
Measuring Electron Sticking
Coefficients using Dust in Plasma

Dissertation
zur Erlangung des Doktorgrades

der Mathematisch-Naturwissenschaftlichen Fakultät
der Christian-Albrechts-Universität zu Kiel

vorgelegt von
Armin Mengel

Kiel, 2025



1. Gutachter: PD Dr. Franko Greiner
2. Gutachter: Prof. Dr. Kai Rossnagel

Tag der mündl. Prüfung: 28.03.2025



Abstract

In this work, a novel method for the measurement of electron sticking coefficients at
energies in the single-digit electronvolt range was developed, and applied to several
materials.
As the charging of objects in contact with plasmas is dominated by electron currents,
the electron sticking coefficient is one of the central properties in the description of the
interaction between plasmas and solid surfaces. Plasma-surface interaction occurs in
the vast majority of technological applications of plasmas, and in many plasma-related
research fields. While material properties such as the electron sticking coefficient have
been studied for electron energies above roughly 100 eV, the energy range below 10 eV
remains largely unexplored, especially with regards to dielectric materials. However,
many plasmas mainly feature electrons with such low energies, incentivizing investiga-
tions of low-energy electron-surface interactions.
To this end, an experimental setup, the "Sticking Machine", was developed, set up in
the lab and used to measure electron sticking coefficients in this work. The Sticking Ma-
chine employs micrometer-sized particles of different materials levitating in the plasma
sheath, and a relative measurement and evaluation scheme to determine their sticking
coefficients from the charging behavior of the microparticles.
Initially, a new measurement method for the microparticle charge, the pulse excited os-
cillation method PEOM, was developed. Like other high-precision methods such as the
phase-resolved resonance method (PRRM), it bases on externally driven oscillations of
the particle in the plasma sheath. However, it reaches the same precision as the PRRM
while being faster and more robust with respect to short-term instabilities and perturba-
tions.
Using this new method, the Sticking Machine is implemented as an experiment to mea-
sure the sticking coefficients of spherical particles. The relative measurement approach
combined with auxiliary particle-in-cell (PIC) simulations is able to resolve the charg-
ing difference between conducting and dielectric microparticles in the plasma for the
first time, and made it possible to measure the sticking coefficients of SiO2 and the two
widely used polymers MF and PMMA. These results allow for a much more accurate
description of dusty plasma systems, and prove the existence of a charging difference
between dielectric and conducting surfaces in the plasma. For silica, the theoretical pre-
diction (Bronold et al., Plasma Phys. Control. Fusion 59, 014011 (2017) [1]) of this effect
was confirmed.
To be able to measure the sticking coefficients of a wider range of technologically rele-
vant materials such as MgO or Al2O3, for which, in contrast to MF and PMMA, theoretical
predictions are available as well, the measurement scheme of the Sticking Machine has
to be extended to non-spherical microparticles. Non-spherical particles are currently
not in the focus of dusty plasma research due to the complications they introduce to
experiments, despite their relevance for many real systems. Based on the few previous
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experimental investigations on this topic, a combined study using experimental data and
simulation results is conducted to find the appropriate Ersatz radius of a non-spherical
particle. The Ersatz radius of a non-spherical particle is the radius of a spherical particle
with the same charge, and allows for the reduction of non-spherical geometries to a
single radius which can directly be used for the charge estimation in dusty plasmas. It
is found that the Ersatz radius is directly related to the electrostatic capacitance of the
geometry, and that only one of the proposed geometrical approximations for the Ersatz
radius, the orientation-averaged equivalent sphere model (OAES) is applicable within
certain limits. These new results may contribute to ending the ongoing debate in the
dusty plasma field if the OAES model or the smallest enclosing sphere model (SES) is
valid for non-spherical particles. Furthermore, the findings allow for the determination
of sticking coefficients of materials only available as non-spherical particles, such as
MgO or Al2O3. With this valid approximation for the Ersatz radius now available, the
Sticking Machine can now be used to measure the sticking coefficient of non-spherical
particles. Thus, the Sticking Machine is a setup allowing for the determination of the
sticking coefficient of any material that can be trapped in the plasma sheath.
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Kurzfassung

In dieser Arbeit wurde eine neuartige Methode zur Messung von Elektronenhaftkoef-
fizienten entwickelt und auf verschiedene Materialien angewendet.
Da die Aufladung von makroskopischen Objekten im Kontakt mit Plasmen von Elektro-
nenströmen dominiert wird, ist der Elektronenhaftkoeffizient (engl. sticking coefficient)
eine der zentralen Eigenschaften für die Beschreibung von Plasma-Oberflächen-
Wechselwirkungen. Diese Wechselwirkungen treten in vielfältigen technischen
Anwendungen von Plasmen auf, sowie in vielen plasmabezogenen Forschungsfeldern.
Während Materialeigenschaften wie der Elektronenhaftkoeffizient für Elektronenen-
ergien höher als ca. 100 eV gut untersucht sind, bleibt der Energiebereich unter 10 eV
größtenteils unerforscht. Allerdings beinhalten viele Plasmen hauptsächlich Elektronen
bei ebendiesen niedrigen Energien, weshalb Untersuchungen der Interaktion von
Oberflächen mit niederenergetischen Elektronen vonnöten sind.
Zu diesem Zweck wurde im Rahmen dieser Arbeit die „Sticking Machine" als
experimenteller Aufbau konzipiert, im Labor aufgebaut und zur Messung von Elektro-
nenhaftkoeffizienten verwendet. Die Sticking Machine nutzt mikrometergroße Partikel
unterschiedlicher Materialien, die in der Plasmarandschicht levitieren, und ein relatives
Mess- und Auswerteschema, um die Elektronenhaftkoeffizienten der Materialien aus
dem Aufladeverhalten der jeweiligen Partikel abzuleiten.
Zunächst wurde die pulsangeregte Oszillationsmethode (PEOM) als neue Messmeth-
ode für die Partikelladung entwickelt. Wie andere Präzisionsmessmethoden, wie z.B.
die phasenaufgelöste Resonanzmethode (PRRM), basiert die PEOM auf extern an-
geregten Schwingungen des Partikels in der Plasmarandschicht. Allerdings erreicht die
PEOM sowohl die gleiche Genauigkeit wie die PRRM, als auch eine deutlich schnellere
Messgeschwindigkeit, und ist überdies weniger anfällig gegenüber kurzfristigen
Störungen und Instabilitäten. Mithilfe dieser neuen Messmethode wurde die Sticking
Machine als experimenteller Aufbau für die Messung von Elektronenhaftkoeffizienten
kugelförmiger Partikel implementiert. Das relative Messverfahren in Kombination
mit unterstützenden Particle-in-Cell-Simulationen (PIC-Simulationen) erlaubt, die
Aufladungsunterschiede zwischen leitfähigen und dielektrischen Mikropartikeln im
Plasma erstmals aufzulösen, und die Elektronenhaftkoeffizienten sowohl von SiO2
als auch der vielfach verwendeten Kunststoffe MF und PMMA zu bestimmen. Diese
Ergebnisse ermöglichen eine weitaus genauere Beschreibung staubiger Plasmen, und
belegen die Aufladungsunterschiede zwischen leitfähigen und dielektrischen Materi-
alien im Plasma. Im Bezug auf Silica konnte die theoretische Vorhersage (Bronold et
al., Plasma Phys. Control. Fusion 59, 014011 (2017) [1]) dieses Phänomens bestätigt
werden.
Um die Elektronenhaftkoeffizienten eines breiteren Spektrums an technologisch
relevanten Materialien, wie MgO oder Al2O3, für die ebenfalls theoretische Vorher-
sagen existieren, messen zu können, muss das Messschema der Sticking Machine
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auf nichtsphärische Mikropartikel erweitert werden. Obwohl sie in vielen realen
Systemen vorkommen, sind nichtsphärische Partikel ein zurzeit wenig beforschter
Aspekt Staubiger Plasmen, da sie für zusätzliche Komplikationen in Experimenten
sorgen. Auf der Grundlage der wenigen bisher durchgeführten experimentellen
Untersuchungen wurde eine Studie unter Verwendung von experimentellen Daten und
Simulationsergebnissen durchgeführt, um den für verschiedene nichtsphärische Par-
tikel geeigneten Ersatzradius zu bestimmen. Der Ersatzradius eines nichtsphärischen
Partikels ist der Radius eines gleich stark elektrisch geladenen sphärischen Partikels,
und erlaubt die Reduktion nicht-sphärischer Partikelformen auf einen direkt für die
Ladungsbestimmung nutzbaren Radius. Es ergibt sich, dass der Ersatzradius im direk-
ten Bezug zur elektrostatischen Kapazität der Partikelform steht, und dass lediglich eine
der vorgeschlagenen geometrischen Näherungen, das Modell der richtungsgemittelten
äquivalenten Kugel (OAES), für den Ersatzradius unter bestimmten Voraussetzungen
anwendbar ist. Diese neuen Erkenntnisse tragen möglicherweise dazu bei, die Debatte
beizulegen, ob OAES oder das Modell der kleinsten einhüllenden Kugel (SES) das für
nichtsphärische Partikel gültige Modell ist. Außerdem ermöglichen diese Ergebnisse
die Bestimmung von Elektronenhaftkoeffizienten auch für Materialien, welche als
Mikropartikel nicht in Kugelform verfügbar sind, so z.B. MgO oder Al2O3. Mithilfe
der nun zur Verfügung stehenden Näherung kann die Sticking Machine nun für die
Messung der Elektronenhaftkoeffizienten nichtsphärischer Partikel verwendet werden.
Somit handelt es sich bei der Sticking Machine um einen Aufbau zur Bestimmung des
Elektronenhaftkoeffizienten all jener Materialien, die sich in der Plasmarandschicht
einfangen lassen.
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1 Introduction

The interaction between surfaces and plasmas is central to a wide array of applications
at the core of modern technology. Many branches of manufacturing employ plasma
processes [2–6], for example in the etching of semiconductors [7–9], surface modi-
fication and coating of mechanical and optical parts [10–14], packaging [15, 16] and
even for biomaterials [17, 18]. To improve traditional chemical industrial processes,
plasma catalysis reactors are developed to eliminate the need for high temperatures
or pressures, improve energy efficiency, and enable the usage of the electrical energy
provided by most renewable energy sources [19, 20]. Plasma catalysis may provide
new reaction routes, and allow for conversion of detrimental or undesired substances
into harmless or even usable products, for instance in CO2 conversion [21–26]. The
catalyst surface is of course a crucial site in the used devices, and its interaction with
the plasma is of great interest [27, 28]. The plasma-surface interactions at electrodes
or the dielectric barrier of dielectric barrier discharges (DBDs) are significantly influ-
encing the generated plasmas [29–36], and their effectiveness in plasma catalysis [23,
37–39]. Surface interactions are also central in plasma medicine treatments [40–46].
Moreover, surface charging of spacecraft and space stations in the plasma of Earth’s
magnetosphere can pose a hazard for their operation [47–53].
The topic of plasma-surface interactions is also an implicit and fundamental aspect
of dust-in-plasma and dusty plasma investigations in basic research, where nano- to
micrometer-sized particles charge in the plasma environment. This charging process
is governed by the fluxes of electrons, ions and photons to (and from) the particle
surface [54, 55], and is able to strongly influence the plasma environment, e.g. through
electron depletion (Havnes effect) [56–59]. The early stages of nanoparticle growth
from reactive gases are also influenced by their ability to absorb plasma electrons [60,
61].

Plasma-surface interactions are often classified according to the different aspects
of the plasma interacting with the surface. These aspects encompass the plasma
components – ions [62–66], electrons and possibly reactive species [44] – as well
as electric fields [46] and radiation [41, 45] resulting from the presence of a plasma.
Moreover, synergies between these aspects may enhance surface processes in certain
applications [25, 41, 43–45]. While the surface in question is a solid in the majority
of applications, the interaction of plasmas with liquid surfaces [67, 68] is of interest in
biomedical applications or wastewater treatment [69, 70].

Despite the successes regarding the individual aspects of plasma-surface inter-
action, the unified theoretical description of the plasma-solid interface as a whole
proves difficult [71]. A reason for this is the large difference in time- and length scales
between solid and plasma: A typical electron Debye length λD,e in a low-pressure
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1 Introduction

plasma (electron temperature Te ≈ 3 eV, electron density ne ≈ 1015m−3) is on the
order of 400 µm, while the typical length scale in (crystalline) solids, the spacing of
the crystal grid, is on the order of angstrom to a few nanometers. Regarding time
scales, the differences are comparably large: the fastest dynamic in the plasma is
that of the electrons. Their characteristic frequency, the plasma frequency ωp,e, is on
the order of 109 s−1 for a typical laboratory plasma at low pressure (ne ≈ 1015m−3), so
their characteristic time scale is in the range of nanoseconds. Electrons in the solid,
however, are packed much denser and can have different effective masses compared
to free electrons, resulting in characteristic plasma frequencies on the order of 1015 to
1017 s−1, or timescales on the order of femtoseconds and shorter.
These differences of 5 or more orders of magnitude make the plasma-solid interface
challenging to model using simulations [71]. Oftentimes, one of the two subsystems
(plasma or solid surface) is simplified. Simulations regarding the plasma emulate
the surface by introducing coefficients for the processes happening at the surface on
impact of plasma particles. These processes include for example electron reflection,
secondary electron emission (SEE) by electrons or ions, and sputtering.

In this thesis, the interaction between electrons and the (solid) surface is focused
on. These interactions are described mainly by two of the coefficients mentioned
above, which represent the probability with which a certain process happens upon
electron impact on the surface. The two important processes are electron sticking (or
absorption), and electron-induced secondary electron emission (e-SEE, in contrast
to the ion-induced secondary electron emission i-SEE). These are quantified by the
coefficients Se and δ, respectively. Generally, these coefficients depend on the energy
and impact angle of the impinging electrons. In the majority of applications, the
plasma has a comparatively low electron temperature Te of only a few (typically 3 to
5) eV. Due to the thermal distribution of electron energies, higher energies occur,
but with greatly diminished probability. On the contrary, SEE and electron sticking
coefficients for most materials are only known for high energies (≥ 100 eV) from
conventional experiments [72]. Measurements for electron energies below 10 eV were
primarily concerned with metallic surfaces [73]. The few measurements for dielectric
surfaces faced significant difficulties at low energies and provide no reliable data [74,
75]. These difficulties predominantly arise from the inherently low conductivity of
dielectrics, which is on the order of 10−15 Scm−1 for MgO and Al2O3, and 10−18 Scm−1

for ceramic SiO2 [76]. In comparison, typical (noble) metals like Cu, Ag, Au, Pt etc.
have electrical conductivities on the order of 105 to 106 Scm−1 [76]. However, many of
the above-mentioned applications feature dielectric or at least non-metallic surfaces,
emphasizing the need for low-energy surface coefficients of these materials. This work
focuses on the low-energy electron sticking coefficient, and how to create a versatile
method to measure it for arbitrary materials, the so-called Sticking Machine.

The Sticking Machine [77] is a proposed experimental approach for the determination
of low-energy electron sticking coefficients of arbitrary materials that employs single,
micrometer-sized particles of the material of interest trapped in the plasma sheath of a
low-pressure, radio-frequency-driven parallel plate discharge. The aim of the Sticking
Machine is to be a setup which is capable of determining the low-energy electron
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sticking coefficients of a wide range of materials provided as micrometer-sized grains.
Such an approach would be the first of its kind, and possibly allow the measurement of
electron sticking coefficients for materials and energy ranges otherwise inaccessible.
The typical microparticles (radius a ≈ 1 to 10 µm) used in the Sticking Machine are
well represented by the picture of the plasma-solid interface: For example, a silica
microparticle with a radius of 3.5 µm consists of roughly 1013 atoms, which justifies the
treatment as a solid of macroscopic size. Even the layers on coated microparticles
qualify for the treatment as a solid surface as long as they are at least about 50 to
100 nm thick.
Particles from the material of interest are compared against particles with a known
sticking coefficient, eliminating dependencies on absolute parameters in the plasma
sheath, such as species densities and temperatures, or the electric field.
As this is a typical dust-in-plasma [78] situation, the plethora of diagnostics developed
for the field of dusty plasmas are applicable. Of central importance is the charge of the
particles, as it is symptomatic for the material’s capability to capture the low-energy
electrons of the ambient plasma. Particle resonance methods [79–81] developed in
the context of dusty plasma research offer a unique way to access the particle charge
without relying on the conductivity of the particle material, which makes them invaluable
for the investigations on dielectric materials. A relative measurement and analysis
scheme then allows for the determination of the low-energy electron sticking coefficient.

The structure of this dissertation is as follows: Anew high-precision particle resonance
method tailored to the requirements of the Sticking Machine is presented in Chapter 2,
based on the contribution [AM1]. Theoretical considerations on the difference between
dielectric and metallic particles in terms of charging are given in Chapter 3. The core
of this work, the relative measurement concept of the Sticking Machine, is presented
along with its results in Chapter 4, based on the contributions [AM2] and [AM3]. The
third portion of this work is covered in Chapter 5, which entails investigations regarding
the treatment of non-spherical particles in the framework of the Sticking Machine, part
of which is covered in the contribution [AM4]. Finally, the work is summarized and an
outlook towards future investigations is given in Chapter 6.
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2 Dust charge measurements in
dusty plasmas

This chapter outlines the contribution [AM1], and provides context to the overarching
work as well as additional considerations beyond the scope of the publication. After
giving a short overview over existing charge measurement techniques, the require-
ments for a measurement in the framework of the Sticking Machine are considered.
Based on these requirements, the design process behind the PEOM is then outlined,
and its performance assessed.

2.1 Existing dust charge measurement techniques

From the beginning of the research on dusty plasmas, it was evident that the charge
on the dust particles plays a major role in their interaction with the electrons, ions, elec-
tromagnetic fields and other dust particles present in the plasma environment. In the
context of this work, accurate charge measurements are critical, as the particle charge
is the primary indicator for the underlying charging process. The charging process is in
turn affected by the plasma-surface interaction at the particle surface. This chapter is
concerned mainly with the measurement of the particle charge. The topic of charging
processes is discussed in Chapter 3, while the corresponding investigations are pre-
sented in Chapter 4.

Over the years, several approaches for particle charge measurements in dusty
plasmas have been developed, often optimized for a certain experimental situation.
This situation can be classified by the size, shape, material or optical properties of the
particle(s) in question, the number and arrangement of particles (single particle, pair,
1D-chain, 2D-cluster or 3D-cloud), or the kind of plasma environment (plasma bulk,
plasma sheath, spatial/temporal afterglow etc.). In the following, an overview over
different existing techniques is given, before the focus is shifted towards resonance-
based charge measurements, and the PEOM as the method of choice for the Sticking
Machine is presented.
While historically, one of the first charge measurement techniques was the classical
resonance method by Melzer et al. [79], several other approaches should be mentioned
before going into detail regarding resonance methods in Section 2.2. One aspect
influenced by the particle charge is their interaction with each other, which is shielded
by the highly mobile electrons and oftentimes described by the Yukawa potential (called
also Debye-Hückel potential). Sometimes, in situations in which the Debye shielding
plays only a minor role, a pure Coulomb potential is used for simplicity. In the simplest
case, the trajectories of two interacting particles are tracked, and from their motion,
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2 Dust charge measurements in dusty plasmas

information about their interaction potential and thus their charge is gained. Examples
include particles pushed together by an external dc voltage [82], or one particle being
dropped onto the other, resulting in an attenuated oscillation [83]. The rotating electrode
method (REM) [84] uses the balance of centrifugal and electrostatic force between the
particles in a rotating particle pair to gain information about the particle charge and
the screening length. In systems of significantly more particles, the coupling between
the particles allows for waves and related phenomena. In two-dimensional clusters of
microparticles, Mach cones can be excited using external laser excitation. Analysis of
the Mach cone structure allows for the determination of the screening strength and sub-
sequently the particle charge [85]. Another approach is based on dust-density waves
(DDW). DDWs have been observed in systems composed of microparticles [86–90] or
sub-micrometer particles [91, 92]. Such an approach has been conducted by Tadsen
et al. [91], who observed DDWs in a dense cloud of nanoparticles formed from reactive
gas in an argon discharge. The observed dispersion relation of the waves, together
with a fluid model for the ions, is used to obtain the ion density and velocity. The dust
charge can then be calculated from the ion density using the orbital motion limited
(OML) charging model [54, 55, 93] and the capacitor model [54, 55, 94] assuming
spherical particles. In the case of dense dust clouds, electron depletion needs to be
considered. A suitable charging model has been discussed by Goertz et al. [58] and
adapted for the DDW diagnostic as the local ion density model (LIM) by Tadsen et
al. [91].
Another approach makes use of the direct interaction between the charged particle
and electric fields. The electric field in question can be either intrinsic to the plasma
situation, or externally applied. From the trajectory of falling particles, their acceleration
can be determined, and translated into the charge with knowledge of the electric field.
This approach has been used in rf discharges [95] as well as in the temporal plasma
afterglow [96–98]. Techniques using external electric fields include the determination of
the charge from the amplitude of particle oscillation in an external, sinusoidal electric
field [99], as well as the determination from the trajectories of particles falling through
the spatial afterglow that are deflected by a horizontal electric field [100–102].
Other charge measurement methods make use of the interaction between particle
charge and light. For example, the charge of silica nanoparticles was obtained from
a shift in the infrared absorption spectrum measured using Fourier-transform infrared
spectroscopy (FTIR) [103], and the charge on particles on whose surface quantum dots
had been deposited was measured exploiting the quantum-confined Stark effect [104].
Methods making use of the Pockels effect have already been applied to measure
surface charges in DBD cells [105], which could potentially also be applied to suitable
dust particles.
While these various methods exist, none of them meet the requirements for usage in the
sticking machine. They either make use of a system of more than one particle, are not
easily repeatable, do not work for the highly charged microparticles to be considered in
the Sticking Machine project, or require particles of a specific material. However, these
criteria can all be fulfilled using resonance (or resonance-based) methods, which are
presented in detail in the next section.
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2.2 Resonance-based methods

(a) (b)

Figure 2.1: Comparison between linear and nonlinear resonance curves. (a) Lin-
ear resonance as measured with the phase resolved resonance method
(PRRM) [80]. Real (blue) and imaginary part data (red) are shown as
markers, with the corresponding fits drawn as solid lines. The green line
represents the absolute value of the amplitude as reconstructed from the
fits for real and imaginary part. (b) Nonlinear resonance; Only the abso-
lute value of the amplitude is shown for increasing (circles) as well as de-
creasing (squares) frequency, with respective fits (dashed and dash-dotted
lines, respectively). The figure on the right is reprinted with permission
from C. Zafiu et al., Phys. Rev. E 63, 066403 (2001) DOI: 10.1103/Phys-
RevE.63.066403, [106]. Copyright (2024) by the American Physical Society.

2.2 Resonance-based methods

In 1994, the first resonance method for the measurement of particle charge was pre-
sented [79]. Like all subsequent resonance methods, its foundation was the description
of the trapped dust particles as harmonic oscillators. The balance between gravitation
and electric field force in the lower sheath of a parallel plate reactor provides a vertical
confinement. Considering also the neutral gas drag and an arbitrary external excitation,
the vertical particle position z(t) with respect to the equilibrium position is given by the
equation of motion of the classical, damped and driven harmonic oscillator:

z̈ + 2γż + ω2
0z =

1

m
Fext(t). (2.1)

The eigenfrequency ω0 of this system contains, among others, the charge-to-mass ratio
q/m of the particle. For reasonably small amplitudes, the charge can be treated as
constant, simplifying the eigenfrequency (using Gauss’s law):

ω2
0 =

1

m

d

dz

(
q(z)E(z)

)
q const.
=

q

m

ρq
ε0
. (2.2)

In the case of significantly higher excitation amplitudes, nonlinear resonances have
been observed that need to be considered via higher-order terms [106]. Interestingly,
they originate from the height-dependent charge of the particles rather than any
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2 Dust charge measurements in dusty plasmas

nonlinearity of the sheath electric field. In Fig. 2.1, the resonance curves for linear and
nonlinear resonances are compared side-by-side, showing a typical Lorentzian curve
for the linear resonance. In the case of nonlinear resonance, the data is dependent
on whether the frequency is increased or decreased (similar to a hysteresis), and the
resonance curve is strongly skewed to the left.
As a "byproduct" of resonance methods, the neutral gas damping rate γ is also
often obtained. For spherical particles, modeling it with the Epstein formula [107]
yields information about the mass and radius of the particles. The principle of the
measurement has largely remained the same since then: A known external excitation
Fext(t) is coupled into the system, the response of the system is measured, and the
eigenfrequency, among other parameters, is extracted from the response by fitting a
model function to the data.

The existing resonance methods can be classified regarding the mechanism of the
external excitation, as well as the shape of the excitation signal. Excitation mechanisms
include modulation of the driving rf-power [81], additional bias voltage on the driven elec-
trode [79, 80, 108–112] or on a thin conductive wire introduced into the plasma [113,
114], random oscillations in many-particle systems [115, 116] and radiation pressure
from laser pulses [117]. Another classification is by the mathematical shape of the ex-
citation signal, irrespective of its nature, distinguishing between periodic oscillations
leading to a steady state of the particle oscillation, and singular excitations resulting
in transient responses back to a ground state.

In the case of the classical resonance method by Melzer et al. [79], the excitation is
a sinusoidal voltage signal on the lower electrode with varying frequency ω, allowing
to measure the absolute value of the oscillation amplitude |A(ω)| for each frequency.
From this resonance curve, ω0 and γ are extracted using a model function fitted to the
experimental data. A significant improvement was made with the introduction of the
phase-resolved resonance method (PRRM) [80], which allowed to measure the real and
imaginary part of the response amplitude separately. These carry the same information
as the absolute value and phase of the complex amplitude, and can be use to calculate
them. The high gradients of the model functions in the vicinity of ω0 greatly enhance
the precision of the method compared to the classical resonance method. The PRRM
has since then been the workhorse method for particle q/m measurements in dusty
plasmas, due to its high precision and comparatively inexpensive setup. However, the
high precision of the PRRM comes at the cost of time resolution, as the resonance curve
is recorded one frequency at a time. As a result, a single PRRM measurement can take
several minutes.

