ne,i

model (V) (eV) (1015m−3)
(Ion-) OML/Laframboise 51.9 5.3 12.0

(Ion-) ABR/coll. 36.3 3.4 0.65
SIGLO 44 3.9 0.86

Table 5.2: Plasma parameters derived from a probe characteristic (pgas = 40 Pa,
Urf = 60 Vpp) following an OML probe model, described in [174] and the collision
corrected ABR model, discussed in Section 4.5, in comparison with results from
the SIGLO code (new set of collision coefficients).

It is also known that the OML theory for cylindrical probe geometry does not
approach the ABR theory in the limit of vanishing initial ion energy [177, 165],
although ABR is valid under such an assumption. In the plasmas studied here,
the gas temperature is equal to room temperature [22] and since the ions cannot
follow the driving rf fields, effective ion thermalizing mechanisms do not exist,
yielding Ti ≈ 0.026 eV. Thus, the ions can be considered as “cold”. Regarding
the measured electron densities from the example above, the deduced electron
Debye length is λDe ≈ 500 µm, while the ion mean free path λmfp = 123 µm
for 40 Pa and a total ion-neutral scattering cross section of σt = 85 Å2 [32]∗.
Since attracted ions then experience collisions, their initial angular momentum
with respect to the probe is destroyed and radial motion towards the probe is
favored. Further on, radial ion trajectories are expected also from attracted ions
with zero initial energy. Therefore, an ABR theory based model is preferable
for the studied low temperature discharges, as it has been generally discussed in
Section 4.2.3.

The ion current predicted by Chen’s (collionless) formulation [178] of the
radial motion theory for cylindrical probes is slightly too large and exceeds the
measured ion current by approximately 50 % under the given discharge conditions,
as it has already been shown in Fig. 4.5. This current reduction is due to the
resistive effect of ion-neutral collisions on the ion flux to the probe at relatively
high gas pressures.

The influence of increasing gas pressure, yielding an increased collision fre-
quency, on the deviation of measured currents from the ABR theory is demon-

∗Recently, Hirt [55] performed ion beam experiments in a dc discharge at argon gas pressures
of 0.1 · · · 10 Pa and found the results to be in a good agreement with a total ion-neutral cross
section of σt = 125 Å2.
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Figure 5.5: Sonin plot for probe data taken from the PKE experiment for 20 Pa and
40 Pa neutral gas pressure and various rf voltages. Solid lines represent ABR and OML
curves. The dependence on the gas pressure is emphasized by the dashed lines. The
size of the data point markers indicates the size of the probe: (◦) rp = 25 µm, (◦)
rp = 50 µm, (◦) rp = 75 µm, (◦) rp = 100 µm.

pgas Urf Te nesat nisat Ii(−15)
√
J ηcoll nicoll

(Pa) (Vpp) (eV) (1015m−3) (1015m−3) (µA) (1015m−3)
100 120 3.0 6.80 1.30 13.0 3.8 2.19 11.57
100 60 3.2 2.32 0.43 7.0 2.7 2.19 3.81
60 80 3.2 1.65 0.61 8.1 2.9 1.20 2.01
60 60 3.3 0.90 0.35 6.1 2.4 1.20 1.16
40 80 3.4 1.14 0.50 8.2 2.8 0.86 1.16
40 60 3.2 0.58 0.24 5.9 2.4 0.88 0.58
20 120 3.0 1.03 0.68 9.2 3.2 0.46 1.09
20 60 3.1 0.43 0.26 5.2 2.4 0.46 0.41

Table 5.4: Plasma densities nesat, derived from the electron saturation current,
nisat from the ion saturation region and ion current Ii(ηp = −15) obtained from
central probe measurements in the PKE chamber under various discharge con-
ditions. The collision correction (see Section 4.3) yields the additional ohmic
drop ηcoll and further on the corrected plasma density nicoll.
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strated in the Sonin plot in Fig. 5.5. Data points of ion saturation currents,
obtained at equal neutral gas densities, are found on a single curve, even if they
differ in the corresponding rf powers or probe dimensions. Such a curve can
be simply derived from the curve representing the radial motion theory in the
Sonin plot. Therefore, the use of the collision correction method for the ABR
theory, presented in Section 4.3, is obvious. Figure 5.5 can be considered as the
continuation of Fig. 4.4 for small ξp.

Bryant et al. [164] proved their extension of Shih and Levi’s correction method
[185] to be valid for neutral gas densities and resulting collision frequencies which
yield an additional ohmic voltage drop in the presheath of the probe of up to
ηcoll ≈ 1. It can be seen from Tab. 5.4 which lists analysis results of the corrected
ABR model, that this condition is fulfilled for gas pressures up to about 60 Pa. To
evaluate the results of density correction for ion-neutral collisions, yielding nicoll,
Tab. 5.4 also list nesat, which is derived directly from the electron saturation
current at φp using Eq. (4.1). The plasma potential φp itself is a result of the fit
algorithm (see Section 4.5). With pargon < 60 Pa, nesat and nicoll are in a good
agreement. For higher gas pressures nicoll is overestimated compared to nesat.
Nevertheless, the relative deviation of the uncorrected ion density value nisat

from nesat is much higher than of nicoll. Due to the lack of other suitable methods
for this parameter range, the proposed method still remains the one to choose.
The rf power, as second important discharge parameter, has no relevant effect on
the analysis in the interval, which is appropriate for the experiments.

5.3 Characterization of the discharges

The previous section addressed the general suitability of the probe model to
hold under the conditions of PKE and IMPF discharges. This was done by a
detailed view on probe data from single measurements in the central bulk plasma.
In the following, the experimental results are compared to parameters obtained
from simulations, covering the whole range of experimental pressure and power
constellations. Additionally, the comparison of two-dimensional plasma property
profiles cares for the spatial resolution of probe measurements.

To do so, SIGLO simulations have been performed with both sets of scattering
coefficients (see Section 3.5). A few data points have also been included from the
simulation code used by Goedheer and Akdim [22, 189].

5.3.1 PKE

For a general characterization of the dust-free plasmas in the PKE chamber in
dependence on the two discharge parameters (neutral gas pressure and rf voltage
amplitude, representing a measure for the applied power) probe data and simu-
lation results from the center of the plasma have been plotted in Fig. 5.6. Due
to the geometry of the discharge setup, these parameters are the peak-values of
the profiles.
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Figure 5.6: Central plasma potential φp, electron temperature Te and plasma
density vs. the peak-to-peak rf electrode voltage Urf for various neutral gas
pressures. (A), (C), (E) are experimental results, while (B), (D), (F) are obtained
from simulations. The simulation data is distinguished as follows: small symbols
(◦) and a solid interpolation curve are derived from the SIGLO code using the
second gas parameter set, medium sized symbols (◦) and dashed lines is from
SIGLO with the first parameter set and large symbols (◦) with dotted lines
are from the simulation code used in [22, 189]. Interpolation lines have been
intentionally left out for the electron temperatures.
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Plasma potential

It is seen from the diagrams, that the time-averaged plasma potential derived
from measurements as well as from simulations increases almost linearly with the
rf electrode voltage (Fig. 5.6 (A/B)) as expected from [133]. A clear dependence
on the neutral gas pressure has not been observed. All data points for various
pressures but equal rf voltage are found within an interval of (3 · · · 5) V. The
average slope of the experimental curves is 0.47, while the simulation results
yield a slope of 0.41. Then, in dependence on the driving voltage Urf the obtained
central plasma potential can be approximated by φp ≈ 0.47 · Urf + 5 V for the
experimental case or φp ≈ 0.41·Urf+20 V for the SIGLO simulations, respectively.
The potential values from [189] still exceed the SIGLO results by ≈ 8 V.

It has been shown (see Section 2.1.1) that the time averaged potential drop Vs

over the electrode sheath must be slightly smaller than 1/2 ·Urf with respect to a
dc grounded electrode bias, so that the plasma electron population can reach the
electrode during a small fraction of the rf cycle. This process can be considered
as rectification of the rf voltage peaks. In previous experimental [133, 190] and
theoretical [191] studies the φp(Urf )-function has been reported to be linear for
Urf

>
∼ 50 V with a slope of 0.39 to 0.42. Following Godyak and Piejak [133], the

voltage drop ∆Vvol in the bulk plasma between the center and the axial plasma
boundary close to the electrodes is given by

e∆Vvol = kBTe ln

(

nc

nb

)

≈ (1 · · · 2)kBTe , (5.1)

where nc,b are the plasma densities in the center and at the axial boundary. Thus,
with respect to electron temperatures of (3 · · · 4) eV (see Fig. 5.6 (C/D)), φp is
expected to be Vs + Vvol

<
∼ 0.42 · Urf + 8 V, whicht is in a better agreement with

the probe measurements than with the simulations. This might be caused by the
gridded simulation space of fixed low resolution, where the strong electric fields
in the sheath occur within a few grid cells overestimating the potential gradients.
Distortions by the probe that result in too small measured potentials, such as
short circuiting of inner and outer plasma regions due to the conducting surface
of the reference electrode seem to have minor influence, since the measurements
are in accordance with the work of other authors. Additionally, the cross-check
with a second probe proved an almost indifferent behavior of the space potential in
the presence of a probe (Section 5.1). But the averaging effect of the finite spatial
resolution, caused by the total size of probe-tip diameter plus two times the sheath
thickness, might yield a slight flattening of the potential profile. Nevertheless,
experimental and simulated plasma potentials show comparable trends with the
discharge parameters.

Electron temperature

For determining the most important properties of complex plasmas, for example
the electron Debye length, as general scaling length for boundary processes in
the plasma, or the charge of microparticles, the electron temperature is a crucial
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input parameter (see Chapter 2). Nevertheless, the determination of Te comes
with an empirically estimated error of ±0.3 eV, since the electron retardation
region of the probe characteristic is perturbed by rf fluctuations in the plasma
that lead to a flattening of the measured characteristic.

Figure 5.6 (C/D) presents the central electron temperature derived from probe
data and simulations. The measured data points are scattered around an average
temperature value of approximately 3.2 eV, the averaged electron temperature of
the simulations is found at ≈ 3.8 eV. Obviously, the experimental and numerical
results shown neither a clear dependence on the rf voltage nor on the neutral
gas pressure. Only the temperatures from Goedheer’s code [189] decrease with
increasing gas pressure.

Comparing the results with other experimental work, one has to distinguish
clearly if the compared discharge is maintained by stochastic or ohmic heating
(refer to Section 2.1.1), since the transition is connected with a sudden increase
of Te. All experiments have been performed in the ohmic heating regime that
turns to the stochastic mode for gas pressures pargon

<
∼ 15 Pa. Keeping in mind,

that, within a discharge mode, the electron temperature is expected to decrease
slightly with increasing neutral density [45, 192, 193, 194], comparative values
for the appropriate experimental pressure range of pargon = (15 · · · 100) Pa are
Te ≈ (3.2 · · · 2.8) eV [45], Te ≈ (3.8 · · · 2.3) eV [194] and Te < 3.8 eV [195]. Thus,
the magnitudes of the simulated and especially the measured temperature are in
a good agreement with literature, but the pressure dependence is resolved only
by the code from [189]. Probably a variation of ∆Te ≈ 0.4 eV reported in [45] is
hidden by the observed methodical error in determining the electron temperature
from probe characteristics under rf influences. Supporting the present results,
Lai [193] and Wüst [194] also did not observe any dependence of Te on the rf
power.

Plasma density

The central PKE plasma (ion) densities nicoll, obtained from probe measurements,
are shown in Fig. 5.6 (E). As for the plasma potential, nicoll is increasing almost
linearly with the applied rf voltage, but also with the neutral gas pressure. The
linear scaling of the measured function nicoll(Urf ) has also been reported from
other experiments [196, 193, 133, 197] and simulations [20, 198]. Depending on
the neutral gas pressure with constant rf voltage, the measured density increases
almost proportional to p2

argon. This scaling behavior is in accordance with avail-
able simulation results from Goedheer’s code [189] in the geometry of the PKE
chamber, which agree essentially with the present experiments and SIGLO sim-
ulation for 20 Pa and 40 Pa, but both exceed other methods by a factor of ≈ 3
at pargon = 100 Pa. Therefore, these data points are not included in Fig. 5.6 (F).
Nevertheless, models of Misium et al. [192] and probe measurements in other ar-
gon rf discharges [194, 197] show a plasma density scaling with approxiately the
square root of the neutral gas pressure. It has been noticed in Section 5.2 that the
compensation of the ion current reduction, which is caused by collisions, by the
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Figure 5.7: Example 1: Contour plots of parameter profiles from a meridional cross
section of the inter-electrode space of a PKE discharge at 40 Pa and 80 Vpp. The left
column of plots is derived from probe measurements, the right column from SIGLO
simulation. Shown are the plasma potential in Volt (A/B), the ion density ((C) with
the measured nicoll and (D) with the simulated value ni), the electron density ((E):
nisat, (F): ne), all normalized with a factor of 1015m−3, and the electron temperature
in eV (G/H). The coordinate’s origin is the center of the lower electrode surface.
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applied probe analysis method at high neutral densities yields plasma densities
which are, at 100 Pa, a factor 1.6 higher than the density values nesat which are
derived from the electron current to the probe. But still, taking this effect into
account, nesat ∝ p1.5

argon.
Trends found in the simulated ion densities are plotted in Fig. 5.6 (F). In

contrast to the measurements, the dynamic behavior with the neutral gas den-
sity is less pronounced. The slope of the nicoll(pargon)-function flattens with in-
creasing gas pressure yielding approximately nicoll ∝ p0.5

argon as also reported in
[192, 194, 197]. Additionally, the two sets of gas parameters for argon, the SIGLO
code comes with (see Section 3.5.2), yield quite different peak densities. As a com-
bined effect, results from the first set of collision coefficients, match closer to the
measured values for pargon ≈ (50 · · · 100) Pa, while calculations with the second
gas parameter set match experiments better at lower gas pressure.

With respect to the magnitude of the derived density values, experiments and
simulations support each other, since, for the most interesting pressure range of
pargon = (20 · · · 60) Pa, the results agree within a factor less than two and are of
the order of values reported from other experiments [45, 197].

The remaining effect of closer agreement with simulations using either the
first or the second set of argon collision coefficients suggests that an unknown
parameter affects the experiment, but is not included in the numerical model.
Classical candidates affecting the plasma density are impurities in the working
gas. Typically, residual water vapor in the vacuum vessel is changing the ion
diffusion coefficient related to the neutral gas background and thus takes control
of plasma losses to the walls. But since the mass ratio of argon atoms to water
molecules is only ≈ 2, this effect should be small. In general, the diffusion
coefficient is lowered in the presence of atoms which are lighter than the working
gas, for example hydrogen from dissociated water. Thus, the effect can not be
responsible for a strong increase of plasma density with increased neutral gas
pressure.

A more dominant influence may be caused by negative ions [199], such as O−,
which can penetrate the discharge from the ambient air if the air tightness of the
chamber is broken or can be generated from sputtering of, for example, residual
dust particle material in the chamber. Even a small fraction of oxygen found in
the argon gas background can substantially replace the electron population [200]
and reduce the negative charge flux to the probe while the positive ion current
is slightly increased. On the other hand, Amemiya [201] has shown numerically
that the presence of negative ions leads to a reduced probe current and thus
a decreased measured plasma density. The order of magnitude of both effects
could be sufficient to explain the remaining differences between experiment and
simulation if oxygen is present in the discharge. Nevertheless, performing the
experiments, no possible leaks in the vacuum system as source of undesired gas
components have been proved.

It should be mentioned here that negative ions can also severely affect the
properties of complex plasmas [156, 200, 202].
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Figure 5.8: Example 2: Contour plots of plasma parameter profiles from a meridional
cross section of the inter-electrode space of a PKE discharge at 100 Pa and 60 Vpp. The
left column of plots is derived from probe measurements, the right column from SIGLO
simulation. Shown are the plasma potential in Volt (A/B), the ion density ((C) with
the measured nicoll and (D) with the simulated value ni) and the electron density ((E):
nisat, (F): ne), all normalized with a factor of 1015m−3.
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2D-parameter profiles

In the previous section, single probe measurements in the center of the discharge
have been used to give an overview on the general trends of the plasma parame-
ters with a variation of gas pressure and applied rf voltage. For the later under-
standing of dust particles arrangements as result of local plasma properties, it is
necessary to study the spatial development of φp, ni,e and Te. With the axial sym-
metry of the PKE (and IMPF) experiments, a two-dimensional profile of plasma
parameters on a meridional plane intersecting the discharge axis is sufficient to
characterize the whole volume plasma. Figures 5.7 and 5.8 provide examples for
the such 2D-profiles of the bulk plasma for the two condition sets pargon = 40 Pa
/ Urf = 80 Vpp and pargon = 100 Pa / Urf = 60 Vpp. Again, the measurements
are presented in combination with suitable results from SIGLO simulations (cal-
culated with the second set of gas parameters). The measured profiles consist of
(32×27) individual probe characteristics The spatial coordinates origin is located
in the center of the lower electrode’s surface. Thus, only the electrode plasma
sheaths are excluded from the explored inter-electrode space.

Regarding Fig. 5.7 (A/B), it is again seen, that the measured plasma po-
tentials are about 2Te/e smaller than the modeled values. The gradients of the
electric potential which are indicated by the density of the equi-potential lines
appear almost similar in the more central region of experiment and simulation.
At the plasma boundaries, r > 18 mm, and close to the electrodes, the SIGLO
code provides steeper gradients than the measured profile, which shows a more
homogenous bulk plasma. Comparing the shape of the plotted contour lines, the
experimentally obtained profile is slightly more elongated (or stretched) along the
discharge axis than the simulation result. Except for the magnitude of φp, the
two obtained profiles are quite similar.

The above mentioned elongation in comparison with the simulations reappears
in the density profiles, as it is visible from the ion density in Fig. 5.7 (C/D).
Comparing the absolute density values and distances of the equi-density lines (for
example looking at the 0.4·1015m−3-contours), measurements and simulations are
nearly equal.

Figure 5.7 (E) shows the electron density deduced from the probe current
at the plasma potential, Fig. 5.7 (F) the appropriate numerical results. Both
profiles coincide with the corresponding ion density plots, as it is demanded by
quasi-neutrality. The similarity of the measured plasma density calculated from
the ion current (nicoll) and from the electron current (nesat) demonstrates also
the accuracy of the probe current correction method for collisions at moderate
gas pressures. Regarding the corners of Fig. 5.7 (D) and (F), one can see that
the contour lines of nesat and nicoll at the very edge of the volume plasma do
not correspond to each other, any longer. Here, the beginning of the sheath at
the plasma boundary near the edge of the electrodes evolves. Thus, the more
effective electrons diffusion to the walls results in nesat/nicoll > 1, breaking the
quasi-neutrality.

The discrepancy of electron temperatures, determined by the probe and
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SIGLO simulations has been discussed in the previous section and is found again
in the diagrams of Fig. 5.7 (G/H). More noticeable are the differences in the shape
of the temperature profiles. While the measurements yield a central plateau at
maximum value that fills almost the whole area of the plasma glow, the simula-
tions predict a spatial temperature distribution with local maxima close to the
electrodes. In more detail, the residual variation of the temperature plateau is
∆Te ≈ 0.5 eV. The variation found in the simulation of the whole inter-electrode
space is only ∆Te ≈ 0.2 eV. Thus the simulated plasma can be considered as
homogenous in electron temperature. With respect to the estimated error of the
temperature determination from probe characteristics of ±0.3 eV, the measured
Te-profile also suggests to be approximated by a uniform electron temperature
for the volume plasma where injected particles are later confined and observed.

The second example of 2D-plasma parameter profiles shown in Fig. 5.8 has
been scanned at a high pressure of 100 Pa and reduced rf power. Obviously, the
profile‘s shape is further elongated to the electrodes, extending the homogeneity
of the bulk plasma along the discharge axis. Especially in the simulation, the
contour lines approximate a rectangular shape (or cylindrical shape in the 3D-
plasma volume). Again, the measured electron density nisat is in a very good
agreement with the simulation and is found to be twice of the magnitude, that
has been measured in the case of 40 Pa/80 Vpp. On the other hand, nicoll exceeds
nesat by a factor of ≈ 1.5, as it has been already observed in the limit of high gas
pressure (see Section 5.2).

5.3.2 IMPF

Analogous to the parameterization of the central peak plasma properties in the
PKE experiment on argon pressure and rf voltage, measurements have been car-
ried out in the IMPF chamber. Since the parameter space has substantially
grown with the possibility to apply different driving voltages at the center and
ring electrodes, for this overview the same voltage is fed to both electrodes. This
procedure ensures also that the maximum potential or density values are still
located in the center of the inter-electrode space. It can be seen later from the
2D-profiles, that the global shape of the plasma can be transformed from a convex
to a concave shape, with a high density region of toroidal shape located between
the ring electrodes.

Comparing the simulation results and probe measurements in Fig. 5.9 most of
the differences and similarities found for PKE in Section 5.3.1 are rediscovered.
It is noticeable that, besides the identity of the central plasma potential in the
PKE and IMPF chamber, the plasma density is almost similar, although the
electrode area is nearly four times enlarged in the IMPF experiment. This can
be understood, since the displayed discharge parameter is the rf voltage and not
the often used “forward” rf power. Therefore, the power density per electrode
area is the same as in the PKE experiment and leads to similar plasma densities,
because of the same electrode gap of 30 mm in both chambers. Nevertheless,
nicoll is for all parameters slightly smaller than measured in corresponding PKE
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Figure 5.9: Central plasma potential φp and plasma density vs. the peak-to-peak
rf electrode voltage Urf for various neutral gas pressures. (A/C) are experimen-
tal results, while (B/D) are obtained from simulations. The simulation data is
distinguished as follows: solid interpolation curves are derived from the SIGLO
code using the second gas parameter set, dashed lines are from SIGLO with the
first parameter set.

plasmas. Increased plasma particle losses to the grounded metal walls of IMPF,
in comparison to PKE’s dielectric glass walls, and the gaps between ring and disk
electrodes, that yield a discrepancy in the ratio of inter-electrode volume to the
electrode surface, when scaling from PKE to IMPF sizes, can be made responsible
for this small effect. The decreasing slope of the φp(Urf )- and nicoll(Urf )-plot
with increasing Urf , which is not visible in the simulation and in PKE results,
is probably a result of a systematic error in the measurement of the electrode
voltage due to unintended rf coupling in the more complex circuit of the IMPF
experiment.

Figures 5.10 and 5.11 provide examples for the 2D-profiles of the bulk plasma
for two different combinations of ring and center electrode voltages, both at 15 Pa.
For comparison, the measurements are presented in combination with suitable
results from SIGLO simulations. The measured profiles consist of 41 × 24 single
probe characteristics. As the IMPF probe, in radial direction, can only reach the
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Figure 5.10: Example 3: Contour plots of plasma parameter profiles of the inter-
electrode space in the IMPF experiment chamber. The neutral gas pressure is 15 Pa.
The ring electrodes are supplied with U r

rf = 88 Vpp and the disk electrodes with U d
rf =

41 Vpp, respectively. The left column of plots is derived from probe measurements, the
right column from SIGLO simulation. Shown are the plasma potential in Volt (A/B)
and the ion density ((C) with the measured nicoll and (D) with the simulated value ni),
both normalized with a factor of 1014m−3.

center of the chamber, the data array has been mirrored at the chamber axis to
display a profile of the whole inter-electrode space. This has also been done with
the simulation data.

It is seen from Fig. 5.10, with U d
rf = 41 Vpp rf voltage applied to the disk

and U r
rf = 88 Vpp fed to the ring electrodes, that the IMPF plasma profile can

be fundamentally changed by the newer concept of divided electrodes. The peak
values of φp and nicoll are now located in between the ring electrodes, that cover
the radial range of |r| =(23.5 · · · 40) mm, forming a concave plasma distribution.
In comparison, in the center of the discharge, plasma potential and density are
substantially reduced. This constellation allows to invert the radial electric field,
and, as a result, the ion drag, that are both understood to be responsible from
the generation of central dust-free regions (“voids”) in complex plasmas.

Similar rf voltages (U r
rf ≈ Ud

rf ) have been selected for the probe scan and
simulation presented in Fig. 5.11, to obtain a PKE-like shape of plasma property
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profiles. Although the simulation results show convex elliptical contour lines, the
probe measurements already detected a central constriction in the high density
region.
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Figure 5.11: Example 4: Contour plots of plasma parameter profiles of the inter-
electrode space in the IMPF experiment chamber. The neutral gas pressure is 15 Pa.
The ring electrodes are supplied with U d

rf = 55 Vpp and the center electrodes with U r
rf =

54 Vpp, respectively. The left column of plots is derived from probe measurements, the
right column from SIGLO simulation. Shown are the plasma potential in Volt (A/B)
and the ion density ((C) with the measured nicoll and (D) with the simulated value ni),
both normalized with a factor of 1014m−3.