This can pose a problem for observations on time-dependent systems like the etching
of polymer particles. While polymer particles in mostly pure argon plasmas only change
over the course of hours [108–110], etching processes with oxygen admixture or in
oxygen plasmas are much faster and can occur on the scale of minutes [64, 118–120].
To resolve the evolution of q/m during these processes, a faster method than the
PRRM is needed. Another benefit of a faster method concerns the stability of trapped
non-spherical particles. Compared to spherical particles, these feature additional
degrees of freedom associated with their rotation, which in turn affects their interaction
with the sheath electric field and the neutral gas drag. During prolonged external
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2.3 The Pulse-Excited Oscillation Method (PEOM)

excitation, it becomes more likely that a particle starts random rotations or oscillations,
rendering the recorded resonance curve unusable. This behavior was also theoretically
investigated by Krasheninnikov et al. [121]. When replacing a single measurement
taking minutes with a series of repetitions of another, much faster measurement, the
results of the measurements with erratic behavior can simply be excluded from the
evaluation, while still allowing the remaining, unaffected measurements to be evaluated.

2.3 The Pulse-Excited Oscillation Method (PEOM)

By using a singular event as an excitation and evaluating the response of the particle
in the time domain, the time requirement can be drastically reduced. In that case, the
response is oftentimes some form of attenuated oscillation. Such attenuated vertical
oscillations of the particle position have been evaluated in investigations of the interac-
tion potential of particle pairs [83, 122].
Mathematically speaking, a singular excitation event can be described using the Dirac
Delta distribution,

Fext(t) ∝ δ(t). (2.3)

The Fourier transform of the Delta distribution is constant unity, meaning that every fre-
quency is contained in the spectrum of this signal. Because the response of the particle
to a given excitation contains information about the response the frequencies contained
in the spectrum of the excitation, the response to a Delta-shaped excitation carries
information about all frequencies. In practice, this means that the particle response to
a Delta-like excitation carries the same information as a complete resonance curve.
A recent approach, the step-wise excitation method [81] (or step-excited oscillation
method, SEOM), employed a step-wise switching of the rf voltage driving the plasma as
an excitation. The method yielded values for ω0 and γ for a single particle that agreed
with the results of a classical resonance method performed in parallel. However, the rf
power had to be changed by approximately a factor of 2 to achieve a clearly resolvable
particle motion, which is a significant distortion of the plasma parameters and makes it
unsuitable for precision measurements of plasma-surface interaction. Moreover, there
was a clear discrepancy between the results depending on the direction of the power
step. This discrepancy persisted when reproducing the method for comparisons sake,
even though the power change was toned down to ca. 26%. The relative discrepancy
in the plasma conditions was estimated based on the dc self-bias voltage Usb, which
changed by 10%, and on the rf voltage amplitude ÛRF that changed by ca. 17%. The
strength of this method is that it eliminates the need for a time-consuming frequency
sweep.
The new method developed in this work, the pulse-excited excitation method (PEOM),

is designed to combine the strengths of the PRRM and step-excitation. The design
process is outlined below.

As a first step, the (modulated) step-excitation method is made significantly less in-
vasive by coupling the excitation signal into the system as a bias voltage on the lower
electrode (as done with the PRRM [80]), while keeping the step function as the excita-
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Figure 2.2: Schematic overview over the signal forms of modulated step-wise excita-
tion (moduSEOM, as in [81], left column), bias-excited step excitation (bi-
asSEOM, middle column) and bias-excited pulse excitation (biasPEOM,
right column). The upper two rows show the excitation signal before and
after the coupling network, while the resulting motion of the particle is dis-
played in the third row. The low-frequency envelopes of the rf voltage signal
at the driven electrode are sketched in the fourth row. Reproduced from
A. Mengel et al., Phys. Plasmas 30, 123704 (2023) [AM1] with the permis-
sion of AIP Publishing.

tion signal, resulting in the bias-SEOM method. Doing this keeps the rf power constant,
and the excitation amplitude is very small compared to the rf voltage amplitude and the
self-bias voltage of the driven electrode, minimizing the effect on the plasma conditions.
However, it introduces the need to incorporate the characteristics of the coupling net-
work into the analysis. Thus, the externally applied excitation signal ULF(t) is distorted
by the coupling network into a signal Ue(t). The signal Ue(t) is then coupled into the
plasma, so that a force Fext ∝ Ue(t) acts on the particle, which in response follows a
trajectory z(t). As a result, the actual force acting on the particle is slightly distorted in
comparison to the original excitation signal ULF.
These two steps between the externally applied excitation signal and the particle trajec-
tory are modeled using two Green functions Gf and Gp, respectively. Green functions
are a solution technique for differential equations, where a given Green function solves
a specific differential equation. For common differential equations like the damped har-
monic oscillator, the Green functions are well known and discussed in theoretical physics
and math textbooks, e.g. [123].
By analyzing the circuit diagram of the network (see also Fig 1 in [AM1]), the incoming
excitation signal ULF and the distorted excitation signal Ue affecting the particle can be
related through a 1st-order ordinary differential equation (ODE). Solving this ODE using
the respective Green function Gf , it is found that the network acts similar to an analog
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2.3 The Pulse-Excited Oscillation Method (PEOM)

differentiator, distorting an incoming slope into an exponentially decaying step (which
can be seen in Fig. 2.2 as the transition between the first and second row). The next
step consists in obtaining the particle response z(t) from Ue. Using a driving force term
in Eq. 2.1 proportional to Ue, the resulting 2nd-order ODE of a driven harmonic oscillator
is solved by using the Green function Gp of the harmonic oscillator:

Gp(t− t′) = θ(t− t′)
sin

(
ωd(t− t′)

)

ωd

e−γ(t−t′). (2.4)

Here, ωd is the damped eigenfrequency given by

ω2
d = ω2

0 − γ2. (2.5)

This step from Ue to z(t) can be seen in Fig. 2.2 as the transition from the second to the
third row. The solution for z(t) obtained in this way is used as a fit function to obtain ωd

and γ from the position time series measured in the experiment (see [AM1], Sec. II C
for details). This approach using the two Green functions of the coupling network and
the harmonic oscillator is, in principle, able to produce fit model functions for arbitrary
excitation signals.
The bias-SEOM method constructed in this way yields two slightly different sets of re-
sults, one for rising and one for falling slopes of the excitation signal. The set for rising
slopes, however, contains information about the particle in slightly altered plasma con-
ditions due to the added bias, because the time scale for particle charging (< 0.5ms)
is much faster than the oscillation period of the particle (Tosc ≈ 100ms). This causes a
discrepancy between the results for rising and falling slopes to be observed. The re-
sults for rising slopes therefore do not represent the unperturbed state of the plasma
and particle well, and half of the measurement time is spent obtaining data that yields
no accurate information. By reducing the time after a rising and before a falling slope,
the excitation signal transitions from a slow square wave (f = 0.5Hz, 1 s time after each
slope) to a short pulse (pulse duration tp = 10 to 100ms) repeated every second. Thus,
the particle response mainly takes place while the plasma conditions are the same as
without the external signal, and a particle trajectory that can be evaluated is recorded for
every second of measurement time. This second step finalizes the conceptualization of
the PEOM as a method combining the strengths of the PRRM and step-wise excitation
method.

Interestingly, the incorporation of the coupling network not only greatly improves the
fit of the model function to the data, but also introduces the Ohmic plasma resistance
Rp into the fit function. This allows for measurements of the plasma resistance using
the bias-SEOM or bias-PEOM. Although Rp is also a fit parameter in the PRRM, the
complex resonance curve is barely sensitive to Rp, making a determination from the
PRRM fit extremely imprecise, if not impossible.
An important parameter for the PEOM is the pulse duration tp. If chosen as the optimal

value tp,opt, about half a period of the particle oscillation, the best possible precision is
achieved. Additionally, the highest ratio of oscillation amplitude to excitation amplitude
is reached, so that the PEOM is the least invasive using the optimal pulse duration
tp,opt. This is also visible in Fig. 2.3 c-e: The pulse duration in Fig. 2.3 c is too short, so
that the peak-to-peak amplitude of the particle motion is only about 150 µm or 3 pixel.
The long pulse duration in Fig. 2.3 e, on the other hand, leads to double the amplitude,
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Figure 2.3: Example time series for (a) the modulated step-excitation, (b) the bias-
excited step-excitation (SEOM), and the PEOM with different pulse dura-
tions (c-e). The excitation signal is shown in red. For the modulated ex-
citation (a) it represents the power modulation, for the bias-excitation (b-e)
the additional voltage before the distortion by the coupling network. Repro-
duced from A. Mengel et al., Phys. Plasmas 30, 123704 (2023) [AM1] with
the permission of AIP Publishing.

but produces a more irregularly shaped trajectory, which impedes the performance
of the fit procedure. The data shown in Fig. 2.3 d were measured with a near-optimal
pulse duration, resulting in an evenly spaced oscillation with a high amplitude almost 3
times that of the short pulse.
Statistical comparisons between measurements of the same particles using PEOM,
PRMM and step-excitation method show that the PEOM is comparable in accuracy to
the PRRM and as fast as the step-excitation method. The speed of the PEOM allows
for a higher degree of versatility, offering a trade-off between speed and precision by
running multiple repetitions of the PEOM.

The short time required for a PEOM measurement indeed qualifies the PEOM as a
fast high-precision measurement technique for etching processes of microparticles in
a plasma, as argued at the outset of this chapter.
In the context of this work, the PEOM takes on the role of a versatile and robust
measurement method for eigenfrequency and damping of microparticles. Especially
in the experiments with non-spherical particles (see Chapter 5 and the contribution
[AM4]), it reliably provides data even for particles which have become unstable after a
few measurement cycles.
Another advantage of the PEOM is that it also serves as a way of monitoring the
plasma resistance, which aids in maintaining stable and reproducible plasma condi-
tions throughout later measurements, justifying the relative measurement scheme of
the Sticking Machine (see Chapter 4 and Refs. [AM2] and [AM3]).
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3 Charging difference between
dielectrics and metals

The following chapter provides the theoretical background and context on electron-
surface interactions specific to this work, namely electron-induced secondary electron
emission (SEE), and electron sticking. After giving some basic context about electron-
surface interactions, the case of low-energy (≤ 10 eV) electrons is discussed. The
relevant approach for the modeling of SEE and sticking in this energy range using the
invariant embedding principle is shortly outlined. As a basis for the measurement of
electron sticking coefficients in the dust-in-plasma situation in the Sticking Machine,
considerations regarding the plasma sheath and the energy distribution of the plasma
electrons impinging on the dust particles are finally given.

3.1 Secondary electron emission and electron sticking

As argued in the introduction, this work’s focus lies on the interactions of plasma-facing
surfaces with electrons. In the general case of a primary electron hitting a solid surface
(wall), this interaction can lead to different outcomes:

• The electron can be absorbed by the wall (electron sticking/absorption),

• it can be reflected back elastically or inelastically (electron reflection),

• or it can enter the wall, but cause one or more secondary electrons to be emitted
(electron-induced secondary electron emission). In general, the term secondary
electron emission (SEE) encompasses the emission of electrons from surfaces
due to impinging primary particles. In the context of this project, the focus lies on
the emission due to primary electrons, and the term secondary electron emission
is used with respect to this case.

At very thin walls (10-100 or less monolayers), electron transmission through the whole
wall can additionally occur, which is discussed later on in Section 5.3.2. The solid
objects of primary interest here, such as electrodes or micrometer-sized dust particles,
can be considered thick enough to neglect electron transmission through the whole
object. The statistical character of the electron-surface interactions is accounted for by
assigning each outcome a coefficient, namely the (electron) sticking probability Se, the
(electron-induced) SEE yield δe, and the (electron) reflection probability ηe (sometimes
also denoted ρ)*. These coefficients are generally dependent on the primary electron

*To avoid confusion with other quantities in this work, these coefficients are denoted with an index
"e", as they refer specifically to electrons.
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energy and incident angle, as well as characteristics of the surface such as the
electronic structure.

3.1.1 Differences between high- and low-energy electron emission

The phenomenon of electron-induced secondary electron emission is utilized in several
applications. The functionality of electron multipliers bases on repeated secondary
electron emission at dynodes, which is for example used in photomultiplier tubes and
detectors of mass spectrometers. Incident electron energies at each dynode are about
100 eV [124]. To reach a high overall multiplication efficiency of electron multipliers, a
high secondary electron yield of the dynode material at this energy is required [124].
SEE is also a critical aspect of spacecraft charging [125]. The respective electron
energies can range from a few eV to the order of keV [125]. One of the most widely
used application of SEE, however, is electron microscopy, where electron beams are
used to image structures that can not be resolved using conventional microscopes.
The usage of electron waves instead of light allows for a much better resolution due
their much smaller (de Broglie) wavelength. While transmission electron microscopes
(TEM) detect electrons transmitted through the sample, scanning electron microscopes
(SEM) rely on secondary and backscattered (reflected) electrons for imaging. In SEMs,
the secondary electrons carry important information about the sample surface regions,
so that the SEE yield influences the quality and information content of the resulting
images. Typical beam energies in TEMs are in the range of hundreds of keV, while
SEMs often use beams with 15 to 20 keV [126]. Low-energy SEM approaches make
use of down to 300 eV beams, and techniques for surface imaging, like low-energy
electron diffraction (LEED), operate in even lower energy ranges [126]. The LEED
technique was introduced by Davisson and Germer in 1927 [127] and makes use of a
collimated electron beam with energies in the range of 30 to 200 eV [128]. Electrons
in this energy range have de Broglie wavelengths of only a few angstrom and can
therefore be diffracted at the grid atoms of the target. Moreover, the short mean free
path of electrons at these energies means that their interaction is only with the topmost
layers of the target, which is why LEED is so suited to probe the surface structure
of a target. The spatial diffraction pattern of the scattered electrons then provides
information about the two-dimensional structure of the surface. Spot profile analyzing
LEED (SPA-LEED) even provides information about the surface morphology derived
from the profile of the diffraction spots [129, 130].
In these applications, the electron energies range from some 100 eV to tens of keV. In
contrast, the electrons in a typical laboratory low-pressure plasma like in the Sticking
Machine have energies below 10 eV. The interaction of the low-energy electrons of
the plasma with the electrodes of rf discharges impacts discharge parameters like the
electron density [33, 34]. For an accurate description of electron-surface interaction,
the distinction needs to be made between the high-energy case usually considered in
applications such as those presented above, and the low-energy case relevant for this
work.

In investigations regarding electron-surface interaction in general, the most basic ob-
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3.1 Secondary electron emission and electron sticking

Figure 3.1: Sketch of the energy distribution of emitted electrons for a primary electron
with energy E ≫ 50 eV. The blue and red areas represent δe and ηe, respec-
tively. Details of the reflected electron peak have been omitted for clarity.
Based on a figure in the work of Schou [131].

servable quantity is the total yield σtot [72], which describes the number of emitted elec-
trons per incident electron. For the sufficiently high energies of electron microscopes
and similar electron beams, σtot is commonly separated into the two components δe and
ηe, representing secondary electrons and reflected primary electrons, respectively [131]:

σtot = δe + ηe. (3.1)

For high-energy primaries, the distinction between reflected primary electrons and sec-
ondary electrons is typically made according to their energy, counting emitted electrons
with energies lower than 50 eV as secondary electrons, and those with energies above
that as reflected primaries. This view neglects the contribution of Auger electrons, which
add diminutive peaks to the spectrum in the energy region above 50 eV. A sketch of the
energy spectrum of the emitted electrons for high energy primary electrons is shown in
Fig. 3.1.
In the case of low-energy (E ≤ 50 eV) primary electrons, this energy-based distinction
vanishes, as the energy of the reflected electrons is also in the interval below 50 eV.
Consequentially, the situation is simplified by considering only the total emission yield.
Furthermore, the primary energy of only a few eV is not sufficient to allow for the emis-
sion of more than one secondary electron, as the work function of most materials alone
is in the range of eV as well. Therefore, the SEE part δe of σtot has to be ≤ 1 for the
energies considered here. Under these conditions, the sticking coefficient Se is related
to the total yield σtot via

Se = 1− σtot, (3.2)

meaning that an incoming electron can either remain in the solid, or cause an emitted
electron to be detected. The cause of the latter can be either secondary emission or
reflection, but one cannot identify which was the case. It should be noted that, at low
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energies, the total yield σtot is sometimes measured as a low-energy limit of δe and also
denoted δe, even though it potentially includes reflected electrons.
As mentioned before, the energy range of particular interest in this work encompasses
energies below 10 eV. The availability of literature data for low-energy electron emis-
sion yields varies greatly depending on the material, because only few conventional
measurements provide results. For metals, the emission yield has been measured
including this energy range [73]. In the relevant energy range, the emission yield of
silver and gold is almost zero [73], indicating a sticking coefficient that is justifiably
approximated as constant unity in this energy range. For dielectrics, however, no
conclusive measurements exist for energies below 10 eV. Early beam experiments on
MgO remained inconclusive [75], while even modern approaches only reach down to
a few hundred eV [72]. Two single data points for a primary energy of approximately
10 eV were reported by Dionne [132] for a thin SiO2 layer on a Si target. To develop
more suitable methods for the measurement of low-energy SEE yields and electron
sticking coefficients, one might look at where electrons with respective energies occur:
The technological relevance of low-energy electron sticking and emission coefficients,
as argued before, mainly concerns plasma devices, where a surface, for example
an electrode [33, 34], a catalyst [39] or a dust particle [54, 55, 78], is bombarded
with plasma electrons, which typically have mean energies around 5 eV. Conversely,
plasma-facing surfaces offer a unique opportunity to study the interaction of low-energy
electrons with the surface.
One such approach would entail comparing a measured discharge profile with that of
many simulated ones for different sticking coefficients of the electrode, as the latter
affects the discharge profile [33, 34]. This also allows to access the sticking coefficient
at low energies, as the electrons arrive at the electrode with energies < 10 eV [133].
However, this indirect approach has some disadvantages: A precise determination of
the sticking coefficient requires simulations for many different values of the sticking
coefficient, which is computationally expensive. Moreover, the comparison with the
experiment requires precise, spatially resolved measurements of e.g. electron density
profiles, which are a challenge in itself, as techniques such as Langmuir probes [54,
134, 135] do not perform well in the plasma sheath and possibly introduce perturbation
to the plasma. On top of that, not every material can be used to manufacture or coat
an electrode, limiting the range of materials that can be investigated.

To avoid these drawbacks, the dust-in-plasma-based approach was chosen for the
Sticking Machine. The dust-plasma system is easier to describe theoretically, and more
controllable in the experiment. With methods like the PEOM [AM1], the dust particle
charge is measurable regardless of the conductivity of the dust particle, offering an
advantage over the current measurements required in beam experiments. Moreover,
the material in question is only required in the form of a number of microparticles, so
there is no need for extensive preparation of a target. Also, the method promises to be
cheaper in terms of material cost, as a much smaller quantity of the material of interest
is needed. As a basis for this dust-particle-based measurement scheme, the following
considerations lean into the relation between the particle surface material and its charge.
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3.1.2 Invariant embedding description of sticking and SEE

Figure 3.2: Schematic overview over the interface model used in the invariant embed-
ding approach. The interface to the plasma is to the right. Note that the
energy axis of the solid starts at the upper edge of the conduction band, so
that the wall potential is always χ above zero. The difference between the
wall potential and the reference point of the EEDF (sketched vertically on
the right) is the energy UW, which can vary depending on the situation. The
solid red line represents the approximation of the surface potential (dashed
red line) as a potential step. K is the momentum component of the electron
parallel to the surface, while k and p denote the momentum components
perpendicular to the surface in the vacuum and inside the solid, respec-
tively. (i)-(iii) are three different scattering trajectories due to interaction with
phonons, which result in an energy E ′ of the scattered electron. Repro-
duced from: F. X. Bronold et al., Plasma Phys. Control. Fusion 59 (2017),
014011 [1]. ©IOP Publishing. Reproduced with permission. All rights re-
served.

As mentioned earlier, the plasma-solid interface is a challenging system due to the
large differences in time- and length scales. In order to investigate the interaction of
electrons with the surface, ideally all relevant mechanisms have to be considered, re-
gardless of whether they stem from the plasma, the solid, or arise at the interface. Re-
cently, the invariant embedding principle has been employed as a technique to describe
electron sticking and SEE due to plasma electrons at the surface of solids [1, 136–139].
The invariant embedding technique was first applied by Dashen to electron backscat-
tering [140]. The core principle of invariant embedding is, that certain quantities stay
invariant when adding an infinitesimally thin slab of material to the surface. In the works
of Bronold et al., this quantity was the probability Q(E, η̃|E ′, η̃′) that an electron with ini-
tial energy E and direction cosine η̃ that has already entered the surface is scattered
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into a state with the energy E ′ and the direction cosine η̃′. Besides this central scattering
quantity, other aspects have to be considered in the interface model. An overview over
the interface model used for the calculation of electron sticking at dielectric surfaces
is sketched in Fig. 3.2. The sticking probability Se(E, ξ) is generally angle- and energy-
dependent. To include this fact, each incoming electron has an energy from the electron
energy distribution function (EEDF) fe(E) of the plasma electrons in the sheath, and an
incident angle β represented by its cosine ξ = | cos β|. To even reach the solid surface,
it has to have at least the energy corresponding to the wall potential UW. In the case of
dusty plasmas, this wall potential is given by the floating potential Φf of the dust particle.
This portion of the electrons with E ≥ UW is counted as the incoming electrons. To enter
the solid, i.e. occupy a state in the conduction band, the electron has to pass over a
potential step the size of the electron affinity χ. This functions as a quantum mechanical
barrier. The description of the latter has to account for the additional difference in ef-
fective electron mass m̄e between vacuum and conduction band. Dependent on angle
and energy, the electron is then either quantum-mechanically reflected back into the
vacuum, or transmitted into the conduction band of the solid. Transmitted electrons are
then subject to scattering with (optical) phonons, dissipating their kinetic energy. Each
scattering event can either be forward- or backward scattering, potentially allowing elec-
trons to reach the surface again with reduced energy. At the surface, these electrons
again interact with the quantum-mechanical potential barrier, allowing for a transmission
back into the vacuum. The approach also considers surface impurities and roughness
through a parameter C indicating the degree of order of the surface, from a perfectly
clean (C = 0) to a completely disordered surface (C → ∞). In accordance with the pro-
cesses described above, the surface material is additionally characterized by the elec-
tron affinity χ and the effective mass m̄e for the description of the quantum-mechanical
transmission, and the phonon energy ω. Using this approach, low-energy electron stick-
ing coefficients for the dielectrics MgO, Al2O3 and SiO2 have been predicted [1]. Closely
related approaches designed for metals additionally considered electron-electron and
electron-ion core scattering and predicted electron emission yields for the metals Al, W,
Cu, Ag and Au [137, 138]. Thus, invariant embedding is a powerful theoretical approach
for the description of low-energy electron-surface interaction.
The predictions for low-energy electron sticking coefficients are a solid foundation for
experimental studies. However, the resulting sticking coefficient Se(E, ξ) is a function
of electron energy and incident angle. In contrast to monoenergetic, directed electron
beams, where energy and angle are the same for all electrons, the conditions in the
plasma environment are different, and electron energies and angles are distributed.
This is considered in the following section, where the connection to the experimental
dust-in-plasma situation is made.

3.2 Predictions and considerations for microparticles
in a plasma

To produce a result that is more easily transferred to the experimental context, the re-
sulting energy- and angle-dependent sticking probability Se(E, ξ) is averaged over all
possible incident angles and over the portion of the EEDF with E ≥ UW. The angle av-
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Figure 3.3: (a) Mean energy Ē from Eq. 3.3 dependent on the floating potential Φf (black
solid line). The linear asymptote for high wall potentials UW = −eΦf is shown
as a red dashed line. For UW = 0, the mean energy 3
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Maxwellian distribution is reproduced. (b) Visualization of the Maxwellian
distribution, with the mean energy 3
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kBTe of the whole distribution drawn in.

The red area corresponds to the part of the portion of the electrons able to
overcome the wall potential UW. The respective mean energy Ē of this "tail"
is also marked. For this example, UW = 2.41kBTe, which is a value found for
the floating potential in the bulk of argon plasmas [54, 55].

eraging is done by assuming an uniformly distributed direction cosine (see [1], Eq. 28).
This yields an averaged sticking coefficient s̃ corresponding to a specific EEDF. In most
dusty plasmas, the electron energies follow a Maxwell-Boltzmann distribution with an
electron temperature Te of 2 to 5 eV, so that s̃ is best parametrized by the floating po-
tential Φf and either the electron temperature Te, or the mean electron energy Ē. When
calculating the latter, it must be considered that only electrons with E ≥ UW = −eΦf

even reach the surface. Also, the energy scale of the plasma is used, in the reference
point of the solid energy scale sits at UW − χ (see also Fig. 3.2). The mean energy Ē is
therefore given by

Ē =

∫∞
UW

Efe(E)dE∫∞
UW

fe(E)dE
= kBTe

u3/2e−u + 3
2
u1/2e−u − 3

√
π

4

[
erf(u1/2)− 1

]

u1/2e−u −
√
π
2

[
erf(u1/2)− 1

] , (3.3)

where u = UW/(kBTe) = −eΦf/(kBTe). This function Ē(Φf) is visualized in Fig. 3.3 (a).
As the Maxwell-Boltzmann distribution decays exponentially towards higher energies,
Ē lies not far from the lower end of the distribution’s "tail", i.e. the portion above UW.
This is visualized in Fig. 3.3 (b). Therefore, the majority of electrons have energies near
Ē.

In the work of Bronold et al. [1], predictions for the averaged sticking coefficients s̃
and resulting charges of 2 µm-diameter particles made from SiO2, Al2O3 and MgO in
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3 Charging difference between dielectrics and metals

Figure 3.4: (a) Floating potential in dependence of electron temperature, for a perfectly
absorbing particle (PAM, blue) and a MgO particle (red) in an argon plasma.
The argon ions were assumed to be at room temperature (kBTi = 0.026 eV).
(b) Energy dependence of the averaged sticking coefficient s̃. The lower
x-axis displays the mean electron energy of the maxwellian tail starting at
the floating potential given in (a), while the upper x-axis shows the cor-
responding electron temperature Te. Edited after: Private communication
F. Greiner/F. X. Bronold.

an argon plasma have been computed and compared to the perfect absorber model
(PAM). The floating potential Φf needed for these results was obtained as the solution
of a modified current balance for the charging of the particle, where the charging currents
are modeled using the orbital motion limited (OML) [54, 55, 93] expressions:

s̃IOML
e (Φf) + IOML

i (Φf) = 0. (3.4)

The corresponding electron and ion temperatures were 2 eV and 0.026 eV, respectively.
The particle charge was then obtained from Φf via the standard spherical capacitor
model [54, 55]. Results for the floating potential of a PAM particle and a MgO particle
are shown in Fig. 3.4 (a) plotted over the electron temperature. Using the floating
potential arising from the charging current balance, and the relevant portion of the
Maxwellian EEDF, the variation of the averaged sticking coefficient s̃ with the electron
temperature Te is obtained, which is shown in Fig. 3.4 (b).