It is also visible from both 2D-IMPF profiles, that, contrary to the PKE
experiments, the simulated plasma density is higher than the measured. This
trend is continued with a more extended plasma volume, as the toroidal plasma
distribution of Fig. 5.10, that yields a larger plasma boundary and more fragile
profile structures. The apparent deviations cannot be explained by influences
of the scanning probe, since the probe is able to detect even weak density in-
homogeneities (as shown in Fig. 5.11) which are not included in the modeling
results.
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5.4 Summary of results

The rf-compensated Langmuir probe hardware developed here (see Section 3.4)
and the adapted probe data analysis method, described in Section 4.5, have been
applied to characterize dust-free argon discharges in the PKE and IMPF (see
Section 3.1.1) plasma chambers at gas pressures pargon = (15 · · · 20) Pa and rf
electrode voltages Urf = (50 · · · 120) Vpp.

Studies of the influence of a probe, introduced into the discharge, on the
plasma properties demonstrated that the potential distortions are negligible,
while the density measurements may suffer a systematical reduction of up to
20 %.

It has been shown that the standard method for analyzing Langmuir probe
characteristics, namely the Laframboise model (for example [174]), leads to com-
pletely inconsistent measurements of electron and ion densities under the given
discharge parameters. Especially the desired determination of the plasma density
from the ion saturation current of the probe yields values that are more than one
order of magnitude too high. This disagreement has been solved by the use of
a radial-motion probe model with correction for weak ion-neutral collisionality
[164].

Summarizing, the following constraints should be fulfilled to obtain process-
able probe data: The measured plasma density must be at least on the order of
1 · 1014m−3. This is generally not fulfilled outside the inter-electrode space of the
PKE and IMPF chambers or close to the electrodes, where probe measurements
fail. The neutral gas pressure (for argon) should be smaller than 60 Pa, to work
in the validity range of the collision correction procedure of the data analysis.
For pargon > 60 Pa the deviation of the density obtained from the ion current
from the determined electron density can be approximately estimated. On the
other hand, for pargon < 15 Pa, the discharge is likely to perform a transition into
the stochastic electron heating regime which has been excluded from the present
study.

Comparing plasma properties derived from probe measurements and fluid
simulations, it can now be stated that both methods yield agreeing results. The
residual differences in experimental and simulated plasma potential, density and
electron temperature can be attributed to non-idealities of the probe method and
the simulation code: The finite size of the probe-tip and surrounding sheaths
limits the resolution of probe measurements and blurs especially small structures
in the measured 2D-profile. Impurities in the PKE and IMPF plasmas, which
distort the probe measurements, have not been evident, but may play a role in
dusty discharges as plasma sputtering products of plastic particles.

Nevertheless, probe and simulation data are widely consistent with theoretical
and experimental work of other authors.

The developed probe system is able to scan the bulk plasma and provides
reasonable parameter profiles, which can serve, for example, as the base for cal-
culation of resulting forces on microparticles immersed in the discharge.



6 Probe induced secondary voids

The preceding chapter examined the properties of the Langmuir probe in a dust-
free environment. Now, the presence of dust in the plasma is taken into account.
The investigations on the interaction of charged particles and Langmuir probes
are a prerequisite for developing suitable diagnostic methods for complex plas-
mas. This section is therefore focussed on the behavior of dust particles in the
vicinity of an object, the probe, in the plasma. In previous investigations, Law et
al. [51] studied probe-induced particle streaming. Thompson et al. [203] reported
on dust-free cavities around a floating rod moved across a large dust cloud. The
interplay of electrostatic repulsion and ion drag on particles close to a biased wire
has been investigated by Samsonov et al. [204]. These observations suffer from
the presence of the dominant gravity force, that breaks the expected symme-
try around a probe-like object, or use small, non-distinguishable particles which
are possibly hiding details of the effects. Here, experiments under microgravity
conditions will be presented that allow a detailed modeling of the probe-dust
system and have direct implications on the study of the void phenomenon (see
Section 2.4). The proposed force interaction model will suggest to name the
observations as “secondary voids” or “anti-voids”.

6.1 Experimental observations

The experimental arrangement consists of the PKE-setup (see Section 3.1.1),
which has been flown on the 3rd DLR∗ parabolic flight campaign (2001) to obtain
microgravity conditions. With discharge parameters of 40 Pa argon pressure and
an rf voltage of approximately 80 Vpp a large dust-free region is formed in the
plasma. The immersed particles have a diameter of 3.4 µm. Nearly half of this
void that is surrounded by a thick dust layer can be observed by the LFoV-camera
as it is seen in Fig. 2.13. The field of view, illuminated by the laser fan, is in many
cases intersected by the probe (see Section 3.2), which allows to study the particle
distribution around it. For example, corresponding to the findings in [203] a dust-
free cavity around the shaft of the probe is established instantaneously, when it
enters a particle cloud.

A more interesting phenomenon was observed when probe measurements have
been performed inside the central void of a dusty plasma. When the Langmuir

∗
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Figure 6.1: Video frame from the LFoV-camera. Most of the particles are arranged
around a dust-free area (“void”) in the center of the PKE plasma. The probe, mounted
at the front right, is positioned inside the void where it is intersected by the illumination
laser which is noticeable by the bright reflections. A ring of particles is formed around
the probe. In a detailed view of the ring the layer structure of the particle arrangement
becomes visible. (A schematic view from the top on the present observation geometry
is shown in Fig. 6.2 (a).)

Figure 6.2: Observation geometry of the particle cloud around the probe from the top.
The rotational movement of the probe leads to an intersection of the probe shaft by
the laser beam that can, for example, be located at the shaft (a) or the very tip of the
probe (b). Thus the size (radius r) of the dust formation can be determined as function
of the probe length.
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probe rotates from its parking position beside the upper electrode of the plasma
chamber into the center of the void, it traverses the outer particle population
at a high speed. Entering the void region, a large amount of dust is found
trapped in a shell surrounding the probe. The space around the tip and shaft
of the probe is dust-free and appears as a “secondary” void inside the large void
(see Fig. 6.1). In a closer view, it becomes visible that the internal structure
of the dust ring is not random, but consists of 3 to 4 distinct particle layers.
Even close to the thin tip of the probe where the diameter of the dust ring is
substantially smaller, four layers can be clearly identified (Fig. 6.4). It is also
seen from Fig. 6.1 that the particle formation around the probe shaft widens at
the top and bottom. Here, the distance to the boundary of the main void is
smallest, the strict internal structure of the ring vanishes and a few particles flow
from the dust ring towards the outer particle cloud. This region apparently forms
a saddle point in the confinement. The mean interparticle distance in the areas
with pronounced stratifications is only about a ≈ 100 µm, increasing at the top
and bottom of the ring.

While a single camera image provides only the two dimensional cross sectional
information of the particle-probe interface, the geometry along the third dimen-
sion can be derived from the movement of the probe under the assumption of
a particle arrangement which is independent on the probe position. Because of
the varying probe inclination with its rotation, the laser intersection plane moves
along the probe shaft and allows to determine the radius of the dust ring as a
function of probe length. Additionally a single video frame at fixed probe position
provides already two radii of the dust shell as it is sketched in Fig. 6.2.

Figure 6.3: Inner dust ring radius around the probe’s tip and shaft. The dashed
and dotted lines indicate the theoretical sheath edge with respect to the radius of the
different cylindrical probe parts under the assumption of a strict ion flow perpendicular
to the probe axis (cyl.) and with consideration of the finite length of the probe (ellip.).
The probe-tip covers range (56· · · 60) mm.

The measured radius of the secondary void along the shaft of probe is plotted
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in Fig. 6.3 and varies from 1 mm at the probe-tip up to 6 mm. Obviously, the
size of the dust shell increases with the diameter of the cylindrical parts of the
probe, which are explained in Section 3.4.1. It follows, that the overall shape of
the dust distribution is a hollow conical sleeve with the probe shaft on its axis.
Since the laser sheet crosses the cone geometry obliquely to its axis, the ring that
is observed on the video image appears egg-shaped. It is presumed, that the dust
sleeve connects to the outer (large) particle cloud, where the probe penetrates
the cloud.

Although the probe-tip is biased with a voltage ramp from Up = −40 V
to Up = 80 V to analyze the plasma, the particle formation remains mostly
undisturbed, since the shaft, comprising of reference electrode and ceramics, is
insulated and thus expected to float at the constant potential of φf . Only close
to the probe-tip the dust ring is observed to collapse in size for a short interval,
when Up exceeds the plasma potential φp. Figure 6.5 shows a sequence of eight
probe voltage sweeps at a probe position in the center of the discharge. This
position allows to study the arrangement of trapped particles near the probe-tip
as it can be seen from Fig. 6.2 (b). During the sequence, the rf power has been
intentionally reduced with time t. Thus, φp varies from +57 V at t = 1 s to +40 V
at t = 7 s, as indicated by the dashed line in the plot. The dust distribution has
settled after injection at 2 s. As long as the probe’s tip potential is negative with
respect to φp and thus repulsive for the negatively charged particles, the void
size shows a gradual decay with the decreasing rf power. For φp < Up, which is
emphasized by the shaded areas in Fig. 6.5, the dust is attracted by the probe
and the local void size shows a sudden reduction. The minimum size of the void
occurs exactly at the highest probe potential. At t = 5 s and t = 7 s the relative
reduction becomes more pronounced because of the reduced plasma potential
which expands the interval with φp < Up. Close inspection of the video data
shows that during the collaps of the void the dust particles approach the probe
at its very tip. The contact between dust cloud and probe leads to a gradual
contamination of the probe surface as it has been described in Section 3.4.2. The
thickness of the dust formation around the probe, which is estimated from the
inner and outer radius of the ring, shows no dependence on the probe bias and
is almost constant during the sequence.

It should be noted that the observed “breathing” of the small void with the
voltage applied to the probe is localized to the vicinity of the probe-tip. The
smallness of the effect can be understood in terms of the dominance of probe
parts with a fixed potential φf , that maintain the size of their surrounding void
irrespectively of the bias on the probe-tip.

6.2 Interpretation: Secondary voids

Trying to explain the phenomenon of the dust shell around a floating object
in the central void of a complex plasma, the most important open question is
which mechanism confines the particles at a defined distance from the object,
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Figure 6.4: Image from the LFoV-observation camera at a probe position, where the
laser beam crosses the tip of the probe and illuminates a part of the trapped particle
cloud close to the thin end of the probe. Here, the response of the visible fraction of
the dust shell around the probe can be studied by calculating the probe bias dependent
shell radius from the distances d which range from the laser reflection point to the dust
cloud boundaries. The observation geometry corresponds to Fig. 6.2 (b).

Figure 6.5: Outer and inner radius of the dust ring close to the probe-tip (as indicated
in Fig. 6.4) plotted versus time together with the applied probe bias voltage Up (ramp
voltage sweeps) and the measured plasma potential φp. Intervals with Up > φp are
marked by the shaded areas.
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although the objects surface potential and particle potential are negative with
respect to the space potential and thus repel each other. Moreover, the trapped
particles are located in an area, from which, in general, the ion drag force removes
all dust grains towards the plasma boundaries and forms the central dust-free
void region. Thus two opposite forces, directed from and towards the probe,
must act on the particles, generating a trapping potential well. The observed
stratifications of single particle dust layers inside the cloud surrounding the probe
also hints at strong confining forces as discussed in Section 2.5. It is obvious to
attribute the repulsive force to the electrostatic force resulting from the negative
surface charges of the floating probe shaft and dust grains. According to [204] the
attractive force is supposed to be the ion drag force, mediated by positive argon
ions streaming on the probe’s shaft. The interplay of these two forces is also

Figure 6.6: Opposite to the supposed forming mechanism of the void phenomenon (A),
the dust-free area around the probe (B) is generated by an outward acting electrostatic
force ~FE and an inward pointing ion drag force ~Fi. The number of induced particle
layers between outer and inner cloud radius r1, r2 hints the confining strength of the
resulting particle trap.

suggested to drive the dust removal from the central bulk plasma, the “primary”
void phenomenon (see Section 2.4). In that case, the ion drag ~Fi exerted on

the particles overcomes the oppositely directed electrostatic force ~FE in the high
space potential region of the central plasma and pushes the particles towards the
plasma boundaries, where ~FE increases strongly and (over-)compensates ~Fi as it
is indicated in Fig. 6.6 (A). Trapped dust grains around the probe are balanced by
the same but inverted forces, as sketched in Fig. 6.6 (B), thus the probe induced
void is named “secondary void” or “anti-void”.