3.2.1 Influence of the plasma sheath

It has been demonstrated that the portion of the plasma electrons reaching the dust par-
ticle surface depends on its floating potential. Eq. 3.4 describes the connection between
the floating potential and the electron sticking coefficient at the respective energy. Apart
from the sticking coefficient, the charging process is also influenced by the plasma envi-
ronment itself. The microparticles used here levitated in the plasma sheath, warranting
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3.2 Predictions and considerations for microparticles in a plasma

Figure 3.5: Illustration of the electron and ion density profiles in the plasma sheath and
presheath. The wall sits at x = 0, and the plasma extends in negative
x direction. The sheath width is denoted d, the Debye length is denoted
λ and ne0 is the bulk plasma density. While the quasineutrality is valid in
the unperturbed plasma and the presheath, the electron density ne in the
sheath is much lower than the ion density ni. Reproduced from: A. Piel,
"Plasma Physics: An Introduction to Laboratory, Space, and Fusion Plas-
mas" (Springer, 2010) [54] with permission of Springer Nature.

a brief description of the characteristic properties of the plasma sheath in comparison
with the plasma bulk. This description mainly follows the explanation given in the text-
book by Piel [54], where in-depth explanations are given.
A plasma sheath forms when a plasma is in contact with a wall, which can also be con-
sidered an interaction between plasma and surface that impacts the plasma. Due to
the much higher thermal velocity of the electrons, the electron current onto the wall is
initially much stronger than the ion current, resulting in a negative potential on the wall.
If the wall is electrically floating, this corresponds to the floating potential of a dust par-
ticle. Another consequence of the initially much higher electron current is the formation
of a region adjacent to the wall where the quasineutrality of the plasma no longer holds,
i.e. the ion density is higher than the electron density. This region is called the plasma
sheath, or space charge sheath. Between the plasma bulk and the sheath, a transi-
tion region, the presheath, forms, where quasineutrality holds, but the overall plasma
density is reduced with respect to the plasma bulk. At distances further than the Debye
length away from the wall, the plasma is unperturbed. The density profiles in the sheath
and presheath are schematically drawn in Fig. 3.5. In this model, the sheath can be
described using the Child-Langmuir law [141, 142]:

ji =
4

9
ε0

√
2e

mi

U3/2

d2
, (3.5)

where ji is the ion current density in the sheath, U is the fixed voltage drop across the
sheath, and d is the sheath thickness. The ion current density is additionally constrained
by the Bohm criterion:

ui,0 ≥ vB =

√
kBTe

mi

. (3.6)
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3 Charging difference between dielectrics and metals

The Bohm criterion states that the velocity ui,0 of the ions at the sheath edge (the
boundary between presheath and sheath) has to be greater than or equal to the Bohm
velocity vB, which is the speed of sound of the ions. Due to this constraint and the fixed
voltage drop U , the sheath width d adjusts to fulfill the Child-Langmuir law.

In rf plasmas, the situation is slightly different, as the electrons are oscillating back
and forth with the rf voltage signal, while the ions remain almost unaffected due to their
much higher inertia. As a result, the whole sheath oscillates with the rf frequency [2]. For
the dynamics of ions and dust particles, it is reasonable to consider the time-averaged
electron density instead. This also leads to a slightly different formula for the Child law
in rf discharges, which retains its scaling with U3/2 [2].
In recent times, more sophisticated sheath models have been developed. For example,
the influence of collisions on the validity and existence of the Bohm criterion has been
studied [143], and a model with regard to the influence of the sheath on dust particles
have been developed by Douglass et al. [144].

Regardless of the complexity of the used sheath model, the existence of the sheath
has consequences for the dust-in-plasma situation. The electric field arising from
the positive space charge in the sheath facilitates the levitation of the negatively
charged dust particles in the sheath, and provides the potential well used for the
resonance-based methods (see also Chapter 2). However, the directed ion motion
through the sheath also distorts the ion velocity distribution, which has consequences
for the ion charging current onto a dust particle. This is discussed later on in Sec-
tion 4.3.1. Additionally, the anisotropy of the ion velocity distribution may lead to
inhomogeneous surface particles on non-conductive dust particles, which is discussed
in Section 5.1. Most importantly, the electron and ion energy distributions as well as
their densities vary with the position in the sheath. As a consequence, the charging
currents and therefore also the floating potential, which depend on the densities and
energy distributions, are generally height dependent in the sheath, which has also
been discussed by Douglass et al. [144]. This is an important aspect in the evalu-
ation of the Sticking Machine experiments, and is considered by the evaluation scheme.

To conclude this chapter, low-energy electron-surface interaction differs from the
high-energy case. The low-energy electron sticking coefficient is closely related to the
low-energy secondary electron yield. It is dependent on the energy of the impinging
electrons, and determines which floating potential a surface in a plasma attains. This, in
turn, influences the portion of plasma electrons that can reach the surface. The floating
potential of a dust particle is directly connected to its charge q, so that the particle
charge is sensitive to the energy- and angle-averaged electron sticking coefficient of its
surface. The particle charge q, as argued in Chapter 2, is a well measurable parameter
in dust-in-plasma situations. In principle, knowledge of the surrounding plasma, mainly
the electron temperature, allows for a determination of the averaged sticking coefficient
from the floating potential, which in turn is linked to the particle charge. This connection
enables a new approach for the determination of sticking coefficients using dust in
plasma. The experimental realization of this approach is the subject of the next chapter
and the corresponding publication.
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4 Measurement of the
dielectric-metal charging difference
using spherical particles

This chapter presents the method used in the publications [AM2] and [AM3], which is
at the core of the Sticking Machine. In addition to the results for the sticking coefficients
of silica and two polymers often used in dusty plasma research, considerations beyond
the publications and the supplemental material are given.

4.1 Experimental concept

After discussing the theoretical background in Chapter 3, the experimental procedure
and the analysis scheme used in the Sticking Machine will be presented here. The
experimental determination of the electron sticking coefficient of a given material comes
down to two steps: First, the particle charge needs to be measured, before the sticking
coefficient is obtained in a second step. To avoid unknown quantities and eliminate
uncertainties, a relative measurement scheme is chosen, which is described in Secs. 4.2
and 4.3. In the framework of the relative measurement scheme, particles of a material of
interest (grains of interest, GOI) are compared against particles of a material for which
the sticking coefficient is known. To this end, single particles of both materials are, one
after another, trapped in the lower sheath of a low-pressure discharge. Their respective
particle radius a is measured in situ using long-distance microscopy, while the oscillator
parameters ω0 and γ are measured using PEOM (see Chapter 2) or PRRM [80]. The
primary investigations focused on SiO2 as a material of interest due to the availability as
spherical microparticles, the existence of theoretical predictions [1], and the long-time
stability in the plasma [145]. Subsequent investigations also yield sticking coefficients
for the polymers polymethyl methacrylate (PMMA) and melamin formaldehyde (MF),
see Section 4.5. Based on the results of Gonzalez et al. [73], gold is chosen as the
reference material, with its sticking coefficient approximated as constant unity in the
energy range in question. Due to the high mass density of gold (about ten times that of
silica), a solid gold particle levitating in a typical low-pressure plasma sheath would have
to be significantly smaller than a silica particle levitating roughly at the same position.
Instead, gold-coated melamin formaldehyde particles are used, because their mean
mass density is comparable to that of silica. The coating thickness of 50 to 250 nm,
which amounts to some 102 to 103 atom layers, ensures that the gold layer acts as a
solid body and is unaffected by thin-film effects.
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4 Measurement of the dielectric-metal charging difference using spherical particles

4.2 Floating potential difference

In order to resolve the difference in the charging of two particles due to the different
surface material, all other factors leading to a charge difference need to be eliminated.
Firstly, the spherical capacitor model states that the charge q of a dust particle scales
linearly with its radius a as well as its floating potential Φf :

q = 4πε0aΦf . (4.1)

The floating potential itself is independent of the particle size, and is therefore easier
to compare between particles. Secondly, the floating potential is the potential at which
the charging currents on the particle are in balance. In contrast to astrophysical situa-
tions, photoemission and electron emission due to high-energy primaries are not rele-
vant charging mechanisms in the laboratory context [54, 55, 78]. The resulting current
balance therefore only consists of the ion and electron collection currents, where the
latter is attenuated by the averaged electron sticking coefficient:

s̃Ie(Φf) + Ii(Φf) = 0. (4.2)

The magnitude of the collection currents generally depends on plasma parameters such
as the electron and ion densities ne and ni and their velocity or energy distribution
functions. Maxwellian distributions are defined by their temperatures Te and Ti, while
other distribution functions may require more parameters. As the particles levitate in
the plasma sheath, densities and temperatures, and consequentially also Φf , are de-
pendent on the position in the sheath (see also Section 3.2.1), which is described by
the height h above the lower electrode in this work. For this reason, the charging con-
ditions are only comparable for particles at the same position in the sheath. Due to
the unknown sticking coefficients of the material of interest, and the size distribution of
the microparticles, the charge-to-mass ratio q/m of the particles, which determines the
levitation height h, cannot be predicted accurately. As a consequence, two particles
of different materials levitating at the same height is a situation that cannot be deliber-
ately generated in the experiment. Therefore, an interpolation approach is chosen. A
multitude of gold-coated reference particles with different sizes are utilized to obtain a
calibration curve for the following auxiliary quantity η:

η(h) :=
mω2

0

4πa
= Φf(h)ρq(h). (4.3)

This calibration curve spans an interval of several millimeters in height, which makes up
a substantial portion of the sheath thickness of roughly 7.5mm. The quantity η has the
useful property that it links the measured quantities (m, ω0 and a) to the otherwise ex-
perimentally inaccessible and position-dependent floating potential Φf and space charge
density ρq = e(ni − ne). Values for η of the reference particles are calculated from the
measured values of the eigenfrequency ω0, the damping rate γ, and the particle radius
a. The particle mass m is obtained from the damping rate employing the Epstein friction
model for spheres [107].
As both Φf and ρq are expected to be continuous functions of the height h, it is justified to
interpolate between the measured values for η of the gold reference particles, resulting
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4.3 Calculation of the sticking coefficient

in a reference curve ηAu(h). In the original StickingCube setup (see Chapter 3), ηAu(h)
was interpolated in a height interval spanning ca. 0.9mm using a linear fit. The levita-
tion heights of the gold particles in the upgraded StickingCube II chamber were more
evenly distributed, allowing for the interpolation of ηAu(h) over a range of ca. 4.1mm via
a 5th-order polynomial fit.
The η value of a virtual gold particle levitating at the height h in the sheath is provided by
ηAu(h). This allows for the direct comparison between a measured particle of the mate-
rial of interest, and a virtual gold reference particle levitating at the same height. When
forming the ratio between the η values of the grain of interest (GOI) and the reference
curve, the space charge density drops out and the floating potential ratio Y remains:

ηGOI

ηAu(hGOI)
=

Φf,GOI

Φf,Au

=: Y. (4.4)

As the charging conditions and the EEDF, which influence the sticking coefficient of the
GOI particles, can vary with the position on the plasma sheath, a variation of Y with h is
expected and can be observed in the experimental data. Based on the Measurements
in [AM2], the values of Y for SiO2 are in the range of 0.62 to 0.71 with an uncertainty
∆Y < 0.083. Therefore, there has to be a significant difference in the charging process
between gold and SiO2 surfaces at low electron energies. Building upon this result,
the sticking coefficient of SiO2 is quantitatively determined, as shown in the following
section.

4.3 Calculation of the sticking coefficient

As argued initially, the floating potential Φf of a dust particle is sensitive to the average
electron sticking coefficient s̃ of its surface. The connection between Φf and s̃ is made
using the steady state charging current balance:

s̃Ie(x) + Ii(x) = 0 (4.5)

⇒ s̃ = − Ii(x)

Ie(x)
, (4.6)

where x = −eΦf/(kBTe) is the reduced floating potential. Eq. 4.6 can be solved for
s̃, given that the terms for Ie(x) and Ii(x) are known. Different charging models lead
to different terms for Ie and Ii, and potentially to additional parameters governing the
charging currents. Two such models will be discussed later in this section, the standard
OML model [93] as a first approximation, and a modified version accounting for the di-
rected motion of the ions in the sheath, which is used for the quantitative evaluation. The
choice of model has to reflect the conditions in the experiment as accurate as possible,
otherwise systematic errors of the sticking coefficient are introduced.
To make use of the results of the relative measurement scheme, the following steps are
taken: First, Eq. 4.6 is solved for x using the known sticking coefficient s̃0 of the reference
material and the chosen charging current model, yielding the reduced floating potential
x0 of the (virtual) reference particle. In this case, the reference material is gold, and s̃0
is set to 1, because the electron emission yield in the expected energy range ≤ 10 eV is
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4 Measurement of the dielectric-metal charging difference using spherical particles

very close to zero. In the second step, the floating potential x of the material of interest
is written as

x = x0Y, (4.7)
where Y is the measured floating potential ratio between the grain of interest and the
virtual reference particle. Using Eq. 4.6, the sticking coefficient s̃ of the material of inter-
est is then calculated. This evaluation is done for each grain of interest, allowing for a
potentially high number of repeated measurements given enough particles of the mate-
rial of interest.
To conduct this evaluation in practice, knowledge about three aspects (in addition to the
experimental data) is needed:

1. A value for s̃ of the reference material in the respective energy range is needed.
As argued above, gold is expected to have s̃ ≈ 1 for the energy range up to ca.
10 eV.

2. Expressions for Ie and Ii are needed. To this end, a charging model has to be
chosen.

3. Depending on the charging model, additional parameters such as electron and ion
densities and temperatures, or the electric field are required to calculate Ie and Ii.
Particle-in-cell (PIC) simulations are employed to obtain information about these
parameters.

The first point has already been discussed above. In the following, the latter two points
will be addressed, beginning with the charging model, before a short description of the
used PIC simulation is given. The evaluation procedure is then summarized at the end
of the section, and in Fig. 4.2.

4.3.1 Models for the charging currents

In order to obtain expressions for Ie and Ii, a charging model has to be chosen. One
of the most fundamental charging models is the OML model [93]. In the OML model,
electrons and ions are approaching the dust particle from infinity on collisionless
trajectories. Only the electrostatic force of the dust particle on the electrons and ions is
considered, which generates a situation analogous to Rutherford scattering. A critical
impact parameter is formulated based on the ion or electron velocity and the potential of
the dust particle, giving rise to an expression for the cross-section for charge collection.
Based on this cross-section, expressions for the ion and electron currents are then
found. More in-depth illustrations of the OML model are given in plasma physics
textbooks [54, 55]. Despite being based on several assumptions which are discussed
below, a central result of the OML model is that the floating potential of a dust particle is
independent of its size, which is used in the η calibration curve introduced in Section 4.2.

The initial charge predictions by Bronold et al. [1] were made using the OML model.
Using the well-known expressions for the OML charging currents [54, 55, 93], Eq. 4.6
takes the following form:

s̃ =
ex

ε
√
µτ

(1 + τx). (4.8)
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4.3 Calculation of the sticking coefficient

The only parameters governing the charging process in the OML model are the tem-
perature ratio τ = Te/Ti of electrons and ions, their mass ratio µ = mi/me, and the
ratio

ε =
⟨ne⟩
ni

. (4.9)

Here, ⟨ne⟩ is the electron density averaged over one oscillation cycle of the rf voltage
of ca. 73.7 ns, which is multiple orders of magnitude faster than typical particle charging
times. The usage of only the time-averaged value for ne is therefore justified.
However, the OML model bases on several assumptions. For one, it considers a col-
lisionless situation, which is only valid at low pressures [146, 147]. The experiment is
operated at 7.5Pa, so approximating the plasma as collisionless in the vicinity of the
dust particles would be justified. However, in the standard OML model, the electron and
ion velocities both follow Maxwell distributions. This may be justified for an isotropic
situation such as in the plasma bulk, but it does not hold for the plasma sheath where
the dust particles are trapped. While the Maxwell distribution may be appropriate for
the electrons due to their high thermal velocity, the ions in the plasma sheath are dras-
tically accelerated by the sheath electric field. The isotropy is broken, and it has to be
concluded that the OML model is not valid in the plasma sheath.
To remedy this, a new expression for the ion charging current Ii is developed. The
complete calculation is presented in the supplemental material of [AM2] alongside a
comparison to the OML model, but the most important steps will be elaborated here.
In the following, the z-axis is parallel to the direction of the sheath electric field, so that the
x- and y-axis are perpendicular to it. Simulations [148] of low-pressure gas discharges
comparable to the StickingCube experiment indicate that the ion velocity components
perpendicular to the sheath electric field E⃗ (x and y direction) are distributed according
to a normal (Gaussian) distribution (as in the OML model), while the component parallel
to E⃗ (z direction) follows a half-normal distribution, agreeing with the constant-collision-
cross-section model formulated by Lampe et al. [149]. These distribution functions are
visualized in Fig. 4.1 (a) and (b). The distribution fz(vz) of the z component vz of the ion
velocity introduces a new parameter, the drift velocity

vdrift =

√
2e|E⃗|

πminnσ̄
, (4.10)

which depends on the electric field E⃗, the neutral gas density nn, and the namesake
constant collision cross-section σ̄, and determines the width of fz. The distributions
fx(vx) and fy(vy) are parametrized by an effective temperature Ti,⊥. For the anisotropic
model using the constant-σ ion distribution, two parameters are needed: The ratio be-
tween electron temperature and effective ion temperature perpendicular to the electric
field, τ̄ = Te/Ti,⊥, and the parameter β = 2kBTi,⊥/(πmiv

2
drift), which relates the kinetic

energy of the ion motion parallel to the electric field to their mean thermal energy in the
perpendicular directions. In the case of the OML model, the effect of electron and ion
velocity distributions was described by the single parameter τ = Te/Ti.

In the next step, the distribution function fi(vi) for the absolute value vi = |v⃗i| of the
ion velocity is found by integrating over the distribution functions of the individual ion
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4 Measurement of the dielectric-metal charging difference using spherical particles

Figure 4.1: Visualization and comparison of the different distribution functions for the ion
velocity. (a) Maxwell distribution fx,y(vx,y) of the x and y component of the
ion velocity, perpendicular to E⃗. The same distribution applies for the y di-
rection. The velocities are normalized to the standard deviation

√
kBTi,⊥/mi

of the Gaussian. (b) Distribution fz(vz) of the z component of the ion veloc-
ity, parallel to E⃗. The velocity axis is given in units of the characteristic drift
velocity vdrift in the constant-σ model [149]. (c) Distribution function fi(vi) for
the absolute value vi of the ion velocity computed via Eq. 4.11 using a typical
value of β = 0.035, which corresponds to vdrift ≈ 3

√
kBTi,⊥/mi. The velocity

axis is the same as in (a), with vdrift indicated as a reference.

velocity components.

fi(vi) =

∫

R3

δ

(
vi −

√
v2x + v2y + v2z

)
fx(vx)fy(vy)fz(vz) d

3v⃗. (4.11)

Solving this integral in spherical coordinates yields the following expression for the ion
velocity distribution fi(vi):

fi(vi) =
4A

√
B√

π
√
A−B

· vi · e−Bv2i ·D+

(√
A−B · vi

)
, (4.12)

with A = mi/(2kBTi,⊥), B = (πv2drift)
−1, and D+ is the Dawson function [150].

This distribution function is plotted in Fig. 4.1 (c). The calculation of the ion current is
done with fi from Eq. 4.11 in place of the Maxwellian distribution used in the OML model.
The result is an ion current that generally depends on the parameters β and Ti,⊥ in
addition to the ion mass and density.
In the final step, this ion current, alongside the OML electron current, is inserted in
Eq. 4.6, which becomes

s̃ =
ex

ε
√
µτ̄

[
J1(β) + J2(β)τ̄x

]
, (4.13)

where J1(β) and J2(β) are integral expressions given in [AM4]. J1(β) and J2(β) are
numerically calculated over a range of plausible values (10−2 to 10−1) for β. In addition
to β, Eq. 4.13 is parametrized by the density ratio ε introduced in Eq. 4.9, and the ratio
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4.3 Calculation of the sticking coefficient

τ̄ = Te/Ti,⊥.
With the formula given in Eq. 4.13, the sticking coefficient s̃ of the material of interest can
now be calculated from the reduced floating potential of the particle, and the parameters
ε(h), τ̄(h) and β(h). To make a direct connection between floating potential and sticking
coefficient, the latter three quantities need to be known.

4.3.2 PIC simulation

In order to have spatially resolved values for ε(h), τ̄(h) and β(h) available, the PIC sim-
ulation code XPDP1 [151–153] was used. The built-in Monte-Carlo collision model was
modified to use the ion collision cross sections given by Phelps [154] in place of the
original ones.
The principle of PIC simulations was first formulated by Harlow et al. in 1955 [155], and
a few yers later applied to plasmas [156]. The advantage of PIC codes for plasma simu-
lations lies in their ability to consider the high number of plasma particles by combining
them into a much lower number of superparticles, which are allowed to move continu-
ously in the phase space. The number of real particles making up a super particle is
allowed to fluctuate. Quantities like electromagnetic fields, on the other hand, are con-
sidered on a discretized grid. Collisions within the system are often considered using a
Monte-Carlo approach. This overall straightforward principle has made PIC simulations
a successful and widely used computational tool in plasma physics.
As an 1d3v code, XPDP1 considers only one discretized spatial dimension for the coor-
dinates of superparticles, but three dimensions for their velocities. The simulated system
is therefore similar to an infinitely expanded parallel-plate reactor, which is a suitable
analogon for a real-world parallel-plate discharge. As a single micrometer-sized dust
particle like in the experiment presents no significant influence on the discharge as a
whole, the dust particles are neglected in the simulation. After running the simulation
until it equilibrates at a constant number of superparticles, it is advanced for enough
time to cover one rf period (approx. 73.7 ns). For each timestep during the rf period,
data for electron and ion positions and velocities are recorded. The local electric field
strength for each grid cell is also stored. The densities ne(h) and ni(h) are calculated for
each timestep from the electron and ion positions, respectively, and then averaged over
the rf cycle to yield spatial profiles. Te(h) is obtained from the distribution of the electron
velocities, and Ti,⊥(h) is obtained from the distribution of the ion velocity components in
x and y direction. ε(h) and τ̄(h) are calculated from these results. The drift velocity vdrift
appears in the half-normal distribution that describes the distribution of the z component
of the ion velocity, and can be obtained for example from the distribution’s FWHM (full
width at half maximum):

fz(vz) ∝ Θ(vz) exp

(
− v2z

πv2drift

)
, (4.14)

where Θ denotes the Heaviside step function. According to the constant-σ model by
Lampe et al. [149], vdrift is related to the constant collision cross-section σ̄ via

v2drift =
2e|E⃗|

πminnσ̄
, (4.15)
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Y
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Ie(x), Ii(x)
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Figure 4.2: Schematic illustration of the evaluation process. The numbers correspond to
the steps enumerated in the text. The following quantities and relations are
shown: The experimentally determined floating potential ratio Y between
the particle of interest and the interpolated reference particle, the sticking
coefficients s̃0 and s̃ of the reference particle and the particle of interest,
respectively, the reduced floating potentials x0 and x of the reference particle
and the particle of interest, respectively, the parameters ε, τ̄ and β obtained
from the PIC simulation, the expressions Ie(x) and Ii(x) for the charging
currents in dependence of the reduced floating potential, and the relation
s̃(x) between sticking coefficient and reduced floating potential.

where nn is the neutral gas density, which is calculated from the neutral gas tempera-
ture Tn (about room temperature, ca. 300K) and the measured pressure p in the reactor
approximating argon as an ideal gas. The original value σ̄ = 6 × 10−19m2 given by
Lampe et al. agrees very well with the results of the simulation for the z component
of the ion velocities and the electric field. The parameter β(h) is therefore calculated
from the electric field |E⃗|(h) using σ̄ and the values for Ti,⊥(h). Using the results of the
simulation, the determination of the sticking coefficients is now possible.
In conclusion, the aspects needed for the determination of the sticking coefficient from

the measured floating potential ratio have been elaborated. To recapitulate the evalua-
tion scheme, the sequence of the evaluation is illustrated in Fig. 4.2, which is as follows:

1. Using the parameters ε, τ̄ and β obtained from the simulation, and the models for
the charging currents Ie(x) and Ii(x), the relation s̃(x) between sticking coefficient
and reduced floating potential x is found.

2. Using s̃(x) and the literature value s̃0 for the sticking coefficient of the reference
material, the reduced floating potential x0 of the reference particle is obtained.

3. The reduced floating potential x of the particle made of the material of interest
is found using x0 and the experimentally obtained floating potential ratio Y (see
Eq. 4.7).

4. The sticking coefficient s̃ of the material of interest is finally found using the reduced
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4.4 Results for SiO2

Figure 4.3: (a) Experimental results for the floating potential ratio relative to the gold
reference curve, for spherical particles made of MF (green), PMMA (black),
and SiO2 (blue), plotted over the respective levitation height of the particle.
The gold reference lies at 1 and is marked by a dashed red line. (b) Results
for the averaged electron sticking coefficient s̃ of MF, PMMA and SiO2. Re-
produced from I. König et al., Phys. Plasmas 32, 024501 (2025) [AM3] with
the permission of AIP Publishing.

floating potential x of the material of interest, and the expression for s̃(x) found in
step 1.