Since the particles are trapped in the generally dust-free main void, there is a
region where the drag force changes sign. Considering the confinement potentials
of the outer dust cloud and the ring around the probe, the height of their sepa-
rating potential barrier shrinks with reduced distance of the dust clouds. With
respect to the main cloud confinement potential, the secondary trapping potential
is a local minimum only. For this reasoning the high force gradients, which induce
the particle layering, and thus the sharp boundaries of the dust ring vanish close
to the outer dust cloud and particles are leaking from the ring to the main dust
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accumulation.
The assumption on the role of ion drag and electrostatic field force is supported

by comparison of the secondary void radius, representing the particle equilibrium
position measured from the axis of the probe, and the location of the space charge
sheath around the probe. For calculating the sheath radius rs it is assumed, that
the probe-tip, as the insulated parts of the probe, is floating at φf . Therefore,
ion and electron current Ii,e to the probe are equal, Ii = −Ie. With respect
to the cold ions and the destruction of angular momentum by weak ion-neutral
collisionality, the ion current is described by the Bohm formula (Eq. (4.6)). Note,
that the Bohm criterion is generally deduced under the assumption of a plane
sheath geometry (e.g. [37, 166]). Thus, dealing with the problem of spherical
and cylindrical probes, a thin sheath, rs − rp � rp, where rs is the radius of the
sheath-plasma boundary and rp the radius of the considered part of the probe, is
required to approximate the sheath with the idea of the plane sheath [166]. In the
the present case, we expect rs−rp > rp, and the existence of a sheath edge, where
the ions reach Bohm velocity and which is defined by the breakdown of the quasi-
neutrality condition (see Section 2.1.1), appears unclear. Nevertheless, Chen [37]
stated that also for spherical and cylindrical probes the basic predictions of the
plane sheath criterion are valid and a sheath does exist even for negative probe
biases. With respect to spherical probes, Braithwaite and Allen [205] have shown
that, for ABR theory, the initial restriction to thin sheaths can be replaced by the
condition (λDe/rs)

2 � 1. This condition is fulfilled for the supporting parts of
the probe in the present experiments. Additionally, following Bryant et al. [164],
we assume that the Bohm criterion still holds for a weakly collisional plasma. For
details on the influence of collisions on the Bohm criterion see [40, 41]. Further
on, we will use the kinetic sheath criterion defining the sheath edge as the point,
where the ion velocity towards the plasma boundary becomes sonic (vi = vB).
Thus, assuming that the ions are accelerated from thermal velocity and to Bohm
velocity at the sheath edge, the Bohm formula gives the current through the
sheath surface, which is, by flux conservation, the same at the probe surface.
Because for velocities between the ion thermal and ion-acoustic velocity, the ion
drag force has a falling characteristic (see Figs. 2.8 and 2.10) and the electric field
force increases towards the probe, an equilibrium position somewhere outside the
sheath edge is expected. The electron current Ie is determined by the electron
random motion and reduced by a Boltzmann factor (Eq. (2.10)). Equating (4.6)
and (4.1), the sheath surface area As becomes a function of the probe surface
area Ap, electron thermal velocity, and Bohm velocity,

As =
1

4

vte

vB

Ap exp

(

1

2

)

, (6.1)

with given quasi-neutrality far from the probe, ni = ne.
In a first approximation, we consider strictly perpendicular motion of the ions

to the probe axis, which gives a cylindrical shape of the sheath edge as indicated
by the dashed lines in Fig. 6.3. All calculations have been carried out separately
for each component of the probe design with its stepwise increasing diameter,
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thus the steps also appear in the simplified sheath edge geometry. The sheath
surface area of the cylinder model is then As = 2πrsl, where l is the length of
the respective part of the probe. This approximation already matches the void
radius around the shaft pretty well.

In a second step, the idea to identify the equi-potential surfaces and thus the
sheath edge geometry around a finite cylindrical body as prolate spheroids as
suggested in [164, 185] is applied (see also Fig. 4.7). The surface area of a prolate
spheroid is

As =
2s2rsπ arcsin(l/s)

l
+ 2r2

sπ , s =
√

l2 + r2
s , (6.2)

with the maximum radial extension rs. Regarding only the front part of the
probe, the cylindrical parts of the probe appear to be single-ended. This is taken
into account by considering the focal distance of the spheriod as 2l and thus
considering the probe as a symmetrical object with two ends. The above model
gives the dotted contours in Fig. 6.3. Obviously, the approximation confirms
the expected equilibrium particle position outside the sheath, but close to its
edge. Here, in the vicinity of the sheath edge, the ion drag force is decreasing
with increasing ion velocity and the repulsive floating potential of the probe shaft
becomes dominant for the negatively charged particles due to reduced shielding
at the space charge layer. Hence, the assumption of the interplay of electric
field force and ion drag force as main driving mechanism of the secondary void
phenomenon turns out to be valid and will be investigated quantitatively in the
following section.

6.3 Modeling the force balance

For a quantitative understanding of the dust shell around a floating body in the
plasma, it is desirable to model the system. With such a model the remaining
question, at which distance from the central body and its surrounding sheath an
equilibrium of ion drag force and electric field force establishes, can be answered.
Additionally, the results will open access to the shape of the particle trapping
potential from which the expected number of confinement-induced particle layers
can be derived (see Section 2.5). The obtained results, the quantified stratification
as well as the equilibrium particle position in the calculated potential well, will
then allow to test the model directly against the experimental observations. The
comparison will also allow to evaluate the suitability of different ion drag models
(Section 2.3.5) that will be used in the calculations.

6.3.1 The force equilibrium position

Modeling the plasma density and potential structure around an object with a
geometry of the present probe is a difficult problem, since each floating part of
the probe affects the sheath geometry of its neighboring probe component. This
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is visible from the contour of the approximated sheath edges in Fig. 6.3. It is
also known, that the obvious description of the problem in cylindrical coordinates
gives a singularity in the electric field at infinity [178] and spheroidal coordinates
should be used instead [164, 185]. Bryant et al. [164] argue that the spheroidal
potential contours in the presheath of a cylindrical probe become nearly spherical
as soon as the radius is larger than the probe length (rs

>
∼ l). Following this

reasoning, it is valid to discuss the force equilibrium in a presheath model for a
spherical probe when focussing exemplarily on the current fluxes to the ceramics
cylinder which insulates the probe’s tungsten wire from the reference electrode
(see Section 3.4.1).

The used model of Shih and Levi [164, 185] requires radial motion of the
ions which is a good assumption under the current experimental conditions and
has been proven by the analysis of probe characteristics in Section 5.2. Weak
ion-neutral collisionality, that must also be accounted for, is included in the per-
turbation ansatz by introducing a friction term in the ion equation of motion.
The presheath problem is then formulated in analogy to Eqs. (4.20)–(4.22) for
spherical geometry. The set consists of ion continuity equation, ion equation of
motion, and Poisson’s equation:

NV = x2 (6.3)

dV

dx
=

1

x2V

(

−x2
dη

dx
− υ

√
JV

)

(6.4)

d2η

dx2
=

−a2(N − exp(η))

x4
. (6.5)

Normalizations and definitions are the same as for Eqs. (4.20)–(4.22). The ion-
neutral scattering cross section σ = 85 Å2 which enters the ion collision fre-
quency νi in υ = νi/ωpi is taken from [32]. Under the assumption of a quasi-
neutral presheath Eqs. (6.3)–(6.5) reduce to the simple form

dη

dx
=

2x3 exp(−η) + υ
√
J

x4 exp(−η) − exp(η)
. (6.6)

The numerical solutions of Eqs. (6.3)–(6.5) and (6.6) yield the normalized poten-
tial distribution η(x) = eφ(x)/(kBTe) as function of the reciprocal radial coordi-
nate x = λDe

√
J/r and the normalized ion velocity V (x) = v(x)/vB. The model

has been solved with and without the assumption of a quasi-neutral presheath for
the experimental parameters: an ion mean free path λmfp ≈ 130 µm, an electron
Debye length λDe = 390 µm and an ion current Ii = 18 µA, which corresponds
to the electron random current to the floating probe ceramics with its size of
3 mm length and 0.25 mm radius. Referring to the estimated sheath geome-
try in Fig. 6.3, the ion flux to the ceramics is anisotropic and is collected only,
when coming from the front (tip sided) half of the surrounding plasma. Thus,
considering a spherical probe, the current value represents the ion current into a
hemisphere of 3 mm radius at a plasma density ne = 1.2 × 1015m−3 and a Bohm
velocity vB = 2800 m/s that corresponds to Te = 3.3 eV. The plasma potential



6.3. MODELING THE FORCE BALANCE 107

φp = 38 V and floating potential φf = 29 V is, as well as ne and Te, known
from probe measurements. The resulting radial distributions for the poten-
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Figure 6.7: Numerical solution for the normalized ion velocity vi(x)/vB (solid lines)
and potential η(x) (dashed lines) of the spherical presheath model from Bryant et

al. [164]. The underlying parameters are described in the text. Thick lines represent
the solution of the full set of Eqs. (6.3)–(6.5), while the thin lines are calculated from
Eq. (6.6).

tial and ion velocity for the full model and the presheath solution are plotted in
Fig. 6.7. The two solutions diverge only close to the sheath edge position xs = 0.51
(⇒ rs = 3.1 mm) which is visible by the breakdown of the presheath solution.
Therefore, later results on the force equilibrium are almost the same for both ap-
proximations. Nevertheless, defining a criterion for the sheath edge as vi(rs) = vB

yields rs = 2.4 mm for the full solution which is used for further comparisons of
the different ion drag force expressions. The necessity to use the model described
by Eqs. (6.3)–(6.5) which carefully accounts for the ohmic drop in the presheath,
becomes evident from a comparison with a collisionless presheath model where
the sheath edge would shift to r′s = 1.7 mm (full solution).

Evaluating the forces on a particle of radius rd = 1.74 µm in the presheath of
the considered part of the probe the charge of the particle Qd has been determined
by OML-theory with respect to the drift of the accelerated ions in the presheath
(see Fig. 2.5). The number of elementary charges on a grain increases from
approximately 10500 in the undisturbed plasma up to 16000 at the sheath edge.
With respect to the small particle size and large electron Debye length, Bryant [57]
has shown that the influence of collisions on the floating potential of a dust grain
and thus on the particle charge is negligible. Then, the electric field force on the
particle is obtained with FE(x) = QdE(x) where the electric field strength E(x)
is derived from η(x).

As counteracting force, the ion drag has been calculated according to the
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Figure 6.8: Comparison of the ion drag force FiB by Barnes et al. [49] (at a fixed
shielding length λDe/

√
2) and FiK by Khrapak et al. [50] (using λDi) with the electric

field force FE on a charged particle in the presheath of a spherical probe as function
of the normalized (reciprocal) radius x. Vertical lines indicate, where the accelerated
ions reach the average ion thermal velocity vti and Bohm velocity vB.
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Figure 6.9: Same diagram as in Fig. 6.8, except for the ion drag after Barnes et al.

(F v
iB), that has been calculated under the assumption of an ion drift velocity dependent

shielding length λv
D as cut-off radius entering the orbit force component.
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models of Barnes et al. [49] and Khrapak et al. [50] in three different ways:

1. The Barnes model has been used following Eq. (2.64). As fixed cut-off radius
in the Coulomb logarithm of the orbit force component, bmax = λDe/

√
2

was chosen. This value accounts for the effective ion shielding length at the
sheath edge, that is determined by ion energy rather than ion temperature
[50]. Hence, drifting ions at Bohm velocity yield λDi(vB) ≈ λDe (compare
with Eq. (2.16)). A similar increase of the effective shielding length was
suggested in [51]. The combined action of thermal electrons and Bohm ions
thus yields λD = λDe/

√
2. Remembering the discussion on the influence

of the cut-off radius on the ion drag force in Section 2.3.5, this ion drag
expression can be considered as an upper limit for the force and is hereafter
named FiB.

2. To take into account the development of the shielding length from λD ≈ λDi

in the undisturbed plasma to λD ≈ λDe/
√

2 near the space charge layer of a
plasma boundary (see above), the Barnes formula has also been evaluated
with the ion drift velocity dependent shielding length given by Eq. (2.17)
as cut-off radius. This yields the drag force F v

iB.