4.4 Results for SiO2

Using the measurement and evaluation scheme described above (see Fig. 4.2), the av-
eraged electron sticking coefficient s̃SiO2 of SiO2 was determined. The resulting values
were reproducible within the uncertainty margin for particles roughly at the same height
h. Even with the improved model for the ion current, it is still apparent that the resulting
s̃SiO2 slightly increases with the levitation height h. This is attributed to the variation of
Te with h due to the varying conditions in the plasma sheath, which in turn changes the
energy distribution of the electrons impinging on the particle surface. The majority of val-
ues for s̃SiO2 lie in the interval 0.18 to 0.34 with a mean uncertainty of ±0.07, significantly
below 1 and also below the theoretical prediction of ca. 0.66 [1]. The difference in the
electron sticking coefficient between silica and gold is therefore even more pronounced
than the difference in floating potential. The floating potential ratio Y between silica
and gold is the first experimental proof of a charging difference between conductive and
dielectric materials in dusty plasmas, which could not be resolved in earlier investiga-
tions [157]. Moreover, the resulting sticking coefficients confirm the effect predicted by
Bronold et al. [1].
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4 Measurement of the dielectric-metal charging difference using spherical particles

4.5 Measurements for additional materials

Additional measurements in the StickingCube II chamber were conducted with PMMA
and MF particles, and silica particles as a comparison to the experiments in Stick-
ingCube I mentioned in Section 4.4, following the same exact scheme. The results are
presented in Fig. 4.3. The values for SiO2 lie roughly between 0.22 and 0.3 with an
average uncertainty of ±0.03, agreeing well with the previously presented results. As
before, they are exhibiting a slight increase with h. Interestingly, the results for the poly-
mers appear to be approximately constant in the respective range of levitation heights.
The average values for the polymers are s̃PMMA = 0.32 ± 0.06 and s̃MF = 0.78 ± 0.08.
The result for PMMA agrees quite well with the expectations set by the extrapolation
of experimentally obtained SEE yields made by Dapor et al. [158] using the Lin & Joy
law [159]. For E ≈ 5 to 10 eV, a SEE yield δ ≈ 0.6 is estimated, which would correspond
to a sticking coefficient of about 0.4, close to the result obtained here.
In contrast to materials like SiO2, MgO and Al2O3, no similar theoretical predictions
for the sticking coefficient of MF or PMMA exist, as their electronic structure is not
sufficiently understood. Despite this, the vast majority of laboratory dusty plasma
experiments employing microparticles has so far been conducted with particles made
of either of the two polymers. Therefore, knowledge of the sticking coefficients of these
materials promises new insights, as the electron sticking coefficient of these materials
was usually assumed to be 1. A more in-depth discussion of the possible impact of
these results on dusty plasma research, for example on studies of binary dusty plasmas
or Janus particles, is given in Chapter 6.

4.6 Possible limitations of the method

It should be noted that conditions exist where additional considerations are needed to
reliably determine electron sticking coefficients.
One such situation arises when the dust particles in question have very high friction
coefficients, for example at higher pressures. In that case, the determination of γ us-
ing PEOM or PRRM can become much less accurate due to the limited sampling rate
available with the camera.
The influence of the ion drag force is another potential source of errors. For spheri-
cal particles with radii in the micrometer range, the ion drag force can usually be esti-
mated as negligible using the models of Hutchinson and Khrapak, which are discussed
in the textbook by Melzer [55]. However, the ion drag force becomes more influential for
smaller particles. If the ion drag force becomes non-negligible, it influences the force
balance of the trapped particle. As a consequence, a portion of the restoring force re-
sulting in the driven oscillations would be due to the ion drag instead of the electric field.
The measured eigenfrequency ω0 is then also dependent on the ion drag, introducing
a systematic error for the floating potential estimation that scales with the particle size.
This implies that the comparison between particles with large size disparities, or large
differences in how much they are affected by the ion drag, may introduce a systematic
error to the method.
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4.6 Possible limitations of the method

Moreover, it is still an open question how exactly the impinging ions interact with the par-
ticle surface, apart from changing the particle charge by a positive elementary charge.
If the ion-surface interaction entails the recombination with an electron from the particle
surface, it is unclear where the released energy of about 16 eV per ion (for argon) is
deposited. Previous investigations show a heating of dust particles to temperatures of
300 to 500K, which is attributed to recombination at the surface [160–162]. In the case
of a temperature-dependence of the electron sticking coefficient this needs to be con-
sidered.
Moreover, it has been postulated that ions may be bound in orbit states close to the sur-
face [163–166]. As this has not been experimentally verified, an influence of this effect
on the Sticking Machine is unlikely but possible. In this case, it could then be neces-
sary to include an (effective) ion sticking coefficient into the evaluation, complicating the
matter.
Despite these limitations, the Sticking Machine promises to be a suitable setup for the
determination of electron sticking coefficients. This is mainly due to the relative mea-
surement scheme: if a previously unconsidered effect affects the measurements of the
auxiliary quantity η for both compared materials to the same extent, it cancels out in
the ratio between the η values of the two materials. Thus, the measurement scheme is
quite robust with respect to additional, minor effects.
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5 Extending the method to
non-spherical particles

This chapter presents the results of the publication in Ref. [AM4], and provides additional
context on how to extend the measurement scheme presented in Chapter 4 to non-
spherical particles.

The measurement scheme established in Chapter 4 is capable of measuring the av-
eraged low-energy electron sticking coefficients of materials available as spherical mi-
croparticles. However, many materials of technological interest are crystalline, such as
Al2O3 (sapphire), MgO or ZnO, which is why grains made of these materials are not
perfectly spherical. In order to extend the measurement scheme to non-spherical par-
ticles and therefore a wider array of technologically relevant materials, the models for
spherical particles need to be generalized to non-spherical geometries. Three points
are central to this generalization:

1. It has to be assessed how to assign a floating potential to a non-spherical particle.

2. A relation between the particle charge and floating potential is needed. This ulti-
mately comes down to generalizing the spherical capacitor model to non-spherical
particle geometries.

3. The non-spherical geometry can lead to additional effects altering the measured
sticking coefficient.

These three points shall be discussed in the following sections, respectively. The focus
of the investigations of the contribution [AM4] is the second point.

5.1 Floating potential of non-spherical particles

The simplest situation in a dusty plasma is a single, spherical particle embedded in a
perfectly isotropic plasma. For example, the OML model [93] for the particle charging
considers such a situation. Due to the perfect spherical symmetry of the system, the
electric potential at the particle surface has to be uniform [78], bar some minimal statistic
fluctuations [167]. In such a case, it is justified to call the spatially constant value of the
surface potential the floating potential Φf . The usefulness of the floating potential lies in
the fact that it is, in contrast to the total charge q of the particle, independent from the
particle size, which is one of the main results of the OML theory. This fact is the basis
for the reference curve used in Chapter 3.
However, one can think of several situations where the symmetry is broken, and the
surface potential does not necessarily have to be uniform on the particle surface.
For one, particles in laboratory dusty plasma systems are often confined in the lower
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5 Extending the method to non-spherical particles

plasma sheath, in which a strong electric field accelerates ions towards the lower
electrode. This directed ion motion was already subject of considerations regarding
the total charging current (see Section 4.3.1). In a more detailed picture, this leads to
a more intensive ion flux towards the upper side of the particle, and an attenuated ion
flux towards the lower side. For particles with a sufficiently high surface conductivity,
the charge carriers at the surface are able to continuously redistribute themselves to
form an equipotential surface. This is due to the conductive surface being a Faraday
cage, and also holds for non-spherical particles with conductive surfaces. In contrast,
an ideally non-conductive particle surface is fundamentally different, as it is not able to
redistribute the charge carriers on it. Consequentially, incoming charges are assumed
to stay at the point of impact. It has been discussed that this could lead to a spinning
motion of insulating particles in electric fields [168], such as the sheath electric field, or
magnetic fields [169, 170]. This would lead to a potentially much more homogeneous
surface potential by compensating the charging asymmetry. To my best knowledge,
there are however no reported observations of such a spinning particle motion of
single, spherical dust particles. This is intuitive, because microparticles are usually
detected as a bright spot of reflected laser light captured by a video camera. The lack of
spatial resolution does not permit the observation of a rotation of the uniformly looking
particle surface. In the experiments done with non-spherical particles, only a rotation
around the vertical axis could be observed [171], agreeing with the observations made
within the experiments conducted for this work and hinting at the absence of the spin
instability. Investigations of the stability of the alignment of rod-like particles in the
plasma sheath have also not shown such an effect [172–177].
Computational investigations furthermore indicated that inhomogeneous potential
structures can form on the surface of elongated insulating dust particles larger than the
electron Debye length λDe in ion flows, due to the ion wake [178, 179].
On the other hand, certain areas of the surface of concave particles can be partially
shadowed from the incoming electron and ion fluxes. This effect can also lead to
inhomogeneous surface potentials on dielectric surfaces in anisotropic plasma environ-
ments, and is considered by simulation techniques such as OML_LOS (orbital motion
limited - line-of-sight approximation) [180].
In general, the available literature offers no clear indication on whether the surface of
insulating dust particles is an equipotential surface. On the contrary, the principle of the
Faraday cage implies that all conducting particle surfaces are equipotential surfaces,
justifying the use of the uniform surface potential value as the floating potential.

However, the context of the Sticking Machine allows for some simplifications. First
of all, all particles investigated in this project had dimensions in the range of about 5 to
50 µm, significantly below typical electron Debye lengths (ca. 500 µm to a few millime-
ters). The effects of the ion wake on the surface potential should therefore be negligible.
Secondly, and most importantly, only the total charge on the particle is measured via
PRRM or PEOM (see Chapter 2), and is available in the evaluation. Dipole- or higher
moments of the multipole expansion of the surface charge distribution do not change
the total charge of the particle, even though they can lead to a torque [182]. The electric
potential distribution in the space around the particle is furthermore extremely well ap-
proximated by the potential distribution around a point charge carrying the total charge
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5.1 Floating potential of non-spherical particles

Figure 5.1: Comparison between the potential (denoted U ) around two particles with
equal capacities, in dependence of the vertical coordinate z. z is given in
units of the ion Debye length, and the z-Axis is parallel to the direction of
the external electric field. The blue diamond markers correspond to a disk
with radius 2.75 µm and a thickness of 2 µm, while the purple triangle mark-
ers correspond to a sphere with radius 2 µm. The shape of the potential
does not differ between the differently shaped particles. Reproduced from:
G. I. Sukhinin et al., Contrib. Plasma Phys. 59 (2019), 201800153 [181].
©John Wiley and Sons. Reproduced with permission. All rights reserved.

(monopole approximation) [182, 183]. An effective floating potential Φf,eff can therefore
be assigned to a dielectric particle using the capacitance C of the particle geometry:

q = CΦf,eff ⇔ Φf,eff =
q

C
. (5.1)

Numerical simulations show that non-spherical particles with the same capacitance
also show the same potential distribution in the space further than an ion Debye
length from the particle center [181, 184] (see also Fig. 5.1). In terms of electrostatics
sufficiently far away, a particle with potentially inhomogeneous surface potential is
therefore equivalent to a particle with uniform surface potential Φf,eff with the same
charge and capacitance.

In the following, the term "floating potential" refers to the actual floating potential for
conductive surfaces, as well as the effective floating potential Φf,eff for any particle with
a potentially non-homogeneous surface potential, i.e. dielectric particles. It should be
mentioned that this is also implied for the spherical dielectric particles in Chs. 3 and 4.
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5 Extending the method to non-spherical particles

5.2 Generalization of the capacitor model

In the context of particle charging of dust particles in plasmas, the floating potential Φf

of the particle arises from the balance of the charging currents. To access the charge
q, which is the parameter accessible in the experiment and governing the dynamics of
the dust, a relation between q and Φf is needed. Traditionally, this is done using the
capacitor model [54, 55, 94], treating the particle as a spherical capacitor. For spheri-
cal particles, the expression for the capacitance only depends on the particle radius a
(compare Eq. 4.1).

q = CΦf = 4πε0aΦf . (5.2)
For investigations using spherical particles, the capacitor model is widely used and
generally accepted as the truth, despite the approximation of the surrounding plasma
as a vacuum.
A similar relation q = CΦf should also be valid for non-spherical particles, given that their
capacitance is known. To enable a consistent treatment of spherical and non-spherical
particles in the Sticking Machine measurement scheme, it is desirable to reduce each
non-spherical geometry to an equivalent sphere with the same capacitance. That way,
Eq. 5.2 holds also for non-spherical particles when using the radius RC = C/(4πε0) in
place of a. Thus the floating potential can be accessed using the measured charge and
the capacitance derived from the particle’s shape.
In practice, however, the calculation of the capacitance is not trivial. Analytical expres-
sions exist only for simple shapes like cylindrical discs and rods [185], ellipsoids [186],
and sphere doublets [187]. Numerical calculations are possible for moderately complex
structures, but can become computationally expensive for more intricate shapes. Also,
this is only possible if the full 3D structure of the particle is known. In experiments,
usually only a finite number of 2D images of the particle is available. The particle
shape then has to be reconstructed from these, which does not necessarily produce
unambiguous or sufficiently detailed 3D structure information and is also potentially
computationally expensive. Moreover, repeated measurements, as intended for the
Sticking Machine in the long term, would require the reconstruction for every single
particle, as their shape is expected to differ among each other.

In order to remedy this, it is advantageous to use purely geometrical approximations
for RC. Two such approximation models have been compared to the true capacitance in
this work, the smallest enclosing sphere model (SES) suggested by Asnaz et al. [112],
and the orientation-averaged equivalent sphere model (OAES) first applied to dusty
plasmas by Matthews et al. [183]. Their advantage lies in the comparatively easy com-
putation of the respective characteristic radius used to approximate RC. Until today, the
discussion which model describes the charge of non-spherical dust particles best is not
concluded, which is a question this work aims to answer for the situation in the plasma
sheath.

5.2.1 Geometrical approximation models for the capacitance

In the following, a short characterization of the SES and OAES models chall be given.
The SES model states that the charge of a non-spherical particle scales with its maxi-
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5.2 Generalization of the capacitor model

mum extent, which is given by the radius RE of the smallest enclosing sphere. Mathe-
matically, the smallest enclosing sphere is the minimum bounding sphere of all surface
points of the particle. Finding the minimum bounding sphere of a set of points in an ar-
bitrary number of dimensions is a common problem appearing for example in computer
graphics, statistics and operations research. Due to this, a number of algorithms able
to obtain the minimum bounding sphere, or approximate it, have already been devel-
oped. These can be readily applied to the non-spherical particle geometry and offer an
efficient way to obtain RE. If the SES model is valid, RC can be approximated by RE.
The OAES model, on the other hand, states that the particle charge scales with the
projected area of the particle. The projected area generally varies depending on the
orientation of the projection plane with respect to the particle. Therefore, the mean pro-
jected area PA, obtained from the average over all projection plane orientations, is used.
PA can be numerically calculated using the algorithm provided by Gopalakrishnan et
al. [188]. According to the OAES model, RC is approximated by the radius

Rσ =

√
PA

π
(5.3)

of a circle with area PA.

5.2.2 Experiments and simulation for sphere aggregates

For this study, monodisperse, non-intersecting sphere aggregates are chosen as an
easy to model non-spherical particle class. Sphere aggregates consist of a number N of
spherical monomers forming one coherent structure. In contrast to polydisperse sphere
aggregates, the monomers of monodisperse aggregates all have the same radius am.
Furthermore, in all aggregates considered here, there were no significant intersections
between monomers, which justifies the assumption that connected monomers are
tangent to each other (non-intersecting aggregates). In general, a sphere aggregate
with N monomers can be fully defined by N position vectors c⃗i and N monomer radii ai
(1 ≤ i ≤ N ). Monodisperse aggregates are characterized by only one radius am for all
monomers.
Sphere aggregates are often employed to describe agglomeration processes of
spherical monomers, for example in process plasmas [189] or astrophysical situations,
primarily protoplanetary discs [180, 183, 190–194]. They can furthermore be used
to model the fractal-like behavior of granular matter systems [195], and intersecting
aggregates allow for the approximation of many other non-spherical geometries [196].
Regarding the computation of RE and Rσ, monodisperse sphere aggregates massively
simplify the calculations. RE can simply be obtained from the minimal bounding sphere
of all monomer centers (instead of all surface points) plus the monomer radius. For the
calculation of Rσ, only the monomer centers need to be projected to a plane for each
orientation, also saving computation time. The calculation of the true capacitance,
and hence RC, is done using the numerical finite element method. RC, RE and Rσ are
computed for each aggregate observed in the experiment or used in the simulation,
as well as a set of aggregates generated to cover a variety of possible structures (see
below).
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5 Extending the method to non-spherical particles

The investigations on non-spherical particles done in the framework of this project
can be divided into three parts:

• Firstly, the radius aeq of a spherical particle with the same charge is experimentally
determined for aggregates of 2-4 gold-coated microspheres levitated in the plasma
sheath. This radius is compared to RC, RE and Rσ.

• Secondly, simulations using the OML_LOS scheme [180] were used to calculate
the charge on perfectly dielectric aggregates of 13-27 monomers in the plasma
bulk. The radius aeq of an equivalently charged sphere is also obtained for these
aggregates and compared to RC, RE and Rσ.

• Lastly, the approximation of RC by Rσ is improved by formulating an empirical
correction formula for monodisperse sphere aggregates using the available data
for RC and Rσ.

In the experimental studies, aggregates of 2-4 gold-coated microspheres were ob-
served. These had already occasionally occurred during the recording of the reference
curve for η(h) (cf. Chapter 4). Their rate of appearance was sufficient to obtain a total of
17 doublets, 8 triplets and 6 quadruplets. To obtain the radius aeq of a virtual, spherical
conductive particle with the same charge as an aggregate, a relative measurement
scheme related to the one presented in Chapter 4 was used. Again, a reference curve
for the quantity η(h) = Φf(h)ρq(h) was recorded using gold-coated spherical particles
of different sizes. A related auxiliary quantity κ ∝ qnsρq(h) was calculated for each
aggregate using its eigenfrequency ω0 and mass m, where qns is the charge of the
non-spherical aggregate.
ω0 was measured using the PEOM. In contrast to spherical particles, the mass density
could not be obtained from the damping rate γ, as the simple Epstein friction model is
only applicable for spheres [107] or cylinders [112, 197]. To avoid extensive computa-
tional effort in order to solve the momentum balance on the aggregate surface, the mass
density of single spherical particles with the same nominal radius as the aggregate
monomers was instead used. These mass densities differed between nominal sizes,
as the coating thickness also varied between them. The measurements done for the
reference curve η(h) provided the damping rates γ and the radii a necessary to compute
the average mass densities for each nominal radius, which in turn allowed to determine
the aggregate masses. It was assumed that all experimentally observed aggregates
are approximately monodisperse because their monomers all had the same nominal
radius.
Three considerations now allow for the determination of aeq:

• The capacitor model for spherical particles is valid, i.e. q = 4πε0aΦf ,

• the (effective) floating potential for particles of the same surface material (i.e. the
same electron sticking coefficient s̃) should be the same irrespective of size or
shape,

• and the charge density ρq(h) cancels out of the fraction κ/η(h) when h is the levi-
tation height of the aggregate.
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5.2 Generalization of the capacitor model

Using this relative measurement scheme, aeq is determined for all experimentally ob-
served aggregates, and compared to the characteristic radii predicted for the respective
aggregate structure. To simplify the comparison, aeq, RC, RE and Rσ are normalized
to the monomer radius am. An equally excellent agreement with the true capacitance,
as well as the OAES model is found. The predictions of the SES model, however, are
significantly outside the uncertainty limits.

The approach using the simulated data is very similar. OML_LOS simulations [180]
of 108 monodisperse aggregates with 13-27 monomers were conducted, yielding their
individual total charges. The simulated situation differed slightly from the experimental
one: Firstly, the aggregates in the simulation were situated in an isotropic plasma
akin to the laboratory plasma bulk, justifying the use of an OML charging approach.
Secondly, the impinging charges (electrons, or holes created by recombination of ions
with electrons at the surface) were assumed to stay at their point of arrival, mimicking
a perfectly insulating particle. The floating potential of these grains was then computed
from the electron and ion temperatures and densities imposed by the simulation. Again
using the spherical capacitor model, the radius aeq of an equally charged spherical grain
was determined for each simulated aggregate. The findings were then normalized to
am for the comparison with RC, RE and Rσ. As with the experimental data, an excellent
agreement with the capacitance is found, and the SES predictions do not agree with
aeq. The capacitance generally appears to be the best description irrespective of the
monomer count, the charging conditions or the conductivity of the particle surface
material. Interestingly, the OAES prediction is now ca. 10% below the capacitance and
aeq. It has to be assumed that the OAES model approximates grains with only a few
monomers very well, but gets more inaccurate with higher values of N .

Motivated by this observation, a large study comparing the capacitance and the
OAES model is conducted. It utilizes the calculations done for the experimentally
observed aggregates as well as those from the OML_LOS simulations. Additionally,
the results of calculations for a number of simple structures, as well as a multitude of
randomly generated monodisperse aggregates are considered in order to cover the
largest variety of structures possible. All these structures can be characterized two
parameters, the monomer count N , and the compactness factor Φσ. Φσ was defined by
Paszun et al. [190] and describes to what extent the volume of a particle fills the sphere
with the radius Rσ given by the OAES model. By fitting a model function to the deviation
of Rσ from RC in dependence of N and Φσ, an empirical correction factor F (Φσ, N) is
found. Using F , even the capacitance of aggregates with a very low compactness (ca.
0.19) can be approximated with the corrected OAES model within 5% accuracy.

These findings lead to the conclusion that the capacitance is, unsurprisingly, the best
suited expression to describe the relation between dust particle charge and floating po-
tential. Furthermore, it can be approximated by the OAES radius Rσ for very compact
aggregates (Φσ ≥ 0.6), or for less compact, monodisperse aggregates using the empir-
ical correction F .
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5.3 Additional effects of non-spherical geometries

When considering non-spherical particles, additional effects can arise from more com-
plex geometries that may need to be considered in the determination of the sticking
coefficient s̃. Two such effects will briefly be discussed below.

5.3.1 Re-sticking and possible correction

Re-Sticking is an effect expected for concave particles with a surface with substantial
electron emission yield, such as dielectrics. The situation bears similarities to a dust
particle on a substrate [198]. When a primary electron hits the particle surface, electron
emission (reflection or emission of a true secondary) can occur. On concave surfaces, it
is possible for the emitted electron to collide with the particle surface again, even multiple
times, each time having a finite chance to stick at the surface. The effective electron
sticking coefficient s̃eff is therefore higher than the actual electron sticking coefficient
s̃ which considers only a single interaction of the incoming electron with the particle
surface.
In future measurements of dielectric, concavely shaped particles, this effect has to be
accounted for. Theoretical or computational investigations of the number of surface
contacts of electrons impinging on a given particle geometry are expected to provide a
mathematical connection between the measured effective sticking coefficient s̃eff , and
the actual sticking coefficient s̃ with respect to a single surface contact. However, this
would require sufficient knowledge of the 3D geometry of the particle when applying this
approach to experimental studies.

5.3.2 Transmission through thin walls

Throughout this work, the investigated dust particles had quite solid structures, mean-
ing that any particle surface element sat on a substantially thick bulk of solid material.
In more intricate structures such as multiscale aeromaterials, electron transmission is
expected to affect the charging behavior.

Multiscale aeromaterials are an exotic type of materials investigated in collaborations
between the working groups of F. Greiner and R. Adelung. These highly porous
materials consist of an interconnected network of hollow tetrapods [199–203]. While
the length of the connections is on the order of micrometers, the thickness of their walls
is in the nanometer range, hence the descriptor "multiscale".

A central topic of the aforementioned research collaboration is the interaction
between the highly porous aeromaterials and plasmas. First experiments conducted in
the framework of the master thesis of K. Hansen [204] have dealt with plasmas ignited
in reactors where the space between the electrodes is filled with aeroglass (t-SiO2).
To achieve a better understanding between the plasma electrons and aeromaterials, it
would be desirable to investigate chunks of the material levitated in the plasma sheath,
preferably similarly sized as the microparticles examined so far. This would enable the
use of the powerful methods for the investigation of particle charging developed in this
work to examine the charging behavior of aeromaterials. However, preliminary tests
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Figure 5.2: Illustration of the electron inelastic mean free path (IMFP, given in mono-
layers) as a function of the electron energy. The red curve corresponds to
the universal curve, while the blue line represents the results for graphene
[206]. Image Credit: W. S. M. Werner/Vienna University of Technology. Re-
produced from [207] with permission.

done in the framework of I. König’s master thesis [205] show that the very low mass
density of these materials leads to the aeromaterial chunks levitating very high in the
lower sheath, close to the transition to the plasma bulk. For comparison, a circa 40 µm
aeroglass chunk levitated as high as a gold-coated MF particle of 4.13 µm diameter, the
smallest size used in the experiments. The high charge-to-mass ratio is additionally
indicated by very large values of the eigenfrequency ω0 measured using PEOM.

While the overall non-spherical structure of an aeromaterial chunk can be described
using the models for the equivalent radius presented in Section 5.2 and the consider-
ations on re-sticking given before (see Section 5.3.1), the effect of the nanometer-thin
walls needs additional consideration. In contrast to the comparatively massive micropar-
ticles, the thin walls in aeromaterials potentially allow for the transmission of electrons,
which is expected to lower the effective electron sticking coefficient.
To quantify this effect, the electron inelastic mean free path (IMPF) of materials is con-
sidered. Simulation codes for the calculation of the closely related stopping power of
electrons in different materials exist, but are limited to the enrgy range above a few hun-
dred electronvolt [208, 209]. Historically, the electron IMPF was conjectured to follow a
universal, material-independent law [210] only depending on the electron energy, while
more recent results strongly hint at a more pronounced material dependence of the
electron IMFP [206, 207]. Fig. 5.2 compares the conjectured universal curve to recent
results for the electron IMFP in graphene [206], which do not follow the curve. Based
on the universal curve, it can be expected that an electron with an energy of 5 eV is able
to transmit through up to 100 monolayers on average. For materials not following the
universal curve, this effect has a different extent. Overall, this would imply a substantial
transmission probability through aeromaterial chunks of several tens of micrometers in
size.
To factor this effect into the evaluation of future measurements on aeromaterial grains,
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the expected transmission probability through the grain has to be estimated based on
the material making up the aeromaterial, and the grain dimensions. The actual sticking
coefficient in this case could then be reconstructed from the measured, effective sticking
coefficient with a similar approach as for the re-sticking (see Section 5.3.1).
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6 Conclusion

6.1 Results

As stated in the introduction (Chapter 1), the primary goal of this work and the Sticking
Machine project was the determination of low-energy electron sticking coefficients
using microparticles confined in a plasma. To this end, several steps had to be taken,
each yielding results directly finding application in the Sticking Machine, as well as
results of interest for a broader field of research.
The first step was the design and benchmarking of the PEOM as a new particle-
resonance method that would ultimately be used to measure the charge-to-mass ratio
of the particles in the Sticking Machine. Detailed consideration of technical aspects
of experiment and analysis, such as the excitation waveform and the influence of
the coupling network, made the PEOM a fast, precise and minimally perturbative
diagnostic. The precision is on par with the PRRM [80], which is a standard method in
dusty plasma experiments due to its precision. Concurring with the requirements of the
Sticking Machine, the PEOM is able to operate on single particles regardless of their
shape or material, without significantly altering the plasma parameters, and with a time
resolution of 1 s per measurement, which is about 2 orders of magnitude faster than the
PRRM. Moreover, it can be used to measure the ohmic plasma resistance, which was
effectively inaccessible with the PRRM and classical RM.

In the next step, the relative measurement scheme of the Sticking Machine was
developed. With the PEOM and long distance microscopy as primary diagnostics and
using an interpolation approach, the floating potential ratio between spherical silica
and gold reference particles could be measured. As the potentially height-dependent
plasma parameters were eliminated in the evaluation, the floating potential ratio is
attributed to the difference of surface material. Using an improved version of the OML
charging model attributing for the sheath anisotropy and auxiliary PIC simulations, the
low-energy electron sticking coefficient s̃SiO2 of silica could be determined to be around
0.24. Although s̃SiO2 was expected to be smaller than 1 at the outset of the Sticking
Machine project based on theoretical calculations for crystalline silica [1], this was (to
my best knowledge) the first time this charging difference in the dusty plasma context
was measured. The implications for plasma physics are numerous, and are discussed
in detail in Section 6.3.

With this new technique at hand, measuring the sticking coefficients of other materials
available as microspheres promised to be a worthwhile task. The majority of dusty
plasma experiments have been conducted with spherical MF or PMMA polymer parti-
cles, motivating investigations of these materials’ sticking coefficients. Measurements
in an improved experimental setup confirmed the results for silica obtained before,
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and yielded the sticking coefficients of MF and PMMA. PMMA shows a low sticking
coefficient of s̃PMMA = 0.32 ± 0.06 at the respective energies. Interestingly, the sticking
coefficient of MF, s̃MF = 0.78 ± 0.08, is much higher than that of PMMA, even though
they are both polymers and therefore expected to be dielectric.
As of now, the electronic structures of polymers like MF and PMMA are not understood
sufficiently enough to theoretically estimate their sticking coefficients as done with
SiO2, MgO and Al2O3 [1]. The results for MF and PMMA, as well as future results for
other polymers, offer experimentally determined values that can be used to benchmark
future theoretical studies.

The last step taken in this work was the validation of the capacitor model for non-
spherical particles, and investigating which of the approximation models proposed in
the literature are suitable. A combined study using experimental results as well as sim-
ulations considering sphere aggregates was conducted, confirming the validity of the
capacitor model for non-spherical particles, regardless of their charging conditions. Of
the approximations, only the OAES model is a suitable approximation for smaller aggre-
gates. Using the empirically obtained correction factor, it can however also be applied to
larger aggregates. With regard to the Sticking Machine, these results enable the appli-
cation of the scheme developed for spherical particles to non-spherical particles, given
the particle geometry can be reconstructed. The OAES approximation, however, can
also be calculated when the exact particle geometry is not known. This is expected to
significantly simplify the consideration of the particle shape in future measurements on
non-spherical particles.

6.2 Perspectives for the Sticking Machine

Based on the foundation laid by this work, the Sticking Machine is already operational
for materials available as spherical particles for a fixed mean energy. To further test
and extend the functionality of the Sticking Machine, the following investigations and
improvements are suggested for the next steps in this line of research.

6.2.1 Application to non-spherical particles

As stated at the outset of this work, a significant incentive for this project was the
technological relevance of dielectrica like MgO and Al2O3. In contrast to SiO2, these are
not occurring as spheres, but rather as crystalline grains, which mandates the treatment
as non-spherical particles. The relative measurement scheme for the determination
of the low-energy electron sticking coefficient is given in [AM2], and can be applied to
non-spherical particles using the findings of [AM4]. The only requirement for the latter
is a certain degree of knowledge of the particle shape. A future measurement of the
sticking coefficients of crystalline dielectrics will require a sufficiently accurate exper-
imental determination of either the 3D particle shape, or of the orientation-averaged
projected area, where the latter is expected to be easier to achieve in terms of the
experiment. Also, the levitation height of the dielectric grains needs to lie in a region
covered by the gold reference curve used for the relative measurement, which may
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require minor experimental adjustments.
The results for MgO and Al2O3 could then directly be compared to the predictions of
Bronold et al. [1]. Furthermore, measuring the sticking coefficient of ZnO would allow for
the re-assessment of the experiments by Asnaz et al. [112], see below in Section 6.3.1.

To support studies on plasma catalysis, recent investigations on aeromaterials [199–
203] (see also Section 5.3.2) and metallo-organic frameworks (MOFs) [211–213] have
already been conducted. These were concerned with the conditions necessary to ignite
a plasma inside an aeromaterial block [204], and the stability of MOFs subject to heating
and atmospheric pressure plasma [214]. Another important property of both aeromateri-
als and MOFs with respect to plasma catalysis is their charging behavior in the plasma,
which can also be investigated using the Sticking Machine. For this, adequately sized
(supposedly non-spherical) grains of the respective material are needed which are sta-
ble for a long enough time to conduct the sticking measurements. The speed of the
PEOM is an important factor for the latter requirement, as it significantly reduces the
required lifetime of the grains in the plasma. With respect to the aeromaterials, the
considerations regarding the transmission of electrons (Section 5.3.2) play an important
role to correctly evaluate the acquired data. Of particular interest would be single, hol-
low tetrapods of aeromaterial, as they could be compared to the solid tetrapods already
investigated [205], possibly yielding insights about electron transmission.

6.2.2 Auxiliary simulation

The PIC code used to gain values for the parameters needed in the calculation of
the sticking coefficients in [AM2] and [AM3] was rather simple, as it only considered
a 1D situation similar to an infinitely expanded parallel plate discharge. However,
the experimental plasma is generated in a tight space (34mm electrode separation,
30mm electrode diameter), and the lower electrode contains a cavity. Therefore, it is
conceivable that boundary effects may arise that are not considered in the simulation.
To remedy this, more accurate simulations are desirable. Different two-dimensional
successor codes to XPDP1 have been developed [215–217] and are available on the
website of the plasma theory and simulation group at Michigan State University [218].
The particular advantage of these codes is the incorporation of the external circuitry,
which is why the results are expected to be close to reality [152]. Optimally, one would
use a fully three-dimensional code to account for the complete geometry of the reactor,
including the cavity in the lower electrode, boundary effects and possibly even the
grounded walls of the vacuum vessel.
It should be noted that the usage of simulations, although widespread in the plasma
physics community, implicitly introduces the assumption that the simulation is accurate
to reality in the respective parameter range. Therefore, simulation codes should
be ideally benchmarked with experimental data, or alternatively by code-to-code
verification [219]. For an experimental benchmarking, electron density measurements
using techniques such as plasma oscillation probes [220, 221] or microwave cavity
resonance spectroscopy (MCRS) [222–225] are suitable.
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6.2.3 Electron energy variation

As of now, the measured electron sticking coefficients are averaged over the EEDF at
the particle position in the sheath, which is characterized by the local electron temper-
ature Te(h). For measurement campaigns using many sizes of particles of interest, for
example the silica particles in Refs. [AM2, AM3], the size-dependent levitation height
introduces a slight energy variation with the levitation height. In the height range of
5.5 to 8mm above the electrode, where the examined particles levitated, the simulated
electron temperature varies between ca. 2.2 and 2.5 eV.
To investigate the behavior of s̃ during larger variations of Te, the electron temperature
needs to be adjustable. The easiest way to achieve this is by varying the neutral gas
pressure. This can be understood by looking at a simple uniform density global model [2]
for the bulk plasma as a first-order approximation. In this model, Te is determined by
the balance between electron losses at the plasma boundaries and volume ionization
in the plasma bulk. The latter scales with the density of neutral gas that can be ionized.
Increasing the neutral gas pressure (and therefore its density) decreases the electron
temperature [2]. One needs to keep in mind that the damping rate γ of the particle os-
cillations utilized in PEOM, PRRM etc. is directly proportional to the pressure, which
has to be anticipated when choosing experimental parameters such as the excitation
amplitude of the PEOM or the frequency range of the PRRM. Using this, the EEDF over
which the sticking coefficient is averaged can be changed, allowing for studies of the
electron energy dependence of s̃. However, to attribute sticking coefficients measured
at a certain pressure to a mean electron energy or electron temperature, either precise,
spatially resolved measurements or simulations of the plasma sheath are necessary.

6.3 Perspectives regarding systems featuring
plasma-solid interfaces

As argued in the introduction of this dissertation, plasma-surface interactions are fea-
tured in a multitude of situations from basic research to application. With the results
obtained in this work regarding the interaction of low-energy electrons with surfaces,
implications for several fields of plasma physics research arise. These are presented
below.

6.3.1 Dusty plasmas/dust in plasma

The field of dusty plasmas (and dust in plasma) is connected to this research in a special
way, as the experimental setup of the Sticking Machine is itself built around a dust-in-
plasma situation. The most immediate implications therefore concern topics of dusty
plasma research.

Charging difference between conducting and dielectric materials

One prominent question inherently present in the field of dusty plasmas is the differ-
ence between metallic and isolating particles in terms of particle charge. As argued in
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Section 5.1, the mobility of charge carriers on the particle surface marks an important
difference between isolating and conductive particles, which was discussed early on by
Manweiler et al. [226]. However, most laboratory studies treated even the isolating poly-
mer particles used in the experiments as conducting, assuming the incoming currents
to deposit charges evenly across the particle surface. This point has been discussed in
detail in Section 5.1.
Another difference not regarded until now is the difference in electron sticking probabil-
ity between typical isolating materials, like polymers, ceramics or glass, and metals as
typical conductors. Due to the lack of better knowledge, the sticking probability at every
dust particle surface was assumed to be constant unity, mimicking the behavior of a
perfect absorber. Prior to this work, the bachelor thesis of F. Haase [157] found that an
influence of the conductivity of a dust particle on its charge is very likely. The approach
was closely related to the one chosen in this work, and used a relative measurement
scheme to compare polymer, silica, and gold-coated particles. The height dependence
of electron and ion densities and temperatures could however not be considered, so
that a quantitative determination of the difference in floating potential was not possi-
ble. The uncertainty for the silica particle was furthermore very large, obscuring the low
sticking coefficient of silica found in [AM2] and [AM3]. With the Sticking Machine, the
floating potential ratio Y was now determined quantitatively and without assumptions
about plasma parameters, showing a significant difference between silica and gold par-
ticles. The subsequent measurements on polymers also found significant differences
to gold particles [AM3]. With these results, it is now apparent that future quantitative
evaluations of dusty plasma experiments conducted with polymer, ceramic and other
isolating particles should consider the reduced floating potential with respect to metals
like gold.

Revisiting previous measurements of the Ersatz capacitor

In 2018, Asnaz et al. [112] reported measurements comparing the charge of PMMA
spheres and ZnO tetrapods levitating in the sheath of an Argon rf plasma. Assuming the
two materials to have the same sticking coefficient, their results gave rise to the smallest
enclosing sphere (SES) model, an idea that was later picked up by van Minderhout
et al. [102] for the charging of small sphere aggregates in the plasma afterglow. The
new results presented in [AM3] shed new light on the results of Asnaz et al., as the
sticking coefficient of PMMA is significantly different from 1. The sticking coefficient
of the tetrapod’s ZnO surface is not known yet, but as ZnO is a semiconductor and
has a bulk resistivity of ca. 0.024Ω cm [227], it is expected to behave more like a metal
(resistivities ∼ 10−6 to 10−5Ωcm [76]) than a dielectric (resistivities ∼ 1016 to 1018Ωcm,
for typical ceramic materials [76]). Resistivities for ZnO thin films were reported to be in
the same order of magnitude as for bulk ZnO [228].
In the framework of I. König’s master thesis [205], the charge-equivalent radius aeq of
different tetrapods has been determined for different assumptions about the sticking
coefficient of ZnO, which is illustrated in Fig. 6.1. When assuming that ZnO and PMMA
have the same sticking coefficient, the results of Asnaz et al. are reproduced, in the way
that aeq seems to coincide with the SES radius. When assuming a sticking coefficient
close to 1 for ZnO, however, the values for aeq agree better with the capacitance,
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Figure 6.1: Measured radii aeq of a sphere with equivalent charge for uncoated ZnO
tetrapods (solid black circles), and ZnO tetrapods coated with carbon nano
tubes (hollow circles). The predictions for aeq based on the capacitance (blue
markers), OAES model (red markers) and SES model (green markers) are
also shown. In (a), the sticking coefficient of ZnO is assumed to be the same
as that of PMMA found in [AM3]. For comparison, the data for the tetrapod
investigated by Asnaz et al. [112] is also shown in (a); Note the different y
axis there. In (b), the evaluation of the same data is shown, but it is assumed
that ZnO has the same sticking coefficient as gold, which is expected to be
1. For details on the predictions for aeq, refer to Chapter 5 and [AM4]. From
[205], reproduced with permission.

which would be in line with the general result of [AM4] that the capacitance is the
best description of the equivalent radius. Based on this, it can be conjectured that
ZnO has a sticking coefficient close to 1, which could be assessed in detail with future
measurements of the sticking coefficient of ZnO.
This is an important example how the consideration of the sticking coefficient impacts
the interpretation of dusty plasma experiments, as the choice of assumption about the
sticking coefficient of ZnO fundamentally changes the interpretation of the measured
data.

Janus particles

Janus particles are special particles with one hemisphere or side featuring a different
surface material than the other [229]. For dusty plasma experiments, they are usually
fabricated by coating one hemisphere of a polymer particle with a noble metal such
as Au or Pt. Plasma crystals containing these particles can exhibit highly complex be-
havior [230, 231]. It is reasonable to conjecture that their unique, two-sided character
plays a role in this complex behavior. When the respective hemisphere surface ma-
terials have different electron sticking coefficients, the formation of an electric dipole
is expected even in isotropic plasma conditions, giving rise to potentially complicated

50



6.3 Perspectives regarding systems featuring plasma-solid interfaces

dynamics especially in the sheath electric field or in the interaction with other dust parti-
cles, similar to observations of interactions between rodlike particles leading to chaotic
oscillations reported by Udrea et al. [177].

Binary dusty plasmas

Plasma crystals formed from two or more different particle species, so-called binary
dusty plasmas, gained research interest as a realization of a binary mixture over the
last few years [232–238]. Oftentimes, 2D systems are desired, which requires precise
tuning of the levitation height of both particle species relative to each other. Even a slight
mismatch in the charge-to-mass ratio q/m can lead to phase separation, inhibiting the
preparation of a truly mixed system [233–235, 237]. In practice, one uses one inert par-
ticle species, typically SiO2, and another species of particles subject to mass loss in
the plasma [64, 108–110, 118–120, 145], usually PMMA or MF. In the case of MF, the
mass loss requires a small oxygen admixture. This allows for a potentially long-lived
binary system by switching off the oxygen flux once the levitation heights are matched.
When predicting the size and/or charge ratio between the particle species, it is often
assumed that both species have the same electron sticking coefficient of unity [234].
As these happen to be the exact same materials the electron sticking coefficients have
been measured for here, the predictions can now be improved by using the values
for s̃ acquired in an extremely similar experimental context [AM2, AM3]. Furthermore,
descriptions of the collective behavior in such systems benefit from more accurate val-
ues for the particle charges and the charge ratio between the species. Combined with
knowledge about the electron and ion densities and the electric field in the sheath, even
predictions of particle levitation heights are expected to be possible.

Electron-depleted dusty plasmas

In dusty plasma systems with dense dust clouds, both astrophysical [57, 239] and lab-
oratory plasmas featuring nanometer-sized dust [58, 59, 91], the electron collection by
the dust surface can lead to an electron depletion in the surrounding plasma, which
is known as the Havnes effect. The Havnes parameter P characterizes the degree of
electron depletion [56, 59, 240], with values greater than 1 indicating the occurrence of
electron depletion. In the case of electron depletion, the majority of the plasma electrons
is bound on the dust particles. Up to today, theoretical descriptions of particle charge
in the context of the Havnes effect always assumed perfectly electron-absorbing dust
particles [59, 91]. However, the Havnes effect is often investigated on plasmas with
nanoparticles grown from silane, methane, or acetylene. Common resulting particle
materials, such as amorphous hydrocarbons (a:C-H) or silicon compounds, are more
likely to exhibit the characteristics of a dielectric than that of a metal. It is therefore
expected that they also feature sticking coefficients below 1, lowering their ability to ab-
sorb electrons from the plasma. In turn, this means their charge is significantly lower
than expected when assuming perfectly absorbing dust, and the Havnes effect should
be less pronounced for these dielectric particles.
To aid future investigations of electron depletion, the sticking coefficients of the relevant
materials can now be measured using the Sticking Machine. As the particle growth
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Figure 6.2: Influence of the electron reflection coefficient ρ = 1− s on the electron den-
sity profile of a parallel-plate discharge. (a) Spatial electron density profile for
different ρ; (b) Maximum electron density nmax

e in the discharge; (c) Sheath
width s̄. Higher reflection coefficients generally correspond to a denser
plasma with a slightly smaller sheath width. Reproduced from I. Korolov et
al., Plasma Sources Sci. Technol. 25, 015024 (2016) [34] with permission
of IOP Publishing, Ltd. Permission conveyed through Copyright Clearance
Center, Inc.

process results in spherical particles, the simpler measurement scheme for spherical
particles is applicable. While particles growing beyond a certain size cannot be trapped
anymore in most experiments, particle radii up to a few micrometers can be reached un-
der certain experimental conditions [241, 242]. The particle size of a few micrometers is
necessary to allow for a sufficiently precise radius determination using long distance mi-
croscopy. The sufficiently large grown particles could then be extracted from the reactor
in which they were grown, for example using an electrostatic extractor [243], and intro-
duced into the Sticking Machine. The results for the sticking coefficients of these grown
particle materials could then help improve the modeling and evaluation of laboratory,
electron-depleted plasma experiments.

6.3.2 Plasma diagnostics

Electrical probes, such as classical Langmuir probes [134, 135] or emissive
probes [244], are another prime example of surfaces in contact with plasmas.
Surface modification and contamination of the probe affects the results of the mea-
surements [245]. Therefore, knowledge of the sticking coefficients of differently
contaminated probe materials could improve the accuracy of measurements using
electrical probes.

6.3.3 Reactor design

The loss of electrons at walls and electrodes has a significant influence on the plasma
density profile in a plasma reactor. Simulations by Korolov et al. [34] indicate that
the electron sticking coefficient of the electrodes impacts the shape of the density
profile, in particular the maximum density as well as the sheath width, which is also
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shown in Fig. 6.2. As the energies of electrons impinging on the electrodes of typical
parallel-plate rf reactors are in the range of a few eV, these sticking coefficients are in
the energy range accessible by the Sticking Machine. Determining electron sticking
coefficients of typical electrode or dielectric barrier materials therefore helps the
accuracy of simulations as well as the estimation of plasma parameters in experiments.
When the electrodes feature different electron sticking coefficients, a dc self bias can
arise [34]. In double-frequency driven process plasmas, this is beneficial as it allows
tuning of the ion properties, namely the ion flux and mean ion energy, by intensifying
the electrical asymmetry effect [34, 246, 247]. A similar effect is found for different
ion-induced secondary electron emission coefficients of the electrodes [31, 32, 248]. A
computationally assisted approach to determine the ion-induced SEE coefficient has
been presented recently by Masheyeva et al.[36]. Schulze et al. [35] have proposed
a similar approach using a symmetric discharge, yielding the ion-induced secondary
electron emission coefficient of electrode materials, as well as an effective electron
reflection coefficient.
A comparison between electron sticking coefficients obtained from measurements with
the Sticking Machine, and from the electron reflection coefficients measured with the
technique of Schulze et al. [35] could yield further insights into the influence of electron
emission and reflection at the electrodes on the plasma density profiles.

6.4 Summary

The focus of this work was the development of the Sticking Machine, a novel setup able
to measure low-energy electron sticking coefficients of arbitrary materials. The low elec-
tron energies of only a few eV were achieved by using a low-pressure plasma with single
microparticles of the materials of interest trapped in the lower sheath. For this, a new,
fast high-precision measurement method for the determination of the particle charge-to-
mass ratio q/m was developed, the PEOM. It is based on the damped driven oscillation
of the dust particles in the harmonic trap created by gravity and the linear sheath electric
field. Using the PEOM, a relative measurement scheme was established and used to
prove a significant charging difference between silica and gold indicated by a different
floating potential. With auxiliary simulations and an extended model for the anisotropic
ion current in the sheath, the electron sticking coefficient of silica could be calculated for
single-digit-eV energies, which was significantly below 1. Further investigations yielded
the sticking coefficients of the polymers PMMA and MF, which are widely used in dusty
plasma physics. Their sticking coefficients are also significantly below 1. Both the re-
sults for silica and the polymers are expected to have an impact on future laboratory
dusty plasma research. Finally, the extension of the Sticking Machine measurement
scheme to non-spherical particles was discussed. It was found that a non-spherical ge-
ometry is equivalent to a spherical Ersatz capacitor, whose radius is directly related to
the electrical capacitance of the geometry. Two geometrical approximation models for
the capacitance have been discussed, showing that the OAES model may be used as
an approximation under certain circumstances, while the SES model is not to be used
as an approximation.
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6 Conclusion

With the Sticking Machine as a new measurement method for electron sticking coeffi-
cients now operational, perspectives for different topics of plasma physics have been
illustrated, and future investigations using and improving the Sticking Machine have
been proposed.
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ABSTRACT

The charge-to-mass ratio of microparticles confined in the sheath of an RF plasma is the key parameter for the understanding and theoretical
description of dusty plasmas. Standard techniques, like the resonance method (RM) and the phase-resolved resonance method (PRRM) based
upon the harmonic oscillator model of the microparticle, are used to determine the charge-to-mass ratio. However, if high precision is
required, these methods become relatively slow. In this work, we present two transient response-based methods, the step excited oscillation
method, adapted and modified from Meijaard et al. [Phys. Plasmas 28, 083502 (2021)], and the new pulse excited oscillation method
(PEOM). A careful comparison to the PRRM and others is presented. The PEOM offers a significant increase in speed while maintaining a
precision comparable to that of the PRRM.
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I. INTRODUCTION

The systems commonly used to study dusty plasmas are micro-
particles confined in the sheath of an RF plasma.1,2 Aside from the uti-
lization of plasma crystals as a model system for strongly coupled
systems, individual particles increasingly find application as minimally
perturbative probes,3 for example, as diagnostics for the sheath poten-
tial shape,4–7 impulse flux in ion beams,8,9 or as thermal probes.10

Other methods like the rotating electrode method (REM) employ
microparticles to access particle properties such as the charge as well as
plasma parameters like the Debye length.11 To understand the behav-
ior of the particle and its interaction with the surrounding plasma,
knowledge of the particle properties is essential. One such property is
the particle’s charge-to-mass ratio q/m. Shortly after the successful
generation of plasma crystals in the laboratory,12–14 the first resonance
method for q/m determination was presented.15 Since then, multiple
methods to determine q/m have been developed that rely on the
modeling of the trapped particle as a harmonic oscillator. Instead of an

electrostatic excitation as in the RM, the particle can also be excited by
applying radiation pressure with a laser beam.16 An improvement over
the resonance method, the phase-resolved resonance method
(PRRM)17 allows for high-precision measurements of the eigenfre-
quency x0 and neutral drag coefficient c of the particle and was suc-
cessfully used to show the degeneration of plastic microparticles inside
of the plasma sheath.18 This method, which can be called the “working
horse” of high precision determination of q/m, has so far been success-
fully applied to the investigation of several research questions, such as
the ion wake,19 charging of non-spherical particles,20 the mass- and
density change of polymer particles in the plasma,18,21 and for the
determination of q/m in binary mixtures of microparticles.22

Unfortunately, the high precision of the PRRM is associated with a
large time requirement, which is detrimental for time-critical processes
like plasma-inherent etching21,23–25 of polymer particles. Recently, it
was shown that q/m can in principle also be obtained with a stepwise
modulation of the RF power.26 This causes an attenuated oscillation
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motion of the particle, which can then be analyzed. Related methods
have been used to examine particle pairs and their interaction poten-
tial27,28 or the shape of the electric potential in the sheath.7 In all these
approaches, the excitation consists of a singular, practically instanta-
neous event, which causes a transient state of the particle as an oscilla-
tor to occur. The trajectory during this transient response is then
evaluated according to the individual method. These methods are
therefore called transient response methods. In contrast, the data of
the RM and PRRM stems from a multitude of individual steady states
arising from single-frequency sinusoidal excitation. The resulting reso-
nance curve is a compound of all this information. Transient response
approaches have the potential to be much faster than the PRRM and
RM, because there is no need to vary the driving frequency of the
driver, which is time-consuming because the resolution depends on
the chosen frequency steps and the decay of transients. Instead, the
step function (or a signal with similarly abrupt changes) used as an
excitation signal contains theoretically all possible frequencies in its
spectrum. The transient response methods can therefore also be called
multi-frequency excitation methods, in contrast to the single-
frequency excitation methods or steady-state response methods RM
and PRRM.

In this work, we present a precise and fast method based on a
pulsed excitation of single dust particles and critically compare it to
the PRRM and stepwise excitation methods. Section II will cover
the theoretical background, the concept of the different methods,
and the necessary model functions for the evaluation of each meth-
od’s data. After describing the experimental setup and the measure-
ment and analysis procedures in Sec. III, the findings will be
presented and thoroughly discussed in Sec. IV, before a final con-
clusion is drawn in Sec. V.

II. MEASUREMENT CONCEPT AND CONSIDERATIONS
A. Forces on the microparticle

A dust microparticle in the sheath of an RF plasma attains a large
negative charge qd of several 10

3–104 elementary charges.1,2 As there is
no cloud of other dust particles, there is first no interaction with other
particles, and second the plasma suffers no electron depletion due to
the Havnes effect.29,30

The particle is subjected to multiple forces, which scale differently
with the particle radius a. Of these, the gravitational (/ a3), electro-
static (/ a), and neutral drag forces (/ a2) are dominant. Other forces
are the thermophoretic force (/ a2), which can be neglected because
there is no measurable temperature gradient in the experiment, and
the ion drag force (/ a2), which is estimated using the models by
Hutchinson and Khrapak as detailed in the textbook by Melzer.1

Using typical values for the sheath (kBTe ¼ 3 eV; kBTi ¼ 30meV,
a¼ 3.7lm, and ni ¼ 1:2� 1014 m�3), the ion drag is calculated to be
at least one order of magnitude weaker than the gravitational and elec-
trical force and therefore neglected in this work.