3. Setting a lower limit to the magnitude of the ion drag, Khrapak’s model
has been used with the linearized Debye length in the undisturbed plasma
λD = (1/λ2

De + 1/λ2

Di)
−1/2 ≈ λDi. It should be noticed, that the resulting

force FiK is still larger than using Barnes formula with bmax = λDi (compare
with Fig. 2.10), since Khrapak et al. have introduced a modified Coulomb
logarithm in their orbit force term. This orbit force accounts for the closest
approach r0 of a scattered ion to the dust grain and not for its impact
parameter (see Section 2.3.5).

All expressions include the locally varying particle charge and plasma density
that can be easily obtained from V (x) and Eq. (6.3).

Figure 6.8 presents the force magnitude distribution in the presheath of the
spherically approximated part of the probe for FE, FiB and FiK . The ion drag
forces take a maximum close to the average ion thermal velocity and decrease
again, while FiB is a factor of up to four larger than FiK . In this range of
vi, the ion drag is determined by Coulomb scattering (orbit force), while the
collection force component becomes dominant at about vi/vB ≈ 3 (see Fig. 2.8).
This explains the big difference in the force magnitudes between Barnes’ and
Khrapak’s model. Both ion friction forces exceed the electric field force for sub-
thermal ion drift velocities. Nevertheless, FE intersects the ion drag at subsonic
ion speeds. The point of intersection represents the equilibrium positions for dust
grains surrounding the probe, which are listed in Table 6.2. The results confirm
our expectation that the dust will be trapped outside the space charge layer.

Now we consider a model in which the shielding length λv
D is considered as a

function of position. Figure 6.9 shows the ion drag force after the Barnes formula
including λv

D which is depending on the local ion velocity (F v
iB). In contrast to
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the previously discussed models, here, the electric field force exceeds the ion drag
for vi < vti. Closer to the probe, with increasing ion speed, the effective shielding
length increases and F v

iB overcomes FE before it decreases again. Thus, also in
this case an equilibrium position establishes. It is found close to the force balance
point of FiB and FE.

ion drag xeq req k ξ∗ η∗ Nl β
model (mm) (N/m)

1. Barnes (λDe/
√

2) 0.48 3.4 2.9 · 10−9 0.24 0.022 4 0.8
2. Barnes (λv

D) 0.45 3.5 1.6 · 10−9 0.42 0.013 4–5 1.0
3. Khrapak (λD) 0.37 4.4 0.65 · 10−9 2.1 0.006 4–5 2.3

Table 6.2: The positions of the force equilibrium point xeq, req as radial distance
from the probe, the local confining strength k of the formed potential well and
the resulting ordering parameters ξ∗, η∗, which are described in Sect. 2.5, for the
three ion drag models. According to ξ∗ and η∗ the number of induced particle
layers Nl in the trap is derived from Fig. 2.14. Additionally, the corresponding
scattering parameter β is given.

6.3.2 Force induced particle layering

The point of balanced forces Fi and FE marks the position of the minimum of
a confining potential well the particles are trapped in. In the real experimental
system more than a single dust grain have to arrange in the well, yielding a
competition of repulsive inter-particle forces and confining forces according to
the shape of the potential trap. The resulting ordering of particles is addressed
in the following:

The net restoring force ( ~FE + ~FiB) on a particle in the vicinity of the force
equilibrium point increases approximately linearly, which makes the force balance
stable. Although the ion friction force is non-conservative, the dust can be consid-
ered as being confined in a nearly parabolic potential well of the form φ = kr2/2.
The confining strength k can be estimated from the gradients of the forces at the
equilibrium points for the different ion friction force models (see Table 6.2).

The experimental observations show that the particles which are trapped in
the generated potential well arrange in distinct layers, forming the probe sur-
rounding dust shell with a sharp inner and outer boundary. In a first approxi-
mation the dust shell can be considered as a particle cloud in a one-dimensional
confining potential. The particles can move freely along the two dimensions of the
shell surface, but underly the ion drag force and electric field force which are act-
ing perpendicular to the surface. This approach corresponds to the system that
was theoretically investigated by Totsuji et al. [121]. These studies have been
introduced in Section 2.5. In their simulations, Totsuji et al. found the number
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of induced particle layers in a parabolic 1D-potential well to be only dependent
on two ordering parameters ξ∗ and η∗ which are a measure for the shielding inside
the dust cloud and for the ratio of external (force generated) potential to thermal
energy of the particles.

Hence, the number of expected particle layers Nl, according to the present
model, is derived from Fig. 2.14 (B) by calculating the local ordering parameters
at the equilibrium positions. The results are presented in Table 6.2, where λv

d has
been used as local shielding length, which enters ξ∗, for all three ion drag models.
Typically four to five layers should establish in the modeled particle trap around
the probe ceramics. This is in a good agreement with the observed four layers.
It should be noticed, that Nl is the same for ion drag models two and three,
although the resulting confining strengths are quite different. This is caused by
the dependence of ξ∗ on the locally varying shielding length.

6.4 Discussion

The ring of dust particles around a probe inside the (normally) dust-free void
region of a complex plasma under microgravity conditions can be understood as
a cross section through a conical sleeve of dust particles that are confined by
repulsive forces from the probe and compression forces from the inflowing ions.
This is quantitatively confirmed by the force equilibrium positions of electrostatic
field force and ion drag calculated on base of a presheath model, which are in a
very good agreement with the experimental observations. The model accounts for
ion-neutral collisions and provides the ion density and ion velocity distributions in
the presheath of the probe for the calculation of the ion drag on the particles. The
shape of the trapped dust cloud reveals the space charge layer around the floating
probe, because the minimum of the formed confinement potential is located close
to the sheath edge.

It is noted that the influence of charged particles on the presheath solution
is not regarded and that both applied ion drag models [49, 50] suffer from the
neglect of collisions [28, 29] and consider only the presence of a single dust particle.
Nevertheless, enhanced ion drag theories have not been available at the time of
writing.

Particle layering

The presented model also yields the confining strength of the particle trap, which
allows to derive the number of particle layers corresponding to the stratifications
observed in the experiment. This important feature allows, vice versa, to estimate
immediately from experimentally observed formations of particle layers the force
gradients of the effective confining potential generated by ion drag and field force.

Boundary induced layering effects are also known from 2D and 3D particle
clusters [116, 117], where the outer particles arrange in distinct shells, and from
complex plasmas confined in narrow channels [123] which is comparable to the
present system. Other investigations evidence the existence of similar behavior
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in colloidal suspensions [125] and on the nanometric scale in the ordering of
molecules in thin liquid films [126, 206]. The study of confined complex plasmas
may therefore have direct impact on, for example, the research of friction and
lubrication at the atomic scale [127].

The observed layering mechanism cannot be effected by wake field attraction
(e.g. [94]). Experiments have consistently shown that ion-flow-induced alignment
leads to interparticle distances of the order of a ≈ λDe (e.g. [93, 207]) which
exceeds the present observations by a factor of (3· · · 4). Furthermore, particle
trapping wake fields have been observed only for vi ≥ vB.

Results from different ion drag models

The obtained force equilibrium positions are only slightly dependent on the
applied ion drag model. The Barnes formula [49] including a fixed cut-off
radius on the order of the electron Debye length which is widely used (e.g.
[16, 99, 100, 204]), yields the lower limit of the experimentally observed dust
ring radii. The model of Khrapak et al. [50] results in the smallest magnitude of
the ion friction force at the equilibrium position, which approximately reproduces
the upper limit of the particle position observations. Nevertheless, both models
suffer from the approximation of the ion scattering potential by a Coulomb po-
tential with fixed cut-off radius (compare Section 2.3.5) which is questionable in
the presence of the presheath, where the acceleration of ions strongly affects the
shielding length [51]. As a first step towards this problem, the Barnes formula
with an ion-velocity-dependent cut-off radius yields an equilibrium position in-
between the results of the standard models. Qualifying is, that this model is not
fully compatible to void experiments (refer to Section 2.4). Using this model for
ion drifts below the average thermal ion velocity, the counteracting electric field
force exceeds the ion drag. Thus, a completely dust-free region, generated by radi-
ally outflowing ions as observed in [9], cannot develop. Akdim and Goedheer [22]
have pointed out this problem, when they initially used the Barnes formula with
the linearized Debye length as cut-off radius in their complex plasma simulations.

Comparison with previous works

The phenomenological aspects of the interaction of a probe with a typical labo-
ratory dusty plasma under gravity have first been investigated by Law et al. [51].
The authors already reported that a probe inserted into a dust cloud creates a
sharply bounded void around the probe. To study the interaction of a float-
ing rod-like object, similar to a probe shaft, with an extended complex plasma,
Thompson et al. [203] immersed particles with rd < 0.5 µm in a DC discharge.
The influence of gravity on these particles is negligible and probe generated voids
under stationary and moving conditions have been observed. In contrast to our
explanation, Thompson et al. [203] proposed an equilibrium of electric field force
and dust kinetic pressure inside the cloud to determine the size of the void.

Samsonov et al. [204] pointed out the role of the ion drag as particle attracting
force in the vicinity of a biased wired which was fixed close to a mono-layer
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of particles being trapped in the lower sheath of an rf discharge. The authors
observed an equilibrium particle position, but no stratifications in the mono-layer.

An independent study on the dependency of the size of an induced void on the
probe bias has been published by Thomas et al. [99] after submission of [208]. The
void, created by a cylindrical probe in a cloud of medium-sized particles trapped in
an anode glow discharge, was found to increase with (negatively) increasing probe
voltage. As theoretical approach to quantitatively describe the observations, the
authors considered a one-dimensional sheath model as it is valid for plane probe.
The model yields the potential distribution to calculate the interplay of electric
field force and ion drag after the Barnes formula on a particle in the vicinity
of the probe. The experiment [99] has similarities with the present work and
the basic idea for explaining the phenomenon is similar to the one suggested
here, except for the degree of approximations made on the probe geometry, the
used ion drag model (Barnes formula with bmax = λDe) and the assumption of a
collisionless discharge. Moreover, an important difference must be pointed out.
In [99], the dusty plasma itself is generally void-free. Therefore, a void of finite
size can be already generated by the repulsive force of a negative probe and the
counteracting inner kinetic and Coulomb pressure of the dust cloud as proposed
in [203]. With increasing probe potential, the also increasing sheath surrounding
the probe yields a larger void. Thus, an experimental indicator on the existence
of the ion drag force has not been reported by the authors of [99]. Nevertheless,
Thomas et al. [99] conclude that the ion drag force does play an attractive role
in the probe-dust interaction – as it has been shown by the stability of the dust
ring inside the particle-free void in this chapter.

With respect to the comparison of observed void size and results of the force
model of Thomas et al. [99], it is noticeable that the theoretical dependence on
the probe bias is nonlinear, while the experiment shows a strictly linear behavior.
This may result from the plane sheath approximation for the cylindrical probe.

Closer inspection shows that the situation in [99] is even more different from
the secondary voids described in this thesis. The total amount of particles in the
vicinity of the probe is much larger than in the present case and leads to a different
plasma environment in the presheath region of the probe, which is filled with dust
in [99] but mostly empty of dust in the present case. As a result, the sheath edge
around the probe is not generally identical with the force equilibrium point as it is
assumed in [99]. This difference can be discussed with the aid of Fig. 6.10, which
shows a potential well formed by electric field force and ion drag force calculated
from the model presented in Section 6.3. A small amount of trapped dust fills the
bottom of the well and thus reveals the shape of the sheath around the central
object close to its edge. A large dust cloud also penetrates into the sheath. The
force equilibrium of ion drag and field force is then visible only by an enhanced
particle density at the potential well minimum, but not by the edge of the void.
Figure 6.10 shows that, for example under the present conditions, a large particle
cloud effects a reduction of the void radius by ∆r ≈ 2 mm. Therefore, we suggest
to utilize as few particles as possible to visualize the force equilibrium point and
thus the structure of the sheath around objects in a plasma.
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Figure 6.10: Particle confining potential well formed by electric field force and ion drag
force in the presheath of a spherical probe as function of radial distance r. The curve
has been calculated from the results presented in Fig. 6.8 using the Barnes formula
(with bmax = λDe/

√
2). The vertical line resembles the position of the sheath edge.

The radial coverage of a small and a large population of particles in the potential well
is indicated by the upper and lower group of white dots.

Impact on probe diagnostics

The experimental investigations on the dust-probe interaction have direct im-
pact on the development of probe diagnostics for dusty plasmas. It has been
shown, that the sheath remains dust-free as long as the probe is negatively bi-
ased with respect to the plasma potential. This ensures that the ion part and
electron retardation part of the probe characteristic can be recorded while avoid-
ing contamination of the probe by dust deposition. An advanced waveform as
sweep function is sufficient to allow measurements above the plasma potential
(see Section 3.4.2).