In mechanical equilibrium, the particle levitates at a height z0
determined by the balance between the gravitational force Fg ¼
m � g and the electrostatic force FelðzÞ ¼ qd � EðzÞ. In motion, the
particle’s movement is attenuated by the neutral drag force
Fnd ¼ �c � _z . For spherical particles, this is described by the
Epstein friction31 with

c ¼ d
4
p

p
aqmv̂ th;n

: (1)

Here, qm is the mass density of the particle material and v̂ th;n is the
thermal velocity of the ambient neutral gas. d is a geometric coefficient,
which value was shown to be 1.44 for microparticles in typical labora-
tory circumstances.17 Finally, the dust grain can be accelerated by an
arbitrary external driving force FextðtÞ. This system may be treated as a
driven harmonic oscillator for small vertical displacements from the
equilibrium position z0, because the potential is still parabolic, while
nonlinear effects arise at higher amplitudes.32 This leads to the well-
known equation of motion for the driven harmonic oscillator

€z þ 2c _z þ x2
0z ¼

1
m
FextðtÞ: (2)

Assuming that the height dependence of the particle charge is much
smaller than that of the electrical field in the sheath, the eigenfrequency
x0 of this system can be written as

x0 ¼
ffiffiffiffiffiffiffiffiffi
qdqq
me0

r
: (3)

qq is the absolute charge density at the position of the particle in the
sheath. (The index q is chosen to avoid confusion with the mass density
qm.) The RM and PRRM utilize this by evaluating the system’s (in the
case of PRRM complex) resonance curve AðxÞ resulting from excitation
with a sinusoidal frequency sweep to obtain the parametersx0 (eigenfre-
quency) and c (see also Fig. 4). Another characteristic frequency worth
mentioning is the resonance frequency xr ¼ ðx2

0 � 2c2Þ12. It marks the
maximum of the amplitude’s absolute value jAðxÞj in the resonance
curves of the RM and PRRM. On the other hand, the stepwise excitation
method (called SEOM for step-excited oscillation method below), as
well as the method presented in this work, the pulse-excited excitation
method (PEOM), utilizes the response of the particle to a step- or (rect-
angle-) pulse-shaped excitation signal directly in the time domain. This
response is a damped oscillation (see Secs. II B and IIC) with a charac-
teristic frequency xd ¼ ðx2

0 � c2Þ12, the damped eigenfrequency. It is
important to differentiate between xd and xr, as they are slightly
different.

B. Excitation mechanisms

There are multiple ways to generate an electrical excitation (driv-
ing force) to this system, of which those two will be focused on that are
found to be most practical in the laboratory situation. Both rely on dis-
torting the sheath by a small extent and with it the equilibrium posi-
tion z0. The first way, labeled as “modulated,” is by amplitude-
modulating the RF power that generates the plasma with an additional
low-frequency signal. This changes the spatial extent of the plasma
and thus the equilibrium position of the levitating microparticle. One
can reasonably assume that the signal modulation and the change in
the plasma occur quasi-instantly relative to the timescale of the particle
motion, which has a damped eigenfrequency of around 10Hz. Thus,
the resulting driving force is directly proportional to the modulation
signal. The second way, labeled “bias” below, is by adding the excita-
tion signal as a bias voltage to the driven electrode. This adds the need
to incorporate a filter network (shown in Fig. 1) into the experimental
setup in order to protect the hardware generating the low-frequency
excitation signal against the RF voltage. The effect of this filter network
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has to be incorporated into the model. Regarding the RF signal, the fil-
ter network acts as a fourth-order low-pass filter. Because the consid-
ered excitation signals are low-frequency signals, the impedance of the
inductivities ZLðxÞ ¼ ixL, which vanishes in the limit of low frequen-
cies, can be neglected, as the impedance of the capacitors ZCðxÞ
¼ 1=ðixCÞ dominates for low x. There are multiple ways to deter-
mine the effect of the filter on the incoming signal. For periodic signals,
this is usually done by determining the system’s frequency-dependent
transfer function HðxÞ, which can be easily written by looking at the
filter network as a voltage divider as follows

HðxÞ ¼ Ue

ULF
¼ 1þ 2C2

C1
þ xg

ix

� ��1

; (4)

where xg ¼ 1=ðRpC1Þ is the system threshold frequency, and Rp is the
Ohmic plasma resistance, which depends on the discharge parameters
such as RF power and pressure. While this approach is well suited for
methods like the PRRM17 that employ periodic signals, it is difficult to
apply to the step- and pulse signals used in SEOM and PEOM. In this
case, the system’s Green’s function is a much easier way to determine
Ue from ULF. By analyzing the circuit diagram with Kirchhoff’s circuit
laws, one can first derive a first-order ordinary differential equation for
the in- and output voltagesULF and Ue,

d
dt

þ �

� �
Ue ¼ c _U LF; (5)

with c ¼ ð1þ 2C2=C1Þ�1 and � ¼ c=ðRpC1Þ. � is related to xg as
� ¼ c � xg . Because the plasma resistance Rp contained in � is the only
unknown variable of the filter network, � is introduced as a fit parame-
ter into the fit models for the bias methods. Because the capacities C1

and C2 are known, Rp can then be calculated.
In Eq. (5), only the derivative _U LF ¼ dULF

dt of the input voltage
_U LF appears, so the filter acts as an analog differentiator for low-
frequency signals. Using the Fourier transform of Eq. 5 and the residue
theorem, one can easily write Green’s function Gf for the differential
operator in Eq. (5) as

Gf ðt � t0Þ ¼ hðt � t0Þ � e��ðt�t0Þ: (6)

This allows us to calculate the response to any input signal ULFðtÞ as

UeðtÞ ¼
ð1
�1

Gf ðt � t0Þ � c _U LFðt0Þdt0: (7)

In particular, we can use this to model the driving force FextðtÞ
/ UeðtÞ and obtain the particle’s response to FextðtÞ using Green’s
function Gp of the particle as a harmonic oscillator (which is routinely
derived in many mathematical textbooks33)

Gpðt � t0Þ ¼ hðt � t0Þ � e�cðt�t0Þ � sin ðxdðt � t0ÞÞ
xd

: (8)

This response function can then be used as a fit function z(t) to extract
the parameters xd and c, among others.

C. Model functions

In addition to the PRRM, which will act as a reference method,
there are three closely related excitation methods examined in this
work. Their characteristic excitation signal shapes, particle responses,
and the corresponding behavior of the plasma RF voltage are shown in
Fig. 2.

1. Modulated SEOM (moduSEOM)

Meijaard et al.26 introduced the SEOM with a power modulation
in the form of a Heaviside step function hðtÞ. For a single step excita-
tion, the cycle-averaged RF power PRF is modeled as

PRFðtÞ ¼ Pi 6 hðtÞ � DP; (9)

where Pi is the initial power, and DP is a power step-up- or downward
occurring at t¼ 0, resulting in a power of Pe ¼ Pi 6DP. In the experi-
ment, this is realized by applying a slow square signal (T ¼ 2 s) and
evaluating the response to each slope. One has to consider that the

FIG. 1. Circuit diagram of the filter used to shield the signal generation hardware
from the RF voltage. The capacitors have the values C1¼1lF and C2 ¼ 4:7 nF,
and the inductivities both have the value L¼ 40 lH. Rp represents the Ohmic resis-
tance of the plasma, which changes with the discharge parameters.

FIG. 2. Overview of the three different excitation types in this work. Notice that the
excitation signal for the modulated SEOM is displayed as the change in RF power
(green), while the excitation signals of the bias methods are shown as voltages
(red). The LF envelope of the RF signal at the lower electrode is displayed in gray.
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oscillator parameters obtained are those corresponding to the RF
power after the slope, as the plasma parameters and particle charging
take place on timescales< 0:5ms, which is about three orders of mag-
nitude faster than the particle oscillation (T � 100ms). We can then
assume that the change in z0 can be reasonably treated as instanta-
neous, and the external driving force on the particle can be written as

FextðtÞ ¼ B � hðtÞ; (10)

with B being the resulting amplitude of the force step. The particle
response can then be modeled with the following fit function:34

zðtÞ ¼ z0 þ D � e�ct � sin ðxdtÞ; (11)

where D is the initial amplitude containing the direction of the slope
and the resulting initial motion in its slope.

2. Bias-SEOM (biasSEOM)

As discussed above, the filter necessary in experimental setups
with bias excitation distorts the excitation voltage signal Ui. For a
Heaviside-step UiðtÞ ¼ Ub � hðtÞ, the resulting driving force is easily
calculated [because _U iðtÞ / dðtÞ] using Eq. (7) and is written as

FextðtÞ ¼ B � e��t � hðtÞ: (12)

Using the oscillator’s Green’s function [Eq. (8)], one can obtain the
particle’s response

zðtÞ ¼ z0 þ D � e�ct sin ðxdt � /Þ þ b � e��t
� �

; (13)

with the quantities b ¼ ð1þ ð� � cÞ2=x2
dÞ�1=2 and / ¼ arctanðxd=

ð� � cÞÞ. This is a damped oscillation superimposed with an exponen-
tial decaying offset due to the filter network. A sufficient oscillation
amplitude can be reached with a far smaller perturbation of the
plasma, as the input excitation amplitude Û b is only 1V compared to
the peak-to-peak RF voltage of about 60V and the self-bias of roughly
�50V. The slope direction still influences the resulting parameters but
not nearly as strongly as in the modulated case.

3. Bias-PEOM (biasPEOM)

The next improvement consists of using a rectangle pulse with a
duration tp instead of a single step as an excitation as follows:

UiðtÞ ¼ Ub � ðhðtÞ � hðt � tpÞÞ: (14)

Exploiting linearity, we can construct our driving force

FextðtÞ ¼ B � ðe��t � hðtÞ � e��ðt�tpÞ � hðt � tpÞÞ (15)

and particle response from the biasSEOM case

zðtÞ ¼ z0 þ D �
h
e�ct sin ðxdt � /Þ þ be��t

�e�cðt�tpÞ sin ðxdðt � tpÞ � /Þ � be��ðt�tpÞ
i
: (16)

From the resulting fit parameters, the eigenfrequency can be calculated as

x0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2

d þ c2
q

: (17)

While the precision for x0 is mathematically dependent on both xd

and c, it can be easily verified using the basic error propagation that it

is primarily given by the precision of xd for c � xd. Under the exper-
imental circumstances in this work, c < 0:09xd was found, and it is
thus assumed that the uncertainty in c has only a small influence on
the uncertainty of the calculatedx0.

The pulse duration tp can be chosen deliberately. In this work, we
conducted the biasPEOM with pulse durations of 10, 50, and 100ms.
A simple consideration regarding this is that the amplitude should
reach its maximum when the acceleration takes place, while the veloc-
ity is at its maximum and in the same direction as the acceleration.
The second slope should thus occur after roughly half a period Td of
the particle’s oscillation, so that the external pulse acceleration is
approximately in phase with the particle’s oscillation. This leads to a
criterion for the pulse duration tp;opt with the maximum resulting
amplitude

tp;opt � Td

2
¼ 1

2fd
¼ p

xd
: (18)

The particles used in this work had damped oscillation frequencies
close to 10Hz, so tp ¼ 50ms was chosen as an optimal pulse duration.
The shorter and longer pulse durations were chosen for comparison to
assess the validity of the criterion Eq. (18).

III. EXPERIMENTAL PROCEDURE
A. Setup

The measurements are conducted in the StickingCube plasma
chamber (shown in Fig. 3), a capacitively coupled RF discharge oper-
ated with argon at a pressure of 5.5–10Pa. A flow controller is used to
adjust the pressure in the vacuum vessel. The plasma setup consists of
two circular electrodes with a diameter of 30mm and a distance of

FIG. 3. Schematic, not-to-scale depiction of the experimental setup. The laser illu-
minates the particle from in front of the drawing plane, while the dustdropper can be
retracted behind the drawing plane. The PC interface generates and coordinates
the excitation and camera trigger signals. Both excitation mechanisms are incorpo-
rated into the electrical setup (lower portion of the picture): In case I), the excitation
is generated as a voltage signal Ui at the input of the filter, resulting in an additional
bias voltage at the driven electrode. In that case, the RF power is kept constant (no
modulation). In case II), the RF power is modulated with the excitation signal. In
that case, the input Ui of the filter is disconnected, preventing an influence of the fil-
ter in this case. In both cases, the lower electrode is capacitively separated from
the ground and thus attains a negative self-bias voltage.
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34mm, and the RF-driven lower electrode features a cylindrical cavity
with a diameter of 10mm and a depth of 2mm. This cavity geometry
produces an electric field component in the radial direction in the
sheath, which confines the negatively charged microparticles horizon-
tally above the center of the electrode. The upper electrode is
grounded, while the lower electrode is driven by an RF generator out-
putting 1.5W. The RF power can be modulated with an analog input
connected to a computer interface. Additionally, a low-frequency bias
voltage signal can be applied to the lower electrode via the aforemen-
tioned filter network. The total RF signal between the electrodes is
monitored with an oscilloscope. Between the bias and modulated con-
figuration, the self-bias voltage Usb and the amplitude Û RF of the RF
voltage do not change. However, while the power is raised to 1.9W in
the modulated case, the self-bias drops from about �50 to �55V, and
the RF voltage amplitude rises from circa 60V peak-to-peak to almost
70V peak-to-peak. During the bias excitation, no difference in Usb or
Û RF could be observed within a resolution of 0.4V. SiO2 microspheres
(2a ¼ 7:3860:24lm according to the manufacturer) are individually
introduced into the plasma sheath via a retractable dustdropper. SiO2

is chosen as the particle material because it is practically unaffected by
plasma-inherent etching, unlike other common materials like mela-
mine formaldehyde (MF) or polymethyl methacrylate (PMMA).24 A
computer interface allows for analog and digital in- and outputs and is
controlled via National Instruments LabVIEW35 for automated data
acquisition. It outputs all the required excitation and timing signals
and is used to monitor the pressure, RF amplitude, and RF self-bias
voltage. The excitation signals for PRRM, moduSEOM, biasSEOM,
and biasPEOM are generated by a LabVIEW program and coupled
into the discharge as either a modulation of the RF power or an addi-
tional bias voltage signal at the lower electrode after passing the filter
network. A high-speed camera with a macro lens is triggered by a digi-
tal output signal. The camera has a resolution of 1440� 1080 pixel (16
megapixel) on a 4:97� 3:73mm2 CMOS sensor, with a pixel size of
3.45lm. For the PRRM, the trigger occurs four times per period of the
excitation signal, while the other time series for the other methods are
recorded at 200 frames per second. The particle is illuminated by a
green laser (k ¼ 532 nm) with 250 mW that is expanded to circa.
9mm diameter using a beam expander optic, in order to illuminate
the whole area in which the particle oscillates. A mirror configuration
allows for adjustment of the illuminated area. The LabVIEW program
automatically detects the particle’s position on the camera image and
saves it together with the corresponding timestamp. Using an image of
a scale between the electrodes before or after the measurement, the
pixel position of the particles is calibrated to the absolute height above
the lower electrode, with a distance of 1 pixel corresponding to
4.74lm.

B. Evaluation

Each of the 13 single particles was examined individually at 5.5,
7.5, and 10Pa using all the methods (moduSEOM, biasSEOM, and
biasPEOM with tp ¼ 10; 50; and100ms) consecutively before switch-
ing to the next pressure. For each particle and pressure, two PRRM
curves were acquired, as well as at least 20 repetitions of each other
method. The resulting data for the PRRM were evaluated according to
the standard procedure,17 and the corresponding results are shown in
Fig. 4. For the other methods, the corresponding fit function (see Sec.
II C) was fitted to the data using a nonlinear least squares algorithm.

The position data were then translated from pixel to millimeters, using
a calibration with a scale as mentioned in Sec. III. Exemplary curves
for every method are shown in Fig. 5. The eigenfrequency x0 could
then be computed from the damping c and the resonance frequency
xd using Eq. (17). Thus, these results are directly comparable to those
of the PRRM.

IV. RESULTS
A. Statistical comparison

The results for x0 and c are statistically analyzed and compared
to the PRRM results. The ratio between each method’s results and the
corresponding PRRM result is calculated and shown in Fig. 6. This
normalization to the results of the PRRM is needed to eliminate the
influence of the particle size distribution, as the particle radius a affects
the particle charge and damping (see Sec. II). This size distribution
stems from the small uncertainty with which the microparticles are
produced by the manufacturer; see Sec. III for the exact numbers. The
same information as in Fig. 6 is presented in Table I to show the exact
numbers. In the following, it is important to differentiate the terms
accuracy and precision: accuracy is the ability to obtain the true value
of the measured quantity, which we assume the PRRM value to be,
while precision describes the magnitude of the uncertainty arising
while measuring the quantity.

The (relative) systematic deviation Rsys presented in Table I is
(for a given method and pressure) given as

Rsys ¼ �c � cPRRM
cPRRM

; (19)

where �c is the mean value a given method yields at a given pressure.
Rsys is used as a measure for the accuracy of the method. On the other
hand, the relative statistical uncertainty Rstat measures the precision of
a method and is given by

FIG. 4. Exemplary PRRM resonance curves for varying pressure; the complex
amplitude AðxÞ is plotted against the driving angular frequency x. The data points
and the corresponding fit are shown for real and imaginary parts, respectively. One
can easily see that the eigenfrequency x0 shifts toward higher frequencies with ris-
ing pressure, and that the resonance peak broadens, which means that c also
increases with pressure.
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Rstat ¼ rc
cPRRM

: (20)

rc is the standard deviation of all values the given method yields at a
given pressure. Both these values are first determined for each given
combination of pressure, method, and individual particle and then
averaged over all individual particles. The corresponding values of
Rsys and Rstat for x0 are calculated in the same way. Generally, the
uncertainty for x0 is about one order of magnitude smaller than that
of c. All methods but the moduSEOM (which overestimates x0 by
circa 4%) are capable of reproducing the PRRM result for x0 very
precisely (with deviations from the PRRM reference of at most
0.5%). The quality of the results seems to also be not dependent on
the pressure. As a first finding, all bias methods deliver extremely
accurate results for x0, with the 50ms-biasPEOM offering the best
precision, with uncertainties of about 0.2%. The overall picture is
similar for c: the moduSEOM overestimates c significantly.
However, the biasSEOM and the 100ms-biasPEOM underestimate c
by ca. 7%. The 10- and 50ms-biasPEOM are accurate with a devia-
tion from the PRRM values of � 2%. Of those two, the 50ms-variant
is decidedly more precise. This is likely due to the worse signal-to-
noise ratio in the data from the 10ms-biasPEOM because of the
lower oscillation amplitude.

To further assess the plausibility of these results, Monte Carlo
simulations using synthetic data36 for the 50ms-PEOM were con-
ducted, and predicted uncertainties on the order of 0.1% for x0 and

1% for c, agreeing well with the experimental results. These theoretical
uncertainties are extremely close to those of the PRMM also acquired
via synthetic data.18

Interestingly, the moduSEOM results for c seem to be dependent
on the pressure, from which the rest of the methods are largely indepen-
dent. There are two possible explanations: first, the moduSEOM pre-
sumably produces more noise in the data by the strong perturbation of
the plasma (especially in the relatively small plasma reactor) and has a
slightly smaller oscillation amplitude than the bias methods. This unfa-
vorable signal-to-noise makes the accurate determination of gamma dif-
ficult. Another reason lies in the concept of excitation via modulation
itself: Meijaard et al.26 stated that the stepwise method (corresponding to
the moduSEOM in this work) is sensitive to the delayed charging effect
(DCE) proposed by Pustylnik et al.37 The DCE basically adds another
term to the Epstein friction coefficient in Eq. (2),

FIG. 6. Comparison of the different methods’ results for (a): x0 and (b): c, respec-
tively, to those of the PRRM. The ratio between each method’s result and the
PRRM result is displayed for the different methods and operating pressures. The
values are each the average over the multiple particles used and the repetitions of
the respective method for each individual particle, while the error bars show the cor-
responding standard deviation. Note that the y-axes have a different scaling.

FIG. 5. Exemplary particle position data (blue squares) with fitted model function
(blue line) for the different measurement types. All curves were recorded at 7.5 Pa.
The excitation signal is also plotted in red. LOW and HIGH mean the RF power in
the modulated case [(a)] and the external bias voltage in the bias cases [(b)–(e)].
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c ¼ ceps þ cDCE: (21)

This term cDCE is, among others, dependent on the pressure. Should
this effect be of non-negligible magnitude, it could explain why c is
measured as so much higher by the moduSEOM than the other meth-
ods, as well as its apparent pressure dependence.

B. Optimal pulse duration

Regarding the criterion in Eq. (18), it can be said that the 50ms-
biasPEOM, satisfying the criterion, indeed delivers the highest overall
oscillation amplitude using the same excitation amplitude and thus the
best signal-to-noise ratio. The criterion for the pulse duration is there-
fore regarded as reasonable. Looking at Fig. 5(e), one can see that a
very complicated trajectory arises when the criterion is grossly violated
and the excitation is in antiphase with the particle oscillation. Such tra-
jectories can be harder to evaluate or yield less precise results. It should
be noted that to fulfill the criterion, an estimate of xd is needed. This
can be, for example, based on a very coarse manual frequency sweep
with a sinusoidal excitation and a high exposure time of the camera,
similar to the classical resonance method (RM) or simply from
experience.

C. PEOM supporting PRRM, access to plasma
resistance Rp

Another advantage of the bias methods is that they also provide
access to the plasma resistance Rp via the fit parameter �, which is usu-
ally difficult to obtain accurately with the PRRM due to the weak
dependency of the resonance curve on it. This, combined with the

time resolution (1–2 s per measurement) of these methods, allows for
another way of monitoring the plasma state, e.g., to ensure the repro-
ducibility of experiments. It would also be possible to use the PEOM as
a quick diagnostic before conducting a PRRM measurement: The
results for c and x0 would help define the frequency range of the
PRRM measurement, and the result for � could be used to improve
the PRRM fit: the PRRM fit contains the fit parameterxg as the critical
frequency of the filter in the frequency domain. This parameter is, due
to the aforementioned weak effect on the shape of the resonance curve,
difficult to determine via a PRRM fit. xg is related to � as

xg ¼ � � 1þ 2C2

C1

� �
: (22)

Thus, from the PEOM result for �, one can get a very good estimate
for the parameter xg in the PRRM fit. It could be incorporated as a
fixed value for xg, as a well-defined start value, or to set bounds for the
fit parameter.

D. Determination of the charge-to-mass ratio qd=m

Equation (3) allows us to determine the charge-to-mass ratio
qd=m of a dust particle from its eigenfrequency x0 when the absolute
charge density qq in the sheath is known. Using typical values (ion
density ni ¼ 1:2� 1014 m�3, electron duty factor ne=ni ¼ 0:3), the
charge density is qq ¼ 8:4� 1013 e=m3 � 1:35� 10�5 C=m3.
Table II shows the resulting charge-to-mass ratio and the charge of an
exemplary particle (2a¼ 7.38lm) for different discharge pressures.

E. Final assessment

Taking into account all these findings, the biasPEOM is deemed
the optimal method among those examined in this work. This is attrib-
uted to the following qualities:

• The excitation with an additional bias voltage is only a very small
distortion of the plasma (especially in comparison to the excita-
tion via an RF power modulation).

• The rectangle-pulse shape of the excitation signal is also benefi-
cial, as choosing a pulse duration according to the criterion in Eq.
(18) further aids in obtaining low-noise data for the particle
trajectories.

• The incorporation of the filter characteristics into the fit model
yields an extremely good agreement between data and fit model
and also allows to gain access to the plasma resistance Rp.

• As a result of the last three arguments, the biasPEOM is comparable
to the PRRM in terms of precision and reproduces its results with a

TABLE II. Variation of the charge-to-mass ratio and the charge of an exemplary (2a
¼7.38 lm) particle with the discharge pressure. The values for x0 from the PEOM
measurements were used. The mass density of SiO2, qm ¼ 1850 kg=m3 is needed
to compute the particle charge.

Pressure
p=Pa

Eigenfrequency
x0=rad � s�1

Charge-to-mass
ratio qd

m =10�22 Ckg�1
Charge
qd=e

5.50 68.48 4.94 7560
7.50 75.46 6.00 9180
10.0 85.17 7.65 11 700

TABLE I. Results of the statistical analysis, equivalent to the data in Fig. 6. For each
method and pressure, the relative systematical deviation Rsys and statistical uncer-
tainty Rstat are presented. Rsys corresponds to the vertical position of the data points
in Fig. 6, while Rstat corresponds to the size of the error bars.

x0

5.5 Pa 7.5 Pa 10 Pa

Rsys Rstat Rsys Rstat Rsys Rstat

Method in %

PRRM … 60:16 … 60:09 … 60:10
mSEOM þ3:7 60:54 þ4:0 60:75 þ3:7 60:90
bSEOM �0:19 60:24 þ0:13 60:32 þ0:12 60:54
bPEOM 10ms �0:48 60:36 �0:18 60:48 �0:03 60:53
bPEOM 50ms �0:48 60:16 �0:36 60:21 �0:28 60:34
bPEOM 100ms þ0:35 60:28 þ0:11 60:23 �0:10 60:30

c
5.5 Pa 7.5 Pa 10 Pa

Rsys Rstat Rsys Rstat Rsys Rstat

Method in %

PRRM – 61:5 – 62:3 – 61:3
mSEOM þ8:3 68:5 þ18 69:6 þ35 69:3
bSEOM �7:4 63:9 �7:8 64:1 �9:1 64:6
bPEOM 10ms �2:5 66:3 �1:8 66:3 �3:3 66:0
bPEOM 50ms �2:9 62:1 �2:2 62:7 �3:8 62:6
bPEOM 100ms �7:0 65:6 �7:3 63:7 �8:4 63:1
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high accuracy. It also outperforms the biasSEOM with its slightly
simpler step-excitation in regard to the uncertainties in c.

V. CONCLUSION

A high-precision method, the biasPEOM, for the determination
of xd and c of a trapped microparticle was developed, thoroughly
tested, and compared with existing, similar methods like the
moduSEOM (stepwise excitation). The rectangle-pulse signal shape
and the excitation with a bias voltage in conjunction with the incorpo-
ration of the filter network in the model allow for a very precise analy-
sis of the data. The high time resolution potentially allows for better
monitoring of time-dependent processes, for example, the etching of
polymer microparticles in argon or argon–oxygen plasmas.
Additionally, the ability to determine the plasma resistance Rp can be
used to monitor the plasma state. It also qualifies as a supplement to
PRRM measurements. Furthermore, the biasPEOM operates with pre-
cision comparable to the PRRM and reproduces its results reliably
with good accuracy, also justifying the use as a stand-alone diagnostic
for x0 (via xd) and c that is much faster than the PRRM.
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In our recent publication1 published on December 15, 2023, an error occurred. Due to a missing factor, 2m, the neutral drag force was
incorrectly introduced in the text above Eq. (1), in the sentence starting with “In motion, the particle’s…” on page 2, Sec. II A. It should have
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confusion when compared to the equation of motion in Eq. (2).
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Evidence of Different Charging Behavior of Conductive
and Dielectric Materials in Low-Temperature Plasmas

and a New Diagnostic for Low-Energy Electron Absorption

Armin Mengel ,1,* Franz X. Bronold ,2,† and Franko Greiner 1,3,‡
1Institute of Experimental and Applied Physics, Kiel University, 24118 Kiel, Germany

2Institute of Physics, University Greifswald, 17489 Greifswald, Germany
3Kiel Nano, Surface and Interface Science KiNSIS, Kiel University, Germany

(Received 25 April 2024; revised 31 July 2024; accepted 25 September 2024; published 28 October 2024)

In any physical system where a surface is hit by electrons, the sticking probability s of the electrons is a
central parameter governing, for example, the charging of the surface. For dielectrics, it could previously
only be measured for high energies (> 100 eV), while it is well-known for metals even at energies of only a
few eV. Recent theoretical investigations concerning dielectrics such as silica predict values for s
significantly below 1. With precision charge measurements on microparticles in the sheath of a low-
pressure plasma, a difference in charge between silica and gold-coated particles is found, challenging the
long-standing assumption in dusty plasma physics that dielectric and metallic particles charge in the same
way for the first time. Based on the measured charging difference, the low-energy sticking coefficient of
silica is obtained, validating the theoretical predictions and offering a new diagnostic for the otherwise
quasi-inaccessible low-energy electron sticking of dielectric materials.

DOI: 10.1103/PhysRevLett.133.185301

The phenomenon of static electricity has been known to
humankind since antiquity, with the first documented
observation often attributed to Thales of Miletus around
600 BCE [1]. While much has been learned about the
interaction of charged objects since then, charging proc-
esses are, as of yet, not nearly fully understood. Even the
most mundane charging process, the triboelectric effect that
was already known to Thales, can still only be explained on
a very basic level [2]. For most modern applications of
electricity in general, the focus of research was on the
discharging dynamics of the respective objects, while
charging processes often proved difficult to describe
accurately. A prominent example for such an application
are plasmas, in particular, low-temperature plasmas (LTPs)
with electron temperatures Te ≤ 10 eV, which are the basis
for manufacturing a vast portion of modern technology [3].
While the dynamics and interactions of their constituents
(mainly electrons and ions) are quite well understood, the
interaction of LTPs with surfaces proved to be a very
complex topic. One of the most basic and central questions
in this context is how an electron from the plasma hitting
the surface in question behaves. Does it enter the surface
and stay there, charging the surface in the process, or is it
reflected? Or does it enter but release other electrons from
the surface instead? These basic processes are usually

quantified via the electron sticking coefficient s and the
secondary electron emission coefficient δ, which are
material constants of the surface. For high electron energies
(Ee > 100 eV), these can be measured using an electron
beam directed at a target in ultrahigh vacuum, given a
degree of conductivity of the target material [4,5]. For
highly conductive materials like noble metals, these mea-
surements can even be carried out for electron energies
down to the order of the Fermi energy. However, the
plasma-facing surfaces in many technologically relevant
LTP configurations, like microwave discharges and dielec-
tric barrier discharges, are dielectrics, e.g., MgO or Al2O3.
The performance of plasma catalysis reactors, for example,
depends on the buildup of surface charges on the electrodes
[6,7]. The quality of electrical probe measurements also
depends on the electron absorption at its surface [8].
Furthermore, the accuracy of simulations of plasma sys-
tems benefits from knowledge of the sticking and secon-
dary electron emission at the surfaces involved.
Despite this clear need for the low-energy sticking

coefficients of dielectrics, no successful measurements
have been reported besides an older, inconclusive study
[9]. A recent theoretical approach predicts values for the
low-energy electron sticking of SiO2, MgO, and Al2O3

significantly below 1 [10]. In contrast, the electron sticking
of metal surfaces at such energies is nearly 1. Because of
the lack of suitable experimental techniques, low-energy
sticking coefficients of electrode materials can only be
indirectly determined by matching measured plasma den-
sity profiles to simulations with varying s [11]. A related
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approach is able to yield the ion-induced secondary
electron emission coefficient [12].
The goal of this Letter is to establish a new measurement

scheme that offers an opportunity to measure the low-
energy sticking coefficient of silica as an example dielec-
tric. To this end, single, micrometer-sized spheres made of
silica and gold-coated polymer are introduced into a low-
pressure plasma with electron energies on the order of 5 eV,
forming a “dusty plasma.” In the study of dusty plasmas,
the charging difference between metallic and dielectric
particles has been an open question for a long time, which
can also be answered using the findings of this Letter. The
sticking coefficient s̃SiO2

of silica is then derived from the
charging difference between gold and silica.
In a typical laboratory dusty plasma situation [13,14],

one or more usually spherical particles are confined in the
sheath of a plasma. In contrast to astrophysical situations,
where photoemission and secondary electron emission
from high-energy primaries also play a role, the dominating
particle charging mechanism is the collection of charges
from the surrounding plasma. The balance between elec-
tron and ion current onto the particle determines the
floating potential (or surface potential) Φf of the particle,

IeðΦfÞ þ IiðΦfÞ ¼ 0: ð1Þ

If the probability s for electron sticking is below 1, the
electron current is attenuated and Φf differs from the
perfect absorber case above. In essence, the floating
potential of a particle is sensitive to the electron sticking
probability at the surface, implying that there should also be
a measurable difference in floating potential between
particles with conducting and dielectric surfaces.
In this Letter, we aim to carve out that difference by

measuring and comparing the charges of dielectric and
metal-coated particles. The particle charge q is usually
determined from a spherical capacitor model [13] and is
proportional to both Φf and the particle radius a,

q ¼ 4πε0aΦf : ð2Þ

Typical charges of a microparticle with 10 μm diameter are
of the order of −103 to −104 elementary charges. The
electrical field in the lower sheath of the plasma exerts an
upward pointing force on the particle, compensating
gravity and vertically confining the particle in a locally
harmonic potential at an equilibrium levitation height.
Other forces on the particle can be neglected under these
circumstances, as there is no temperature gradient present
to enable thermophoresis, and the ion wind has been
estimated to be negligible in comparison to gravity and
electrical force (for details on these forces, see the textbook
of Melzer [14]). Vertical oscillations of the particle can be
excited electrically, whose eigenfrequency ω0 contains the
charge-to-mass ratio ðq=mÞ of the particle as well as the

absolute charge density ρq at the particle position,

ω2
0 ¼

q
m

ρq
ε0

: ð3Þ

From the initial proposal of such a resonance method [15],
high-precision methods for the determination of the eigen-
frequency of single microparticles have been developed. In
this Letter, the phase-resolved resonance method (PRRM)
[16] and the pulse excited oscillation method (PEOM) [17]
are applied. These methods also yield the neutral gas
friction coefficient γ, which is given by the model of
Epstein [18] as

γ ¼ δ
4

π

p
aρmv̂th;n

: ð4Þ

The coefficient δ differentiates between specular and
diffuse reflection of gas atoms or molecules at the particle
surface and has been shown to be 1.44� 0.05 in the dusty
plasma context [16]. Apart from the gas pressure p and the
mean thermal velocity v̂th;n of the gas atoms and molecules
(which are assumed to be at room temperature), γ depends
on the size and mean mass density ρm of the microparticle.
The particle radius is independently measured in situ using
images obtained with a long distance microscope (LDM),
allowing for the calculation of the particle mass using
Eq. (4). To access the floating potential, Eqs. (2) and (3) are
combined into an auxiliary quantity η,

η ≔
mω2

0

4πa
¼ ΦfðhÞρqðhÞ: ð5Þ

This quantity links the otherwise inaccessible floating
potential and sheath charge density to the measurable
eigenfrequency, gas friction coefficient (via the mass m),
and particle radius. Because of the spatially varying
conditions [densities neðhÞ, niðhÞ and mean energies
ĒeðhÞ, ĒiðhÞ of electrons and ions] in the sheath, both
Φf and ρq are generally height-dependent. To circumvent
the unknown dependency of the floating potential on the
charge density in the sheath, a relative determination
schema is used, which is as follows: η is measured for a
series of particles with either dielectric or metallic surfaces.
In this Letter, commercially available [19] microparticles
were used: SiO2 microspheres were used as dielectric
particles, while gold-coated melamine formaldehyde par-
ticles were used as particles with a metallic surface. The
coating thickness of a few 100 nm ensures that the particle
has the surface properties of a metallic solid. Particles with
nominal diameters in a range from 7.00 to 9.36 μm (SiO2)
and 5.95 to 11.87 μm (Au) were introduced into a
capacitively coupled parallel plate discharge driven at radio
frequency (frf ¼ 13.56 MHz, Prf ¼ 1.5 W) in argon at
7.5 Pa. A schematic view of the setup, including the
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instruments required for PRRM, PEOM, and LDM is
shown in Fig. 1. The particles were each introduced
individually into the plasma at the same conditions (pres-
sure, rf power, dc self-bias voltage). The relative fluctua-
tions over the course of the measurements were �1.8% for
the self bias, �4.3% for the rf amplitude, and �0.16% for
the pressure. In addition to the PRRM and PEOM mea-
surements, multiple LDM images were taken, and the
equilibrium levitation height h above the electrode was
recorded. From these data, η was calculated for each
particle and plotted over the levitation height of the particle
in Fig. 2. From the η values for a SiO2 and a Au particle
levitating at the same height h, the ratio Y of the particles’
floating potentials is produced, as the height-dependent
charge density ρqðhÞ drops out,

ηSiO2
ðhÞ

ηAuðhÞ
¼ Φf;SiO2

ðhÞ
Φf;AuðhÞ

≕YðhÞ: ð6Þ

However, only by chance two particles of different materi-
als levitated at the exact same height, so ηðhÞ has to be
interpolated via a linear fit. The evaluation is restricted to
the region in the sheath where a linear trend is justifiable for
the data of both materials (see the “evaluated interval”
marked in Fig. 2). Thus, every η value from a particle in this
height region can be compared against an interpolated
value corresponding to a virtual particle of the respective
other material levitating at the exact same height.

The resulting data for the floating potential ratio at identical
charge density, Y, is displayed in Fig. 3, indicating values
mainly in the range between 0.62 and 0.71. The apparent
variation of Y with the height is attributed to its dependency
on the vertically varying densities and mean energies of

FIG. 1. Schematic setup as a side view (a) of a cut through the
plasma chamber, and a top view (b) showing the optical setup.
The lower electrode is driven, while the upper electrode is
grounded. The confined microparticle is illuminated with a green
laser (λ ¼ 532 nm) and tracked using the macro lens during the
PRRM and PEOM measurements. Trigger and excitation signals
are generated with a computer interface, and the latter is coupled
into the system via a filter network. For the size measurements
with the LDM lens, the laser is turned off, and the particle is
repeatedly illuminated with an LED flash coupled into the optical
path via a beam splitter.

FIG. 2. Values for η obtained from the particle measurements as
a function of levitation height h above the electrode. In addition
to the particle data points, linear fits to the data are drawn as
dashed (SiO2 particles) and dash-dotted lines (Au particles). The
evaluated interval is marked in gray. The evaluated interval only
includes the region where linear fits to both datasets are justified
simultaneously. The bold dotted black line designates the
approximate sheath edge position as determined by the glow
intensity of the plasma.
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FIG. 3. Results for the floating potential ratio Y ¼
Φf;SiO2

=Φf;Au as a function of levitation height h. The distinct
data points are calculated using the η value of each grain and the
interpolated η of the other material at the same height h. The
black line shows Y obtained from the ratio of both interpolated
curves. The confidence interval for the latter is shaded in gray.
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ions and electrons. This result clearly shows a significant
difference between the charging of gold-coated and SiO2

particles. If the charging was identical, the ratio of the
floating potentials should be unity irrespective of the
height. For a more demonstrative depiction of the charging
difference, the charge of a 5 μm SiO2 and gold micro-
particle is shown in Fig. 4. The needed ρqðhÞ values were
taken from experiment related particle-in-cell simulations
using XPDP1 [20–22] modified for the Phelps argon
collision cross sections [23]. For details on the simulation,
see the Supplemental Material [24].
In the following, the results for Y shall be used for a

closer look at the electron-surface interaction of silica. The
most likely reason for the floating potential difference is the
electron sticking probability at the SiO2 surface, which is
expected to be around 0.66 according to theoretical
predictions [10] (see above). In contrast, effectively every
electron sticks to a clean gold surface, as the electron
emission yield there (which includes reflection) is close to
zero for electron energies up to 5 eV [5]. A charging model
for a dust particle in the plasma sheath is employed to
obtain the angle- and energy-averaged sticking coefficient
of SiO2 from the floating potential ratio Y measured before.
The sticking-corrected current balance formulated in [10] is
rearranged to yield s̃ as a function of the reduced floating
potential x ¼ −eΦf=kBTe,

s̃ðxÞ ¼ IiðxÞ
IeðxÞ

: ð7Þ

Note that Ie is the electron current arriving at the particle
surface before any sticking processes occur. Ie is expressed
using Maxwell-Boltzmann distributed electron velocities,
resulting in the term used in the orbital motion limit theory
[28]. For the ions in the plasma sheath, the orbital motion
limit approximation is not applicable. Instead, a refined
model for Ii is used that considers the directed motion of

the ions in the sheath electric field [24]. Solving Eq. (7) for
x in the case s̃ ¼ s̃Au ¼ 1 (reasonably modeling gold as a
perfect absorber) yields the reduced floating potential xAu
of a gold particle. Substituting x ¼ xAuY in Eq. (7) gives a
formula for the determination of s̃SiO2

for the silica surfaces
as a function of the measured floating potential ratio Y,

s̃SiO2
ðYÞ ¼ IiðxAuYÞ

IeðxAuYÞ
: ð8Þ

The currents Ie and Ii depend on parameters such as the
density and mass ratio of electrons and ions, the ion drift
velocity, and the shape parameters of their velocity dis-
tributions [24]. These parameters (except for the mass ratio,
which is μ ¼ mi=me ¼ 7.28 × 104 for the argon plasma
used here) are generally height-dependent and are obtained
from the aforementioned particle-in-cell simulation with
XPDP1. The most effective parameter is the density ratio
εðhÞ ¼ neðhÞ=niðhÞ. Figure 5 shows the estimated sticking
coefficient. In addition, the curve for two constant εðhÞ
values (maximum and minimum value of ε in the evaluated
interval) are shown. The effect of a height dependence of ε
is marginal. The remaining height dependency is likely the
result of the varying electron energy distribution over the
range of the evaluated interval, as s̃ is generally dependent
on the energy of the impinging electrons.
All uncertainties presented here are obtained from

subsequent basic error propagation of the measured quan-
tities (ω0, γ, a, h) and δ from [16]. The radius determination
contributed the largest relative uncertainty of all the mea-
sured quantities. The uncertainties for s̃SiO2

are obtained by

FIG. 4. Calculated charge q of hypothetical gold and silica
particles depending on their position in the evaluated interval.
The particles were assumed to have a radius of a ¼ 5 μm. The
shaded areas indicate the uncertainty of the result for q. The
difference in charge despite the otherwise same conditions is
clearly visible. FIG. 5. Results for s̃SiO2

using Eq. (8) and simulation data for
εðhÞ. The data are obtained from the Y values shown in Fig. 3,
and marked similarly. Data using Y from the comparison of both
interpolation curves and constant values for ε corresponding to
the minimum (ε ¼ 0.73, dashed) and maximum (ε ¼ 0.87, dash-
dotted) ε in the evaluated interval are also displayed to show the
influence of ε on the result for s̃SiO2

.
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calculating s̃SiO2
ðY � ΔYÞ. The uncertainty of the simu-

lation data could not be exactly quantified, but the
dependence of the evaluation on the simulation results is
estimated based on a variation of ε. Over all evaluated
particles, a mean value of s̃SiO2

¼ 0.239� 0.037 is
obtained. The values from single particles are between
s̃SiO2;min ¼ 0.183 and s̃SiO2;max ¼ 0.336, and the uncertainty
of a single value is�0.069 on average. These results clearly
indicate that the sticking coefficient of SiO2 is decidedly
lower than 1, and significantly different from that of gold at
the same mean plasma electron energy.
It was shown for the first time that the floating potentials

of dielectric (SiO2) and metallic (gold) particles confined in
the plasma sheath differ significantly, with a ratio Y ¼
Φf;SiO2

=Φf;Au of 0.62 to 0.71. This indicates a fundamen-
tally different charging behavior of the two surface materi-
als. By identifying the different electron sticking
probabilities as the dominant cause for this difference,
an estimation for the electron sticking coefficient s̃SiO2

of
SiO2 is made based on a charging model, simulation data,
and the known value of s̃Au. The electron sticking coef-
ficient of SiO2 for low electron energies is much smaller
than 1 and also below the theoretical prediction of s̃SiO2

¼
0.66 [10]. The residual height dependence most likely
stems from the dependence of s̃SiO2

on the varying electron
energy in the plasma sheath and will be addressed in
future work.
The treatment of dielectric surfaces as perfect absorbers

at low electron energies is not justified. The experimental
method presented here is a new, direct way of determining
electron sticking coefficients, particularly for dielectric
materials at electron energies below 10 eV. The resulting
sticking coefficients are of importance in various techno-
logical applications, as indicated in the introduction of this
Letter. Theoretical calculations of sticking coefficients will
also benefit from the exact experimental determination.
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Appendix A: Ion velocity distribution and charging
current for streaming ions in the plasma sheath

The determination of the floating potential of a mi-
croparticle trapped in the plasma sheath requires knowl-
edge of the electron and ion currents onto the particle
depending on its electrostatic surface potential. This in
turn requires that the distribution function of the ab-
solute value of the velocity of both species is known.
The electrons can be modeled with a three-dimensional
Maxwell-Boltzmann distribution, yielding the known re-
sult used in the OML theory[1–3]. While the classi-
cal OML theory assumes that the ions are following an
isotropic Maxwell-Boltzmann distribution, this is not the
case in the plasma sheath. The strong acceleration of the

ions by the electric field E⃗ of the plasma sheath needs to
be considered in the ion velocity distribution function
(IVDF). While the ion velocity parallel to the electric
field is often modeled as a beam, i.e. a narrow Maxwell-
Boltzmann distribution shifted by a constant drift ve-
locity vdrift, molecular dynamics simulations[4] show a
much better agreement with the constant collision cross
section model (constant-σ model) proposed by Lampe et
al.[5]. The corresponding IVDF is a half-normal distri-

bution with a scale parameter σHN = vdrift ·
√

π/2. The
drift velocity in this case is given by

v2drift =
2e|E⃗|

πminnσ̄
, (A1)

where nn is the neutral gas density and σ̄ the constant
collision cross section. A value of σ̄ = 6 × 10−19 m2 was
chosen by Lampe et al., and also matches the simulation
results of this work. This distribution describes the ion
velocity parallel to the electric field in the simulation used

in this work very well. Choosing the direction of E⃗ as
the z-axis, the velocity distribution in that direction is
given as

fz(vz) =
2

πvdrift
·Θ(vz) · exp

(
− v2z

πv2drift

)
, (A2)

∗ mengel@physik.uni-kiel.de
† bronold@uni-greifswald.de
‡ greiner@physik.uni-kiel.de

with the Heaviside step function Θ. The ion velocities

perpendicular to E⃗ (in x- and y-direction) are distributed
thermally.

fx,y(vx,y) =

√
mi

2πkBTi,⊥
· exp

(
− miv

2
x,y

2kBTi,⊥

)
. (A3)

The temperature Ti,⊥ of ca. 0.056 eV = 650K is obtained
from the simulation data. Contrary to usual assump-
tions, this is about twice room temperature. Using these
distribution functions, the distribution of the absolute
value of the ion velocity can be calculated.

fi(vi) =

∫

R3

δ(|v⃗| − vi)fx(vx)fy(vy)fz(vz) d
3v⃗, (A4)

with v⃗ =
(
vx, vy, vz

)
. Inserting Eqs. (A2) and (A3) and

solving the integral in spherical coordinates yields

fi(vi) =
4A

√
B√

π
√
A−B

·vi ·e−Bv2
i ·D+

(√
A−B ·vi

)
, (A5)

with A = mi/(2kBTi,⊥), B = (πv2drift)
−1 and D+ is the

Dawson function[6].
The total ion current onto the microsphere is then calcu-
lated as

Ii = nie

∫ ∞

0

σc(vi)vifi(vi)dvi. (A6)

Here, σc(vi) = πa2[1 − 2eΦ/(miv
2
i )] is the charge col-

lection cross section of the spherical dust particle. The
resulting ion current is

Ii(Φ) = πniea
2 2

√
β

1− β

√
8kBTi,⊥
πmi

×
[
I1
(

1
1−β

)

1− β
− I2

(
1

1− β

)
eΦ

kBTi,⊥

]
. (A7)

The parameter β = B/A = 2kBTi,⊥/(πmiv
2
d) is the ratio

between the thermal energy of the ions perpendicular to

E⃗ and the kinetic energy corresponding to their directed

motion parallel to E⃗. The coefficients I1(α) and I2(α) are
integral expressions, which are calculated numerically:

I1(α) =

∫ ∞

0

t2e−(α−1)t2D+(t) dt,

I2(α) =

∫ ∞

0

e−(α−1)t2D+(t) dt. (A8)
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This expression can then be used in the calculation of
the sticking coefficient s̃ of SiO2. The expression for s̃(x)
(see Eq. (7) in the main publication) then reads

s̃(x) =
ex

ε
√
µτ̄

2
√
β

1− β

[
I1
(

1
1−β

)

1− β
+ I2

(
1

1− β

)
· τ̄x

]
(A9)

or, in a more compact form,

s̃(x) =
ex

ε
√
µτ̄

[
J1(β) + J2(β) · τ̄x

]
, (A10)

where

J1(β) =
2
√
β

(1− β)2
· I1

(
1

1− β

)
,

J2(β) =
2
√
β

1− β
· I2

(
1

1− β

)
, (A11)

and x = −eΦf/(kBTe) is the reduced floating potential,
while τ̄ = Te/Ti,⊥ is the ratio of electron temperature

and ion temperature perpendicular to E⃗. The other pa-
rameters are the mass ratio µ = mi/me = 7.28 × 104

(for argon), density ratio ε = ne/ni and β, which relates
the shape parameters of the IVDFs parallel and perpen-

dicular to E⃗ to each other and has been defined below
Eq. (A7). The values for β in the evaluated height inter-
val lie between 0.031 and 0.04. The corresponding val-
ues for J1(β) and J2(β) vary slightly (±12% for J1 and
±2.7% for J2) in the evaluated height interval, indicating
that the determination of s̃SiO2

depends weakly on β. µ
is only dependent on the species of ions regarded.

Appendix B: Comparison between constant-σ model
and OML for the sticking evaluation

The classical orbital motion limit (OML) theory is one
of the oldest and simplest charging models for electric
probes and microparticles in a plasma[1]. It considers
a situation in the plasma bulk, where no electric field
is present and both electrons and ions have Maxwellian,
isotropic velocity distributions with temperatures Te and
Ti, respectively. In the sheath, this premise is clearly vio-
lated. For the sake of completeness and as a comparison
to another widely used charging model, the sticking cal-
culations have also been done using the OML expressions
for ion and electron current. Using those, Eq. (7) in the
main publication becomes

s̃(x) =
ex

ε
√
µτ

(1 + τx), (B1)

which has a shape similar to Eq. (A10). τ = Te/Ti is the
ratio between the temperatures of the Maxwellian elec-
trons and ions. The density ratio ε ̸= 1 reflects the fact
that there is no quasineutrality in this situation. For the
evaluation, ε(h) from the XPDP1 simulation was used,

FIG. 1. Results for s̃SiO2 obtained from the interpolated Y (h)
curve using the OML model (orange, dashed line) and the
constant-σ model (black, solid line). The corresponding un-
certainties are visualized as shaded areas. The OML model
yields values for s̃SiO2 that are on average 0.049 (21%) higher
than that of the more refined constant-σ model.

like in the evaluation using the constant-σ model. Be-
cause the ions in the simulation could not be assigned
a well-defined isotropic temperature considering all com-
ponents of their velocity, an average value of τ = 50 was
used for this comparison. SiO2 sticking coefficients have
been calculated with both charging models using the in-
terpolated Y (h) curve in the evaluated interval (see Fig.
3 in the main publication). The result is shown in Fig. 1.
The constant-σ result is visibly (0.049) smaller than that
obtained using OML. However, the results using both
models are below unity and below the theoretical predic-
tion of ca. 0.66[7]. Using the more accurate constant-σ
charging model certainly produces more reliable results
for s̃SiO2.