Important information on the effective geometry of a Langmuir probe which
enters the design of a next probe generation or the theory applied in probe data
analysis is obtained from the dust visualizing the space charge layer.

Generally, a Langmuir probe in a dusty plasma measures properties of the
particle containing plasma, although it is surrounded by a self-generated dust-
free region. This is apparent to assume, since the secondary void represents
approximately the sheath around the probe – but the sheath still is, as in dust-
free plasmas, determined by the ambient plasma.

Although an electrostatic probe remains an invasive diagnostic for complex
plasmas, which is mostly a problem of the large probe support needed, the above
results show, that it allows to investigate phenomena like ion drag and voids in
more detail. And, the probe is capable to locally resolve parameters of a complex
plasma as it is demonstrated in Chapter 8.



7 Force balance in complex
plasmas under microgravity

Opposite to the dust-free region around a probe (“secondary void”), the phe-
nomenon of a large central void, as it is observed in complex noble gas discharges
like in PKE (see [9]) and IMPF, is understood to be driven by an inward directed
electric field force and the counteracting ion drag force on the negatively charged
particles, which is mediated by outward flowing positive ions. An introduction
to the void phenomenon is given in Section 2.4.

To evaluate the dominance of FE and Fi in the generation of the void, this
section compares the size of a void under varying discharge conditions, as it
has been observed in the IMPF experiment during parabolic flights, with results
from modulation including only ion drag and electric field force. Two-dimensional
plasma parameter profiles from simulations and probe measurements through the
IMPF chamber are used to calculate the forces and obtain the equilibrium position
injected dust grains. Since effects of the particles on the plasma, like depletion of
the electrons or enhanced recombination on the dust surfaces, are not taken into
account in the model, only a few particles have been immersed into the discharge
during the experiments. Thus, the experimental conditions can be considered to
be the same as during probe measurements in the dust-free discharge or in the
dust-free SIGLO simulation code.

The investigations address the question if the general shape and size of a void
is already predetermined in a particle-free plasma or if the void is an instability
of a complex plasma effected by the presence of many particles. It also serves to
evaluate if measured Langmuir probe data is suitable for further data processing
and understanding of more sophisticated effects in complex plasmas.

7.1 Experiment and observations

The experiments have been performed in the IMPF experiment according to the
setup, which is described in Section 3.1.1. To reduce the influence of gravity on
the particles, the chamber was flown on the 5th DLR parabolic flight campaign in
2003. With injected monodisperse particles of radius rd = 1.74 µm it is obvious
from Fig. 2.12 (A), that the thermophoretic force is negligible and the grains are
subject to ion drag force Fi and electric field force only.

The IMPF chamber has the great advantage over PKE that the plasma profile

115



116 7. FORCE BALANCE IN COMPLEX PLASMAS ...

can be shaped by application of different rf voltages U d,r
rf to the disk and ring seg-

ments of the electrodes. In the presented experiment sequence the ring electrode
voltages are increased in six steps from U r

rf = 27 Vpp to U r
rf = 69 Vpp at a fixed

neutral gas pressure of 15 Pa. Although the applied power to the disk electrodes
is kept constant, the disk rf voltage varies from U d

rf = 50 Vpp to Ud
rf = 56 Vpp

during the sequence due to capacitive coupling to the ring electrodes. The LFoV-
camera (see Fig. 3.3) records the resulting positions of the particles, which are
illuminated on a meridional cross section through the inter-electrode space by the
laser fan.

The left column of Fig. 7.1 presents the initial particle distribution (a) and
the positions after power step two (b), four (c) and six (d). Herein, the particles
appear as a thin white line. The line is occasionally interrupted because of the
small amount of dust, which has been injected in order to minimize its effects on
the discharge conditions. Nevertheless, the dust clearly surrounds an oval shaped
dust-free region in the central plasma which, in three dimensions, corresponds to
an oblate spheroidal void. It is noticeable that even the movement of a single
isolated particle is restricted to the invisible border line of the void.

With increasing rf voltage applied to the ring electrode, the shape of the dust
arrangement expands radially from r = 22.5 mm to r = 34 mm, while the verti-
cal extension is almost conserved. Columns two and three of Fig. 7.1 show the
corresponding plasma densities in units of 1 · 1014m−3, which are obtained from
Langmuir probe measurements and SIGLO simulations. The measured profiles
comprise of (41×27) different probe positions for one half of the inter-electrode
space and are, as well as the simulation results, mirrored at the chamber axis
to obtain a full meridional profile of the discharge. In the probe profiles the
maximum density region in the bulk plasma also elongates horizontally with in-
creasing U r

rf and splits into two density peaks, which are drifting radially away

from each other. The simulated profiles show this feature only when U r
rf > Ud

rf

(see Fig. 7.1 (d)). Comparing the oval particle formation with the density plots,
the shape of the dust cloud resembles an equi-density line of the profiles.

Further reduction of the disk electrode voltage and increase of the ring elec-
trode power yields an almost complete separation of the density peaks, which are
then located directly in-between the ring electrodes. This is accompanied by a
vertical constriction of the dust spheroid in the center of the plasma. The void
changes from a convex to a hollow shape and finally transforms to a toroid as it
is seen in Fig. 7.1 (e). The dust cloud is still comparable to an equi-density line.

7.2 2D-equilibrium model

It is obvious from the comparison of experimental particle observations and the
corresponding plasma parameter profiles that the shape of the void is determined
by the shape of the parameter profiles. Thus, the self-adjusting particle arrange-
ment under given discharge conditions should be predictable from the profiles
and the assumption that the particle motion is determined only by ion drag and
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Figure 7.1: Modification of the density profile and dust arrangement by variation
of the rf voltages applied to center/ring electrodes: (a) 50/27 Vpp, (b) 54/40 Vpp,
(c) 55/54 Vpp, (d) 56/69 Vpp, (e) 41/88 Vpp. The left column shows the resulting
growth of the void by frames of the observation camera (compare with Fig. 3.3),
the second column provides the corresponding density profiles from probe mea-
surements (nicoll) in a dust-free laboratory plasma, the right column contains
the appropriate profiles from simulations (ni) for the inter-electrode space of the
IMPF-chamber. Plasma densities are normalized with a factor of 1014m−3, argon
pressure is 15 Pa. Video frame (e) shows one poloidal cross section of a dust
torus, that is formed under the given conditions.
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electric field force.
Langmuir probe measurements and SIGLO simulations have been performed

for all steps of the U r
rf -variation experiment and yield two-dimensional cross sec-

tions of the plasma potential φp, electron temperature Te, electron and ion den-
sity nesat,icoll from measurements or ne,i from simulations, respectively. From
both sets of parameters, simulated and measured, the resulting minimum energy
particle positions can be calculated.

Figure 7.2 exemplarily provides the simulated plasma potential profile of the
electrode voltage constellation U d

rf/U
r
rf = 51 Vpp/31 Vpp after the first power

step. Considering the charge of a particle Qd from Eq. (2.31) and estimating the
grain’s surface potential φf with Eq. (2.28), the electric field force on a dust grain
can be easily deduced using φp, Te, and ne with

~FE = Qd
~E = −Qd

~∇φp . (7.1)

A resulting 2D vector field of ~FE is presented in Fig. 7.3. Note, that, for
plotting reasons, a nonlinear scale for the vector length was chosen. As a result,
a negatively charged particle that is injected into the plasma chamber would be
pushed into the very center of the discharge if it were only subject to the electric
field force. The highest electric fields are located in the rf sheaths near the
electrodes (compare with Section 2.1.1). Here, the maximum force on a particle
is found to be on the order of 10−11 N, while the radial confinement of particles
to the inter-electrode space at z = 35 mm is on the order of 10−12 N. The field
force is vanishing in the potential plateau of the central plasma.

The positive argon ions are accelerated by the electric fields in the direction
opposite to ~FE. Their motion is restricted by ion-neutral collisions and, thus, the
local ion velocity is derived with

~vi = µ~E , (7.2)

where µ = e(mivti)
−1(nnσt)

−1. The total ion-neutral collision cross section is
σt = 85Å [32], nn is the neutral gas density. The modulus of ~vi up to Bohm
velocity in the discharge is plotted in Fig. 7.4 in units of the average thermal ion
velocity vti. In the center of the plasma the velocity of the outwards flowing ions
is of the order of vti and strongly increases towards the electrodes. Radially, the
ions reach a maximum velocity of ≈ 4vti.

Again to calculate the magnitude of the ion drag force from the ion drift
velocity, three models, which are listed in Section 6.3 are used: The Barnes
model [49] with a cut-off radius at bmax = 0.7 · λDe (see Section 2.3.5), the
Barnes model with an ion velocity-dependent cut-off at bmax = λv

D (see Eq. (2.17))
and Khrapak’s model [50] (Section 2.3.5). The resulting forces derived from the
different models are named FiB, F v

iB and FiK . Khrapak et al. [50] confirmed their
model to be valid for scattering parameters β < 5. With respect to the present
discharge conditions this restriction is fulfilled for vi > vti. Since particles have
not been observed in the center of the plasma, where vi < vti, the model [50] is
used for the whole plasma volume.
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Figure 7.2: Simulated plasma potential profile of an IMPF discharge with U d
rf = 51 Vpp

and U r
rf = 31 Vpp at an argon background gas pressure of 15 Pa.
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Figure 7.3: Vector field of the electric field force FE on a negatively charged particle
of rd = 1.74 µm. The discharge conditions are the same as in Fig. 7.2. For presentation
reasons the scale of the vector length is nonlinear and arbitrary.
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Figure 7.4: Drift velocity vi of the outwards flowing ions corresponding to the potential
distribution in Fig. 7.2. The velocity is normalized to the average thermal ion velocity
vti = 390 ms−1. The thick contour line indicates the position where vi = vB.
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Figure 7.5: Ion drag force FiB derived from the Barnes formula [49] with bmax =
0.7λDe. An arbitrary and nonlinear scale is chosen for the vector length.
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As an example that demonstrates the general features of all ion drag expres-
sions, Fig. 7.5 shows the vector field of the ion drag force ~FiB after the Barnes
formula with fixed cut-off radius. In most regions of the chamber the ion drag is
negligible except for the central plasma, where the ion drift speed is of the order
of the thermal velocity, as it is expected from Fig. 2.10 since the magnitude of
the orbit force takes a maximum at vi ≈ vti.

The superposition of the forces ~FiB + ~FE is shown in Fig. 7.6. According to
the findings in Section 6.3, the ion drag forces, except for F v

iB, exceed the counter-
acting electric field force in the region of low ion drift velocities and removes the
dust particles from the plasma center. According to the findings in Section 6.4,
the absolute value of F v

iB is smaller than FE for vi < vti. Thus, only in this case,
a stable equilibrium is found in the very center of the discharge. The direction
of ~F v

iB + ~FE changes sign for ion drift speeds larger than the thermal velocity.
For all ion drag models the electric field force overcomes the ion drag at approx-
imately vi = (3 · · · 5)vti and confines the particles to the bulk plasma. Thus, the
two forces form a potential well with a minimum at Fi = FE which, in three
dimensions, corresponds to the surface of an oblate spheroid. Particles can move
along the minimum potential surface visualizing the region of dominant ion drag
force – the void. The movement of particles in the trapping potential is limited
only by small variations of the minimum potential energy, which is lowest at the
radial boundaries of the void. Thus, the particles accumulate preferably in these
areas. The maximum net force which drives the dust grains out of the void region
is of the order of 10−12 N.

Figure 7.7 shows the region where the residual force on the particles | ~FiB +
~FE| < 4.5 · 10−13 N for the presented example together with the real dust distri-
bution which is obtained from video observations. Experimental observations are
compared with the model results in the following section.

7.3 Comparison of results

Comparing the observed dust distribution and the model force-equilibrium posi-
tions in Fig. 7.7, it is seen that the general shape and location of the dust cloud
are quite well represented by this simple model. In more detail, the height of the
void is only slightly underestimated, while the vertical extension of the observed
void is found to be (2 · · · 4) mm larger than the results which are derived from
the simulated plasma profiles and (1 · · · 3) mm larger than those from Langmuir
probe measurements. Just as in the experiment, the modeled vertical void size
also shows no variation within the ring electrode power sequence. The vertical
equilibrium position of particles is determined by the steep force gradients, which
are caused by the electric fields in the transition from bulk plasma to the edge.
Recalling Eq. (5.1), a voltage difference of (1 · · · 2) Te is found in the discharge
on a vertical distance of less than 1 cm. Therefore, the equilibrium is hardly
influenced by slight variations of the discharge conditions.

The situation is quite different with respect to the horizontal extension of the
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Figure 7.6: Net force ~FiB + ~FE on the dust particles. (Same conditions as in Fig. 7.2)

Figure 7.7: Location of the calculated force equilibrium. The grey shaded area indi-
cates where the residual force | ~FiB + ~FE | on the dust is smaller than 4.5 · 10−13 N. The
corresponding particle distribution from the video observations is overlayed in black.
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void. In radial direction, the slope of the plasma potential towards the plasma
boundaries is weak (see Fig. 7.2) and the particle confining potential well is
wider. Thus, the dynamic response of the particle position on changed discharge
conditions is more pronounced. For this reason, the horizontal extension of the
observed voids are presented with the model results from probe measurements in
Fig. 7.8 and from simulations in Fig. 7.9.

The results from both data sources reproduce the observed radial growth of
the void with increasing U d

rf . With respect to the different ion drag models, the
predicted void size is largest for the calculations which use the Barnes ion drag
model [49] with a fixed Coulomb cut-off radius of bmax = 0.7λDe. These results
always exceed the real observed void radius rM in the experiments. Khrapak’s
model [50] yields the smallest radii rK , while the results rv

B which use F v
iB lie

in-between those of the two other models. The findings are in accordance with
results of the secondary void investigations where the simple Barnes model which
gives the highest force magnitude yielded the smallest anti-void, since in that
case the ion drag was directed inwards. Note that for F v

iB a stable equilibrium
establishes also in the very center of the discharge, because F v

iB < FE for vi < vti.
Such a feature is not observed in the experiments.

Focusing on the differences of Figs. 7.8 and Fig. 7.9, the void radii derived
from measured plasma parameters match the observations within a maximum
error of 3.5 mm, while the simulation results are widely spread with a maximum
deviation of 5.5 mm from the real void radius. The best model on base of probe
measurements includes FiK , for the simulations it is F v

iB. A quantitative measure-
ment of the residual outward driving force on a particle inside a void of a PKE
plasma at higher pressure is provided in [110]. The present modulation results
exceed the reported maximum force by more than an order of magnitude.

7.4 Discussion

From the above findings it is obvious that at least the Barnes model [49] with
a fixed Coulomb cut-off radius of the order of the electron Debye length yields
ion drag forces which are systematically too high and that, therefore, a more
sophisticated model should be used.

The qualitatively good agreement of the shape and size of the modeled voids
in comparison with the observations also proves the dominant role of ion drag
force and electric field force in the driving mechanism of the void phenomenon.
Additionally, it becomes clear from the use of only a few particles that the main
features of a void are already predetermined in the topology of a dust-free dis-
charge, because even a single particle in the plasma can visualize the surface on
which FE = Fi. Nevertheless, in the presence of a large amount of particles,
the profile of a discharge can be strongly modified compared to the particle-free
plasma [23]. This is e.g. caused by a comparable enhancement of the ionization
rate in the void region or lowered space potential inside a dust cloud due to elec-
tron collection on the particles [16]. The dust then forms its own confinement
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Figure 7.8: Radial size of a the modeled void region as function of the ring electrode
voltage U r

rf at 15 Pa argon pressure. rB is calculated as equilibrium of electric field
force and ion drag force on a particle from measured plasma parameter profiles using
the Barnes formula [49] with bmax = 0.7λDe, r
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D and the ion drag
for rK is derived with the force model of Khrapak et al. [50]. Crosses represent the
experimental findings from video observations.
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Figure 7.9: Radial size of a the modeled void region as function of the ring electrode
voltage U r

rf at 15 Pa argon pressure. rB, rv
B and rK are calculated as equilibrium of

electric field force and ion drag force on a particle from simulated plasma parameter
profiles. Crosses represent the experimental findings from video observations.
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potential well.
In order to close the void in a dusty rf discharge, it was suggested to primarily

decrease the ionization rate [17]. This was experimentally realized in the PKE
experiment onboard ISS at very low rf power close to the collapse of the plasma
[18].

With respect to the Langmuir probe, it has been shown, that locally resolved
probe measurements are a useful source of data to develop physical predictions
on complex plasmas that are supported by experiments. Probe data can even
refine discharge simulation results.



8 Discharges affected by dust

After studying the effects of a probe on small-volume low-ionized discharges, the
interaction of dust particles with the probe and the probe measurement-based cal-
culation of dust distributions in rf plasmas, this chapter will complete the present
work on electrostatic probes in complex plasmas with a focus on measurable ef-
fects of dust on plasma properties, which are described in [71, 15]. Currently, only
a few laboratory investigations on the changes in electron temperature, plasma
density or space potential in the presence of dust exist, because invasive diagnos-
tics (e.g. Langmuir probes) suffer from the contamination with dust, while the
intensity of the glow of low-power discharges as they are used for dusty plasma
experiments is often unsufficient for optical diagnostic methods. Measurements
on the electron temperature by the spectral line ratio method are reported in [30],
sheath potentials affected by dust have been determined with LIF [209], electron
density measurements with resonance cones are found in [210] and also Langmuir
probes have been used [210, 211].

A technically more simpler approach represent complex plasma simulations
[24, 23], which are especially related to the void-phenomenon. Additionally, a
number of models (for example [18, 19]), which investigate voids, yield effects on
plasma parameter profiles influenced by dust, like the depletion of free electrons
or the local space charge.

An experimental setup for spatially resolved measurements in dust-free/dusty
plasmas is a one-dimensional Langmuir probe scan through a particle cloud which
is trapped above the lower electrode of a laboratory experiment. The results
can then be extrapolated to cloud geometries, as they appear in microgravity
experiments. This procedure is obvious, since the resolution of probe scans under
microgravity conditions is still limited by a maximum measurement time of 20 s
during parabolic flights. Nevertheless, in-flight measurements in a plasma with
high dust density which have been performed during this project are reported in
[212].

8.1 Experiment and results

The experiments have been performed in the PKE plasma chamber (see Sec-
tion 3.1.1). At 40 Pa argon gas pressure and a fixed rf voltage of Urf = 80 Vpp

a one dimensional probe scan from the lower to the upper electrode along the
discharge axis has been measured as shown in Fig. 8.1. The position of the lower
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electrode is z = 0 mm, the upper electrode is located at z = 30 mm. One scan
comprises 54 different probe positions on the z-axis, alternating with reference
probe sweeps in the discharge center to account for possible drifts in plasma
properties during the measurements.

Figure 8.1: Scheme of the 1D probe scan path through a discharge with a thick cloud
of trapped particles (rd = 1.74 µm) in the PKE plasma chamber.

After a scan in a dust-free plasma, particles are injected without changing
the external discharge conditions. The charged dust is vertically trapped by the
strong electric fields in the plasma sheath above the lower electrode. A horizontal
confinement is also given by the radial gradients of the plasma potential (compare
with Fig. 5.7) which are strong enough to balance the inner Coulomb pressure
of the dust cloud approximately at the edge of the electrodes. Thus, the plasma
is filled up with particles of rd = 1.74 µm up to a level, which is, compared to
the dust-free discharge, inside the bulk plasma. The subsequent probe scan then
traverses a particle cloud on a length of approximately 4.5 mm. With the use of a
random probe voltage sweep (see Section 3.4.2), the accumulated contamination
of the probe with particles after the scan is weak and the probe can be easily
refreshed by a cleaning procedure. The particle density in the center of the cloud
is nd ≈ 2 · 1011m−3.

Figure 8.2 shows the plasma potential distribution between the electrodes in
a dust-free discharge. The profile is strictly symmetrical around the mid-plane of
the discharge at z = 15 mm as it is expected from the chamber geometry. Close
to the electrodes, steep potential drops reveal the beginnings of the time-averaged
rf plasma sheaths. The almost field-free bulk plasma is recognizable as potential
plateau. Still, a weakly pronounced maximum of φp = 41.6 V can be identified
in the center of the plasma.

In the presence of the dust cloud, this maximum is shifted towards the upper
electrode, but its magnitude is left nearly unchanged at φp = 41.4 V. The central
plateau of the bulk plasma slightly slants towards the particle accumulation with
only 0.8 V difference from the peak value to the dust-plasma interface. Inside
the dust cloud, φp rapidly decreases and the transition region to the lower space
charge sheath seems to be doubled in thickness, penetrating the cloud. Thus, for
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Figure 8.2: One dimensional profile of the plasma potential φp along the rotational
(z-) axis of the PKE experiment at pargon = 40 Pa and Urf = 80 Vpp. Crosses represent
measurements in a dust-free plasma, squares in a dusty plasma. The position of the
particle cloud is indicated by the shaded area. The curves are the best fits of the two
data sets. The lower electrode is located at z = 0 mm, the upper at z = 30 mm.
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Figure 8.3: One dimensional profile of the electron temperature TE along the rotational
(z-) axis of the PKE experiment at pargon = 40 Pa and Urf = 80 Vpp. Crosses represent
measurements in a dust-free plasma, squares in a dusty plasma. The curves are the
best fits of the two data sets.
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example, the space potential at z = 3 mm is approximately 5 V lower than in
the particle-free case. The behavior of the potential close to the upper electrode
is nearly unchanged by the particles.

Generally, the determination of the electron temperature includes the largest
relative error of the derived plasma parameters (see Section 5.3.1). Nevertheless,
with respect to the fitted curve (least-square fit), again a symmetrical inter-
electrode profile is obtained for the dust-free discharge plotted in Fig. 8.3. The
maximum electron temperature is found at approximately Te = 3.2 eV, close
to the electrodes it is still 2.7 eV. With injected particles, a distinct increase of
∆Te ≈ 0.2 eV in the mid-plane of the plasma to ∆Te ≈ 0.5 eV at the upper plasma
boundary becomes visible in the particle-free part of the discharge. Towards the
dust cloud, Te significantly decreases and its characteristics in and below the
cloud is similar to the dust-free case.

Figure 8.4 presents the distribution of the plasma density nicoll along the
discharge axis, which is derived from the ion saturation current of the probe
characteristics with the model described in Section 4.5 using ABR theory and a
correction for ion-neutral collisions. Figure 8.5 shows the plasma density nesat,
which is obtained from the probe’s electron saturation current at Vp = φp. Again,
symmetrical distributions around z = 15 mm with (negatively) increasing gra-
dients towards the electrodes are given for both density values without injected
dust particles. The ratio nicoll/nesat of the fitted curves in the dust-free case is
almost constant at 1.08, except for the sheath regions. This indicates that the
average difference of the measured densities, derived from the two methods, is
systematic and is probably caused by the collision correction of the probe analysis
method as already mentioned in Section 5.2.

In the presence of the dust cloud, the peak plasma density is lowered by
approximately 20 % and shifted from the center of the plasma upwards to z =
20 mm. From the maximum of the profile to the edge of the particle cloud
at z ≈ 8.5 mm the plasma density decreases almost linearly. Inside the cloud,
the reduction rate is further enhanced in direction to the lower electrode. In
comparison with the dust-free case the electron and ion density in the lower third
of the plasma where the particles are confined is reduced by approximately 50 %,
while, in the upper third, the reduction is only (10 · · · 15) %. The ratio nicoll/nesat

with microparticles confined in the plasma is, even at the position of the dust
cloud, nearly constant at 1.1. Thus, no distinct deviation from the equality of
free electrons and ions can be detected in the complex plasma according to the
accuracy of measurement.

8.2 Discussion

The influence of the presence of dust particles in a plasma has been shown by the
comparison of plasma parameters obtained from highly resolved Langmuir probe
measurements in a dust-free plasma and a plasma containing a large particle
cloud under the same discharge conditions.
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Figure 8.4: One dimensional profile of the plasma density nicoll which is obtained from
the ion saturation current of the probe characteristic according to the model described
in Section 4.5. Experimental conditions are the same as in Fig. 8.2. Crosses represent
measurements in a dust-free plasma, squares in a dusty plasma. The curves are the
best fits of the two data sets.
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Figure 8.5: One dimensional profile of the plasma density nesat which is obtained from
the electron saturation current of the probe characteristic at φp according to Eq. (4.1).
Experimental conditions are the same as in Fig. 8.2. Crosses represent measurements
in a dust-free plasma, squares in a dusty plasma. The curves are the best fits of the
two data sets.
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Several significant differences in the resulting plasma parameter profiles are
detected by the probe diagnostic. The measured reduction of the space potential
close to and inside the dust cloud is in accordance with observation of Arnas et
al. [209], who derived the potential distribution in a dust-free/dusty sheath from
LIF-measurements. Our φp-profiles are also in a good agreement with numerical
simulations of a dusty PKE plasma under microgravity conditions of Akdim and
Goedheer [23]. There, a void structure establishes in the particle cloud, which
corresponds, in a first approximation, to the present one-dimensional scan, if
a second dust cloud were present near the upper electrode. Akdim and Goed-
heer [23] observed a lower central peak potential and the increase of electric fields
near the plasma-dust interface and inside the cloud. The first feature is less pro-
nounced in our experiment, which can be explained by the absence of a second
(upper) dust cloud giving rise to an almost unchanged ionization rate and elec-
tron current to the electrode in the upper third of the discharge (see Fig. 8.2).
This is also supported by the observed shift in the position of the maximum po-
tential and plasma density which is only slightly decreased in the area close to the
upper electrode. In the enhanced electric field of the slanted potential plateau
ions are more effectively accelerated, which yields for super-thermal velocities to
a stronger decreasing ion drag force on the first particle layers of the dust cloud
as well as to a to a large gradient of the counteracting electric field force. This
situation is similar to the confinement of particles in a shell around the probe as
described in Section 6.2 and is, transfered to the void phenomenon, made respon-
sible for the compression of the dust cloud close to the void-dust interface [24].
The possible generation of a thin electrostatic double layer localized at the dust-
plasma interface (see [13]) is unlikely to be measurable with a Langmuir probe,
since, even at the probe-tip, the effective probe diameter (sheath diameter) is
approximately one millimeter (see Fig. 6.5). Therefore, the parameters obtained
from the probe are spatially averaged over this length scale in vertical direction.

The reported significant plasma density reduction in the dust cloud and thus
the concentration of the higher ionized region to the void in [23] is reproduced
by the contraction of the measured density profile to the dust-free part of the
plasma (see Figs. 8.4, 8.5). Obviously, the recombination of electrons and ions
on the dust surface acts as an effective sink for plasma particles. As a result of
the global decrease of the number of electrons and ions, the residual electrons
can gain more energy from the discharge sustaining rf fields, yielding a higher
electron temperature Te (see Fig. 8.3). In a self-adjusting process the increase of
Te then increases the ionization rate which compensates the charge-carrier losses
on the dust particles and maintains the discharge.

Besides the higher average electron temperature in a particle containing
plasma, it is expected from numerical work [23, 213] that the highest magni-
tude of Te should occur inside the dust region. The experiment of Samsonov
and Goree [30] also suggests such an increased electron temperature. This is not
seen in the present measurements and the observed reduction of electron temper-
ature in the dust cloud which is here located close to the plasma edge requires
comparison with future simulations for the present situation.
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The determination of plasma densities from probe measurements obtained
in the transition region from the bulk plasma to the sheath, where the dust
cloud is levitated, is generally difficult, since the requirements for application
of probe theories are no longer strictly fulfilled. The whole probe characteristic
may be influenced, for example, by streaming ions and a larger methodical error
must be assumed for the resulting density values than in the central equilibrium
plasma. Therefore, the fact that even in the particle cloud nicoll ≈ nesat proves
the reliability of the diagnostic method.

Under the current discharge conditions and the given particle density nd, the
Havnes parameter (see Eq. (2.44)) inside the dust cloud is estimated to be P ≈ 2.
Thus, a depletion of electrons manifesting in nicoll >

∼n
esat is expected in the cloud,

since the simple quasi-neutrality condition Eq. (2.6) has to be substituted by
Eq. (2.40), which takes into account the negative dust particle charge [15]. With
respect to the restrictions of probe diagnostics arising from the cloud position at
the plasma boundary this effect is unlikely to be measurable in the present case.
In order to make spatially resolved measurements of the electron depletion effect,
additional experiments in dust clouds located in the bulk plasma, which can be
obtained under microgravity conditions have to be performed. In a completely
different experimental setup, Barkan et al. [64] determined a depletion of elec-
trons in the center of a plasma column applying a permanent flow of falling dust
particles.

From the presented probe data, it becomes clear that, despite the limits of
the diagnostic method, many effects of dust particles on the properties of a gas
discharge can be already detected with a Langmuir probe. A main result is the
importance of the consideration of the feedback of particle charge on the space
potential as well as the dust-enhanced recombination rate when modeling complex
plasmas.



9 Summary and outlook

In this thesis the fundamentals of Langmuir probe diagnostics in complex plas-
mas have been explored in a comprehensive experimental study in comparison
with theoretical estimates and plasma simulations. The investigations have been
focused on conditions which are found in experiments used on parabolic flights
and are envisaged to be implemented, as internationally joined experimental
infrastructure IMPACT-IMPF, aboard the ISS for studies on dusty plasmas
under microgravity conditions.

The following topics have been addressed:

• the evaluation of suitable probe theories with respect to the influence of
collisions and the verification of the chosen probe model

• the influence of the presence of a probe on small-volume discharges

• the quantitative plasma characterization of discharges for current and future
experiments under microgravity

• the contamination of probes by particle attraction in a dusty plasma envi-
ronment

• the effect of the probe on the distribution of surrounding dust particles

• the understanding of dust distribution mechanisms in rf-discharges by probe
data

• the influence of dust on plasma parameter profiles

For this purpose the available probe theories have been critically evaluated under
the given experimental conditions and an automated curve fitting algorithm
has been implemented to process the huge amount of probe data that result
from two-dimensional scans of plasma profiles in the PKE or IMPF prototype
experiments. It could be shown, that, instead of the standard OML theory,
the competing “radial motion theory” [27] with corrections for ion-neutral
collisions [164, 185] is the appropriate model to describe the ion saturation part
of the probe characteristic, which should be preferably used for data analysis in
small-volume and especially dusty plasmas. As demonstrated, the presence of
collisions is causal for the required radial motion of ions. Moreover the fitting
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algorithm yields mutually agreeing density values nesat and nicoll from electron
and ion currents up to high argon pressures of 60 Pa. Earlier probe data analysis,
which was based on the OML theory with Laframboise’s extensions [26], resulted
in a measured discrepancy in ion and electron density by a full order of magnitude.

The perturbation of the small-volume and feeble plasma in the PKE de-
vice by the presence of a probe was investigated by introducing a second probe
of same dimensions. In this way the systematic error of probe measurements
could be quantified. It was demonstrated that reliable probe measurements can
be performed even in discharges with extremely low plasma densities of the order
of 1014m−3.

The reliability of the probe diagnostics has been proven by a comparison
of measured two-dimensional profiles of plasma parameters from systematic
laboratory studies in the PKE and IMPF devices with results of SIGLO
simulations. The presently used radial motion probe theory with correction for
collisions yields plasma profiles that match the simulations within better than a
factor of two. For the remaining difference the simulation model can be made
responsible since its results, using atomic parameters from different authors,
differ by a factor of two. Within these limits, the measured profiles are supported
by simulations even in their spatial distribution. The experimentally obtained
scaling laws of plasma parameters with the discharge conditions are also in a
very good agreement with theory and experimental finding of other authors.
Thus, probe measurements are a source of information to evaluate the design
of plasma device prototypes for orbit-based experiments and the refinement of
corresponding simulation models.

The future application of Langmuir probes in the IMPF facility aboard
the International Space Station requires long-term operation of the probe
without contamination by the dust, which occurs when the probe bias Vp > φp

and results in the attraction of negatively charged particles. Therefore, different
waveforms for scanning the probe characteristic have been critically evaluated.
It has been experimentally demonstrated that the deposition of particles on
the probe-tip can be effectively avoided with a probe voltage sweep, which is,
time-averaged, essentially negative with respect to the plasma potential. Scans
with positive probe bias have to be performed alternating with negative biases
at a frequency above the dust-plasma frequency ωpd making use of the particle
inertia to hold off the dust. It could further be shown that a residual long term
contamination can be removed by electron heating of the probe.

The interaction of charged particles with the probe under microgravity
conditions has been studied in a complex plasma during the 3rd DLR parabolic
flight campaign in 2001. The experiments led to the discovery of unexpected
dust distributions around the probe, which were named ”secondary voids”.
This new phenomenon could be explained in terms of a force balance between
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repulsive electric forces on dust grains from the negatively biased probe and ion
drag forces from the ion attraction by the floating probe. The force orientation
in the phenomenon of the large void-region in the central plasma is opposite to
the probe induced void, which, therefore, have been shown to be driven by an
“anti-void” mechanism. By application of a sophisticated model for the ion flow
in the presheath, it became possible to predict the position of force equilibrium
quantitatively in close agreement with the experimental observations. As an im-
portant result, the particles confined around the probe have been shown to closely
reveal and thus to visualize the sheath structure around an object in the plasma.
Moreover, it was observed that the particles in the dust sleeve around the probe
arrange in distinct layers. This effect could also be quantitatively explained by the
model in terms of the force gradients forming the dust confinement potential well.

During the 5th DLR parabolic flight campaign in 2003, experiments with
the IMPF chamber yielded a wealth of data on the distribution of dust tracers
in rf-discharges. From the observations it could be shown that the feature
of a central void region is already predetermined in the characteristics of a
dust-free plasma. Since a low amount of dust has little influence on the plasma
parameters, it became possible to compare the observed dust distribution with
corresponding profiles from two-dimensional probe scans of dust-free discharges
and simulations. Based on a force balance between ion drag and electric field
force, it could be shown that the observed particle distribution can be predicted
with high accuracy. Thus, the dominance of the two forces, which are understood
to be the driving mechanisms of the well-known void-phenomenon, has been
proven experimentally. Applying different models for the ion drag force, it could
also be demonstrated, as well as in the case of the secondary void investigation,
that the standard Barnes formula [49] overestimates the magnitude of the
ion drag on particles, while the more recent model of Khrapak [50] tends to
underestimate the ion drag force. The finding contributes to the recent debate on
ion drag models [28, 29] and claims a refinement of current theories with respect
to the validity of the used scattering potential approximation with a fixed cut-off
radius and the role of ion-neutral collisions. A particularly nice example for
the agreement between observed particle distributions under microgravity and
plasma profiles from measurements and simulation is the formation of a toroidal
dust distribution in the IMPF device.

As a second advanced application of the developed probe diagnostic, the
influence of large amounts of dust on rf discharges was studied in laboratory
experiments with the PKE device. It could be demonstrated by direct probe
measurements that the dust leads to a significant reduction of plasma density in
the dust region, which also affects the global potential structure of the discharge.
This can be attributed to charge-carriers losses by recombination on the dust
particles. The trend represents an ”internal wall” effect similar to the plasma
losses to external surfaces and is in accordance with dusty plasma simulations
of other authors [23]. Additionally, it was observed that the electron temper-
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ature in the remaining volume rises as expected from the complex plasma models.

The present investigation has demonstrated the capabilities of Langmuir
probe diagnostics in complex plasmas. Probe diagnostics represent an essential
link between optical observation of dust distributions and dynamics and cor-
responding theoretical models and simulations of complex plasmas. The next
step should be marked by long-term measurements in plasmas with high dust
densities under microgravity conditions, as it will become possible with the
IMPF facility aboard the ISS. Then, the properties of complex plasmas and the
interaction of dusty and dust-free plasma regions like in the void phenomenon
will be directly experimentally accessible and theoretical assumptions become
verifiable.

Besides the specific diagnostical application of the Langmuir probe one could
envisage further detailed studies of the ion drag force on tracer particles in future
long-term experiments under microgravity.

From our observations of dust-free regions around probes we had suggested
to use fine dust as a novel method to visualize the boundary region of the space
charge layer around floating or biased objects in a plasma. This method will be
of great help in the further refinement of minimum invasive probe techniques in
general.

At last, the observation of particle layering in dust confinement regions is a
very general finding in dusty plasmas that was observed for experiments with
dust fluids in narrow channels [123], in simulations [122] and, very recently, in
the structure of Coulomb balls [117]. This layering effect is an immediate hint
at strong confining forces and can be used, as in the present case, to estimate
the force gradients involved. In this way structure information from the dust
arrangement can be utilized to deduce the acting force distribution on the dust.
Moreover, induced particle stratifications by external forces are also known from
other physical disciplines (for example [125, 126]), which emphasizes the role of
complex plasmas as model systems for future fundamental studies.
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in jeder Lebenlage bedanke ich mich bei Ciprian Zafiu. Letzteres gilt auch für
Stefan Wichmann - besonders auch für die Ergänzung meines zuletzt mageren
Speiseplans. Eine Entschuldigung für die zeitweise Vernachläßigung aller anderen
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