Appendix C: Details on the XPDP1 simulation

As mentioned in the main publication, a version of
the particle-in-cell code XPDP1[8–10] was used that was
modified for the Phelps argon collision cross sections[11],
i.e. the Monte-Carlo collision model in the original ver-
sion was extended by those cross sections. XPDP1 is a
1d3v code, meaning that the spatial coordinates of the
superparticles were only considered in one dimension (di-
vided into 256 grid cells), while all three components of
the velocity were considered. This reflects the symmetry
of an infinitely expanded parallel plate reactor, which is a
valid simplification for the real discharge. The simulation
considers no dust particles, which is justified as the influ-
ence of a single microparticle on the plasma parameters
as a whole should be negligible. The simulation was first
run until equilibrating at ca. 3.5 × 105 superparticles,
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which each consisted of 2× 106 physical particles. Then,
it was advanced 1000 timesteps of 0.1 ns each, covering a
time of 100 ns, which covers slightly more than a rf pe-
riod (which is ca. 73.7 ns at 13.56MHz). The parameters
of interest (electron and ion densities and velocity distri-
butions, electric field) were averaged over the rf period.
The resulting mean values were then used for the further

analysis.
The accompanying input file for XPDP1 is for a version
where the Phelps cross sections are implemented and en-
abled by setting the option GAS to 6. The standard cross
sections can still be used by changing this option to 2,
which also makes the input file compatible to the unmod-
ified version of XPDP1 directly available for download.
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ABSTRACT

Using a relative measurement approach, the sticking coefficients of dielectric materials commonly used in “dust in plasma” studies—specifically
silica (SiO2), melamine formaldehyde (MF, [C4H8N6O]n), and polymethyl methacrylate (PMMA, [C5O2H8]n)—were estimated. These results
offer important insights for interpreting experiments involving various materials or their combinations, enabling more precise comparisons
and experimental designs.
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Since the mid-1990s, dusty plasma experiments involving
micrometer-sized “artificial” dust particles have predominantly relied
on dielectric (electrically insulating) polymer particles. Polymers are
ideal materials for such studies because they can be produced as perfect
spheres with a small standard deviation and they are commercially
available.1 In contrast, the production of monodisperse metallic
spheres poses technical challenges and they are heavier, making it diffi-
cult to electrically confine them in the plasma sheath. For example,
aluminum spheres are approximately twice as heavy as melamine
formaldehyde (MF) spheres of the same size. The possibly differing
charging behaviors of metallic and dielectric particles were identified
and discussed early on. A key factor is the low mobility of charges on
dielectric surfaces, which may approach zero for materials with zero
electrical conductivity. This limited mobility can lead to asymmetric
charging of a dielectric sphere in the directed ion flows of the plasma
sheath. Such asymmetry may generate an electric dipole moment,
causing the particle to spin. Over time, this spinning can average out
the charge asymmetry, as discussed by Hutchinson.2 Another critical
aspect is the surface’s electron-sticking efficiency. For low-pressure
plasmas, where electron energies are typically below 10 eV, theoretical
treatments of electron sticking become challenging. Using the “invariant
embedding principle,” Bronold and Fehske predicted electron sticking
coefficients (~s) for several dielectric materials for 2 eV thermal plasma
electrons. Their estimates suggest values of approximately 0.65 for silica
(SiO2), 0.42 for sapphire (Al2O3), and 0.30 for magnesia (MgO).3

However, the electronic structures of polymers like melamine formal-
dehyde (MF) and polymethyl methacrylate (PMMA) remain insuffi-
ciently understood, preventing theoretical estimation of electron
sticking coefficients for these materials.

Recently, we developed a dusty plasma-based method to measure
the electron sticking coefficient of dielectric materials at low electron
energies.4 This method is currently being upgraded to accommodate
nonspherical particles, such as sapphire and magnesia. The objective
of this Brief Communication is to present results for melamine formal-
dehyde (MF), polymethyl methacrylate (PMMA), and silica. We
believe that publishing the electron sticking coefficients of these highly
relevant materials is essential for the dusty plasma community, as these
values influence not only future experimental investigations but also
the interpretation of previously published data involving different dust
particle materials. As these materials are available as perfect spheres,
the experimental setup described by Mengel et al.4 was utilized for
these measurements. For detailed information on the setup and meth-
odology, we refer readers to the original publication.4

In short, the method for estimating ~s is based on the observation
that different materials charge differently in the sheath of a low-
pressure radio frequency plasma. Variations in charging currents result
in differences in floating potentials, allowing precise measurements of
the floating potential to be used to determine the electron sticking
coefficient. To eliminate the dependence on charge density in the
sheath, which varies with a particle’s position, a relative measurement
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scheme was introduced in Ref. 4. Since gold (or gold-coated) particles
exhibit a sticking coefficient of approximately one,5 a calibration curve
is established using gold-coated spheres of various radii. This enables
the determination of the floating potential ratio Y between gold and
the material of interest. The measured ratios are presented in Fig. 1(a),
where each data point corresponds to the floating potential measure-
ment of a single particle. The uncertainty bars reflect the average of
approximately 100 excitation cycles using the PEOM method,6 which
provides the particle’s charge-to-mass ratio (q=m) and the Epstein fric-
tion coefficient (c). The propagation of uncertainty also accounts for
pressure and particle radius. Figure 1(a) reveals clear differences in the
floating potentials of melamine formaldehyde (MF), polymethyl meth-
acrylate (PMMA), and silica. Figure 1(b) shows the electron sticking
coefficient derived from the Y values shown in Fig. 1(a), Notably, the
sticking coefficient of MF is found to be relatively close to that of a

metal, while silica exhibits the smallest value, with PMMA slightly
exceeding silica in electron sticking efficiency.

For silica, a clear increase in the sticking coefficient with increas-
ing height in the plasma sheath is observed. This trend is attributed to
the sticking coefficient’s energy dependence,3 indicating a stronger
relationship between the electron sticking coefficient and electron
energy for silica compared to MF and PMMA.

In future work, our experimental setup will be upgraded to allow
direct measurements of the energy dependence of the electron sticking
coefficient. For now, the average values reported in Table I offer rea-
sonable estimates of the sticking coefficient for electron energies in the
single-digit electronvolt range.
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ABSTRACT

For spherical dust particles in dusty plasmas, the capacitor model is an easy and widely used model to link the charge of the particles to their
floating potential. To extend dusty plasma studies to non-spherical particles, a similar relation for arbitrary particle shapes is needed. The
non-spherical geometry can be reduced by relating the charge to that of an equivalent spherical particle. Such an equivalent radius is deter-
mined experimentally and by using simulations for microsphere aggregates under laboratory conditions. The results are compared to the elec-
trostatic capacitance, as well as two approximative models, the orientation-averaged equivalent sphere model (OAES) and the smallest
enclosing sphere model (SES). An excellent agreement with the electrostatic capacitance is found, validating the capacitor model for
non-spherical particles. The OAES model can be used as a good approximation for compact particles or using a correction function, deviating
� 5% from the capacitor model. The SES model is not an appropriate approximation under laboratory low-pressure plasma conditions.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0249630

I. INTRODUCTION

Up to the present time, the majority of nano- and micropar-
ticles considered in laboratory dusty plasma experiments and sim-
ulation are spherical or treated as such. The largest portion of
related theory also focuses on spherical particles. However, many
real world dusty plasma systems, like technological, ionospheric,
and astrophysical plasmas, contain non-spherical particles and
would benefit from a more detailed realistic description. For exam-
ple, the alignment of interstellar dust to magnetic fields shows evi-
dence that this dust has to be non-spherical,1 and laboratory
experiments have predicted ice dust grains in the interstellar
medium to be elongated.2 In the laboratory context, previous
experimental and computational studies utilizing non-spherical
particles were concerned with rodlike particles3–9 or Janus par-
ticles. Janus particles have a coating on one of their hemispheres,
which make their interactions with their environment non-sym-
metric.10,11 The investigations looked at aspects like the particle
orientation and motion in electrical fields, their interaction with

each other, and the properties of the systems composed of them.
Previous work on non-spherical particles was more focused on the
growth of non-spherical particles in astrophysical dusty plas-
mas.12–16 These investigations treated the charge on the aggregates
in a heuristic way using fractal scaling laws. Other studies consid-
ered the formation of dipoles on non-spherical particles.17 Perhaps
the most central aspect, however, is the charge of a non-spherical
particle. Simulations have successfully been used to examine the
charge on more complicated non-spherical particles18–20 and show
a good agreement with experimental observations.21 As the accu-
rate description of the charging processes on a non-spherical grain
is much more intricate than for a spherical grain, the theoretical
models for spherical particles must be modified to take into
account the complex surface geometry of a non-spherical
grain.15,16 One very crucial model is the capacitor model linking
the charge qs of a spherical particle to its floating potential Uf via
the capacitance of a sphere.22 In contrast to astrophysical dusty
plasmas, quantities like the particle charge or its shape are directly
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accessible in a laboratory situation. Therefore, the focus of this
paper lies on the connection between charge and floating potential
of a non-spherical particle in the laboratory dusty plasma context.

We will present results that allow one to describe this connection
using an equivalent spherical capacitor model, where the equivalent
spherical capacitor is characterized by its radius.

It has been postulated that the equivalent radius derived from the
capacitance of non-spherical structures may be approximated by two
different models: the orientation-averaged equivalent sphere, OAES,
and the smallest enclosing sphere, SES, which will be presented in Sec.
II. In Sec. III, the radius aeq of an equivalent spherical particle carrying
the same charge is experimentally determined for aggregates of 2–4
microspheres. Simulations yielding aeq for aggregates of 13–27 spheri-
cal monomers are covered in Sec. IV. The results from Secs. III and IV
are compared to the capacitance and the predictions made by the
OAES and SES models. The capacitance and the equivalent radii of
SES and OAES are also calculated for a set of simple geometries to
allow further studies. The validity of the capacitor model and the appli-
cability of OAES and SES as approximations thereof are finally dis-
cussed and compared to previous results in Sec. V, before a conclusion
is drawn in Sec. VI.

II. THEORETICAL BACKGROUND

For dust particles in a plasma, generally, multiple charging mech-
anisms exist. In laboratory systems, charge collection is the dominant
process and leads to negative charges in the order of magnitude of
�103 to �105 e (where e is the elementary charge) for a typical dust
particle with about 10lm diameter. Charge collection is often
described using the simple orbital motion limited (OML) model,23–25

which describes an isotropic collisionless plasma. Anisotropy in the
plasma, such as the ion flow in a plasma sheath, also affects the grain
charge:22 the charge on the grain can be enhanced or reduced depend-
ing on the flow speed and the grain material.26 However, this presents
only a minor influence on the particle charge.27 A dipole moment is
induced on dielectric grains, and the ion wake created downstream of
charged grains results in a dipole potential field.27–29 Improved models
also exist for collisional plasmas,30 but due to their complexity, those
models are still not widely used in favor of the much simpler OML
model. In astrophysical situations, photoemission and secondary
electron emission from collisions with high-energy primaries are
also relevant and even allow for the particle charge to become posi-
tive.19,31 Particles in the plasma afterglow also usually attain positive
charges32–34 due to the much faster loss of electrons compared to
ions, even though negative charges can still be achieved using charge
control techniques.33,35,36

The surface potential of the particle reaches a stable steady state,
the floating potential Uf , when all the charging currents cancel out to
zero, bar minimal charge fluctuations.37 These fluctuations happen on
a much faster timescale (< 1ls) than the charging time, which is on
the order of several 10ls for a typical microparticle under laboratory
conditions.24 In the time average over a few ls, these fluctuations
therefore disappear.

A. Capacitor model

To calculate the charge qs of a spherical particle from its floating
potential, the capacitor model is used by default

qs ¼ CUf ¼ 4pe0aUf : (1)

The capacitor model uses the capacitance C ¼ 4pe0a of a single sphere
with the radius a to create a relation between Uf and qs. For situations
where the particle radius a is comparable to the Debye length kD, the
capacitance is enhanced by a factor ð1þ a=kDÞ. In essence, the capaci-
tor model simplifies the dust particle as a surface embedded in vacuum
with a spatially constant surface potential equal to the floating poten-
tial Uf . This simplification describes the observed behavior of the
charge of spherical microparticles very well. In principle, the capacitor
model should be extensible to non-spherical particles.22 The electro-
static potential and electric field around differently shaped particles
with the same capacitance are identical at distances from the particle
greater than roughly one ion Debye length.38,39 In typical laboratory
dusty plasmas, where the particle dimensions are much smaller than
the Debye length, the electrostatic interaction of the particle with its
surroundings is dominated by the total charge on the particle, as
higher order terms of the multipole expansion decay faster with dis-
tance from the particle. The higher order terms come into play for the
interaction between aggregates at grain separations below 10 times the
particle dimensions.20 Thus, every non-spherical particle is equivalent
to a spherical particle with a radius RC, which has the same
capacitance,

RC ¼ C
4pe0

: (2)

RC is used in place of the sphere radius a in Eq. (1) for non-spherical
particles. Assuming the capacitor model to be true, one expects RC to
be equal to the radius aeq of a spherical particle with equal charge,
which is measured independently in Secs. III and IV. However, the
application of the capacitor model generally requires accurate knowl-
edge of the capacitance of the particle. For basic shapes like cylindrical
disks and rods,40,41 ellipsoids,42 or touching doublespheres,43 analytical
expressions for the capacitance exist, while the capacitance of more
complex geometries is generally not known or difficult to calculate or
measure. This is especially true for experimental situations where the
geometry of the particle cannot be exactly determined.

Two simpler models have been postulated to be approximating
RC, which shall be shortly introduced in the following.

B. Smallest enclosing sphere (SES) model

The smallest enclosing sphere (SES) model states that a non-
spherical particle carries the same charge as a spherical particle with a
radius Re. The sphere with radius Re is the smallest sphere completely
enclosing the non-spherical particle in question. Observations support-
ing this model were made by comparing a ZnO tetrapod to a poly-
methyl methacrylate (PMMA) sphere in the sheath of an rf plasma44

and by evaluating the trajectories of single microspheres and doublets
(two touching microspheres) in the plasma afterglow.45

Finding the radius of the smallest enclosing sphere is equivalent
to finding the radius abs of the minimal bounding sphere of all points
on the particle surface. For a non-spherical particle consisting of spher-
ical monomers with equal radii, the geometric problem of finding the
minimal bounding sphere of the whole aggregate simplifies to finding
the minimal bounding sphere of the monomer centers abs;c, and add-
ing the monomer radius am,
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Re ¼ abs;c þ am: (3)

As the minimal bounding sphere problem is a common problem in
statistical analysis, operations research, and computer graphics, a
plethora of algorithms has been developed over time, varying in accu-
racy and runtime. For all non-trivial non-spherical particles in this
work, abs (or abs;c, respectively) was computed using a MATLAB
implementation46 of Welzl’s algorithm.47

C. Orientation-averaged equivalent sphere (OAES)
model

The orientation-averaged equivalent sphere (OAES) model, on
the other hand, considers the reduced mean geometrical cross section
of non-spherical structures compared to their enclosing spheres. In
this model, RC is approximated by the radius Rr of a circle with an
area equal to the orientation-averaged projected area (PA) of the
particle,

Rr ¼
ffiffiffiffiffiffi
PA
p

r
: (4)

The details on the numerical calculation of PA are given by
Gopalakrishnan et al.48 The MATLAB implementation written and
used for this work is freely available to download.49 With enough
images of the particle from different angles, PA can in principle also be
estimated as the mean projected area of the particle among these
images. In this way, the OAES model is capable of yielding results
when the capacitance cannot be calculated due to a lack of information
on the three-dimensional structure of the particle. The application of
this model to the charging of non-spherical particles was introduced
by Matthews et al.50 An important characterization of an aggregate’s
structure based on Rr is the compactness factor Ur, defined by Paszun
and Dominik,51

Ur ¼ V
4p
3 R

3
r

; (5)

where V is the volume of the particle. For a monodisperse particle
(consisting of monomers with the same radius am), this simplifies to

Ur ¼ Na3m
R3
r

: (6)

D. Calculations for simple geometries

To assess how well Rr and Re coincide with RC, these three radii
are computed for a range of simple particle geometries assembled
from a number N of spherical monomers (sphere aggregates). The
monomers had a constant radius am of 1 for simplicity, so that the
resulting Re, Rr, and RC were already given in units of the monomer
radius am. Re and Rr were calculated as described in Secs. II B and
IIC, respectively.

The capacitance of each geometry was computed using the
MATLAB implementation of the finite elements method. As a
Dirichlet boundary condition, the potential Usim;S on the particle sur-
face was set to 1V with respect to the potential U1 ¼ 0 at infinity. In
the numerical calculation, U1 ¼ 0 was approximated by the potential
on a distant bounding sphere with a radius R � Re. Numerically solv-
ing this system yielded the electrostatic potential and electric field in

the space between the particle surface and distant spherical hull. Using
Gauss’s law, the particle charge qsim was then obtained by numerically
integrating the electric field on a spherical surface enclosing the parti-
cle. For a better grasp on the variance of the obtained charge, the
charge was calculated for integration surfaces with different radii. The
average of this set of values was used for further calculations. Finally,
the capacitance of the structure was obtained from its charge and the
potential difference with respect to infinity,

Csim ¼ qsim
Usim;S � U1

¼ qsim
1V

: (7)

RC is then calculated as

RC ¼ Csim

4pe0
: (8)

These calculations were carried out for the following groups of plausi-
ble aggregate structures (see also Fig. 1):

• straight linear chains of 2-25 monomers,
• triplets with varying central angle h ¼ 60 to 180�,
• tetrapods approximated by four linear chains of spheres joined at
a central monomer,

• structures with monomers at the vertices of platonic bodies,
• planar structures with sphere centers arranged in n� n squares
with n 2 ½2; 5�,

• 320 randomly generated structures of 6, 8, 9, 16, and 25 touching
spheres.

The same calculations were also done for the experimentally observed
particle structures (see Sec. III), if not already included in the list above,
as well as the structures considered in the OML_LOS simulation later
on (Sec. IV).

III. EXPERIMENT

The experiment uses aggregates of a few (2–4) microspheres as
non-spherical particles. Observing single microspheres under the same

FIG. 1. Visualization of simple example structures for which Re, Rr, and RC were
calculated. The overlaid black lines and dots are meant to emphasize the three-
dimensional structure of the respective aggregates. Each shown structure repre-
sents one group of structures, as described in Sec. II D.
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conditions allows for comparison between the charges of the single
and agglomerated microspheres. The particle size and geometry were
measured using long-distance microscopy (LDM), while the pulse-
excited oscillation method (PEOM)52 yielded information about the
charge and mass of the particles. The latter was checked against the
phase-resolved resonance method (PRRM)53 on a random test basis,
which produced the same results, but is much more time-consuming.
The details of the charging process of dust particles in the plasma
sheath are potentially very intricate. However, this investigation
focuses on the relation between the charge and floating potential of the
particles, which can both be accessed with the used experimental
approach. Therefore, the specifics of the charging process itself are not
discussed here, as they can be found in the literature.26,29,54–57

A. Setup

The experiments in this work have been carried out in the
Sticking Cube II reactor, a capacitively coupled argon RF discharge.
The lower electrode was driven with a nominal power of PRF ¼ 1W
and a corresponding RF voltage amplitude of Û RF;pp ¼ 110V, while
the upper electrode was grounded. A low-frequency excitation signal
for use with the PEOM and PRRM was coupled onto the RF signal
using a filter network. The electrode separation was 34mm. Both elec-
trodes had a diameter of 30mm. The lower electrode had a cylindrical
cavity (diameter 6mm, 2mm deep), and a metal ring (outer/inner
diameter 21mm/16mm, 2mm thick) was added on top of it for even
stronger horizontal confinement. To accommodate the dust dropper,
the upper electrode had a central 10.5mm diameter hole. The argon
pressure during all measurements was held at p ¼ 7:556 0:02 Pa.
Pressure and RF voltage and power were kept constant over all mea-
surements, ensuring reproducibility. For each run of the measurement,
the dust dropper was filled with commercially available58 spherical
gold-coated melamine formaldehyde (MF) particles with a different
nominal size. In preliminary tests, the probability to observe aggregates
of microparticles was decidedly higher using gold-coated particles than
with silica or polymer spheres. The nominal diameters used were
4:13; 5:95; 7:89; 9:49; 9:94; and11:87 lm. Aggregates of 2–4 micro-
spheres sometimes formed at random and could be trapped in the
plasma sheath. The formation of the aggregates most likely happened
in the dust dropper before being introduced into the plasma, as each
aggregate was visible as a single coherent body in the laser illumination
immediately after exiting the dust dropper. From the numbers of the
trapped particles, empirical probabilities to trap an aggregate of 2 or
more monomers were obtained. Doublets occurred with a chance of
� 16%, triplets with � 7:6%, and quadruplets with � 5:7%. The
remaining particles were single spheres. A green laser (k ¼ 532nm)
beam was expanded to about 10mm diameter and aimed at the parti-
cle using a pair of galvanometer mirrors. The laser beam was termi-
nated in a beam dump outside the vacuum vessel. The galvanometer
mirrors were each controlled by an external voltage, which allowed for
particle illumination at every position in the plasma volume. A high-
speed camera (max. 200 fps) was used to track the position of the illu-
minated particle during the PEOM and PRRMmeasurements. A white
LED flash (flash duration 200ls) and a high-resolution camera
(4000� 3000 pixel) with a LDM lens (magnification M � 30) were
used to take 40–100 images of each particle. A typical LDM image of a
doublet is shown in Fig. 4. Both cameras were calibrated with scales
positioned in the empty chamber. The calibration of the PEOM

camera allows for a determination of the absolute equilibrium height h
of each particle above the electrode (1 px equates to 5.5lm), while the
calibration of the LDM camera allows for a conversion between pixels
on the LDM images and absolute distance in the focal plane (1 px
equates to 0.06lm). The laser was switched off during the LDM mea-
surements to avoid interfering with the lighting by the LED flash. A
schematic view of the most important parts of the setup is shown in
Figs. 2 and 3.

FIG. 2. Schematic top view of the experimental setup, emphasizing the optical
setup. The mirror system allows the laser to be adjusted horizontally and vertically.
The electrical setup for the PEOM and PRRM is shown in Fig. 3 separately.

FIG. 3. Schematic side view of the setup, focusing on the electrical setup and the
electrode geometry. The dust dropper is embedded in the upper electrode. A metal
ring on the lower electrode enhances the horizontal confinement of the particles. All
excitation and trigger signals needed for PEOM and PRRM are generated by a
computer. The excitation signal is coupled into the driving voltage of the plasma via
a filter network to avoid damage to the hardware.
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B. Measurement and analysis scheme

The PEOM (and PRRM) measurements yield the eigenfrequency
x0 and damping rate c of each particle’s oscillation in external excita-
tion. x0 is defined as,

x0 ¼
ffiffiffiffiffiffiffiffiffiffi
qqq
mde0

r
; (9)

where qq is the absolute space charge density at the particle position
and md is the mass of the dust particle. For spherical particles, the
Epstein model59 for the damping rate c is valid,

c ¼ d
4
p

p
aqmv̂ th;n

; (10)

where p is the gas pressure, qm is the mean mass density of the particle,
and v̂ th;n is the thermal velocity of the neutral gas. d is a dimensionless
coefficient determining whether the reflection of the neutral gas atoms
at the particle surface is diffuse or specular, and if the particle is suffi-
ciently thermally conductive. For dusty plasma situations with spheri-
cal particles, d ¼ 1:446 0:05 has been found in experiments with MF
particles in different noble gases.53 The radius a of the spherical par-
ticles is obtained from the LDM images (Fig. 4). Using these radii and
Eq. (10), the mass ms of the spherical particles is calculated. To
account for the height-dependency of both the charge density qq and
the charging currents determining the particle floating potential, an
auxiliary quantity gs is defined using the capacitor model for spherical
particles [Eq. (1)] and the definition of the eigenfrequency x0 [Eq.
(9)]. A closely related approach was used in previous work to compare
the floating potential of different particles,60

gs :¼ Uf ðhÞqqðhÞ ¼
msx2

0;s

4pa
; (11)

where gs is calculated for each spherical particle at its equilibrium levi-
tation height h using the results for x0;s, a, and the mass ms obtained
from the result for c. Based on these points gsðhÞ, gs is interpolated
in the whole range of spherical particle levitation heights (about

4.9–9.1mm above the electrode) using a fifth-order polynomial fit.
The data and interpolation for gsðhÞ based on the measurements for
74 single spheres are shown in Fig. 5. It is assumed that the floating
potential is the same for all particles with the same surface material at
the same height.60 For non-spherical particles, the relation between the
charge qns and Uf is not used in order to provide an independent mea-
surement. Instead, the quantity j / qsqqðhÞ is calculated from the
massmns and eigenfrequencyx0;ns of the non-spherical particles,

j :¼ 1
e0
qnsqqðhÞ ¼ mnsx

2
0;ns; (12)

where mns is obtained using the mass density qm of spherical particles
of the same nominal diameter as the spherical constituents of the
aggregate using Eq. (10). The equivalent radius aeq of a spherical parti-
cle is defined as the radius of a (hypothetical) spherical particle with
the same charge qs ¼ qns. The charge of a spherical particle at the
same height h can be calculated using the spherical capacitor model
[see Eq. (1)]. This yields the following formula for the determination
of aeq:

aeq ¼ qns
4pe0Uf ðhÞ ¼

j
4pgsðhÞ

: (13)

Using this, the equivalent radius aeq is calculated for each of the
observed aggregates, without making assumptions about the capacitor
model and thus independently measuring the equivalent radius.

C. Experimental results

A total of 17 doublets, 8 triplets, and 6 quadruplets have been
recorded and evaluated. The calculation of aeq for the observed aggre-
gates yielded the results presented in Figs. 6, 7, and 8 and Table I. To
make the comparison between different monomer sizes easier, aeq, Re,

FIG. 5. Results for gsðhÞ. Each individual data point represents one spherical parti-
cle for which gs has been calculated from PEOM and LDM data. The solid line is a
fifth-order polynomial fit used to interpolate gs for any position h in the range of
spherical particle levitation heights (about 4.9–9.1 mm above the lower electrode).
The black dashed line indicates the lower sheath edge of the plasma, as deter-
mined by the plasma glow intensity.

FIG. 4. Typical raw LDM image of a doublet consisting of two gold-coated MF
spheres with a nominal diameter of 9.49lm. For the analysis, the inhomogeneous
lighting was corrected using a background image taken without a particle. The
actual diameter of each sphere was determined from the average FWHM of multiple
intensity profiles along straight lines crossing the respective circle center. One pixel
of the image translates to 60.1 nm distance in the focal plane.
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Rr, and RC are given in units of the (mean) monomer radius am of
the respective particle. The doublets, triplets, and one of the quad-
ruplets had structures already considered in the calculations of Rr

and RC (see Sec. II D). For the remaining quadruplets, the respec-
tive calculations were done after analyzing their structure using the
LDM images.

All doublets (Fig. 6) have an equivalent radius that is clearly
incompatible with the SES model and very close to the OAES model
and the electrostatic capacitance. The mean of aeq=am over all doublets
is almost identical to the OAES prediction, slightly below the capaci-
tance value. Because the difference between the OAES prediction and
the capacitance value (1.39–1.36¼ 0.03) is very small in respect to the
uncertainty of the measurement (Dðaeq=amÞ 	 0:14), no distinction
can be made between capacitance and OAES based on the doublet
results. The results from the doublets alone therefore allow no decision
whether the OAES model or the capacitance agrees better with the
experimental results.

FIG. 6. Equivalent radius aeq of the 17 observed doublets in units of the respective
monomer radius am. The different fill colors of the markers represent the nominal
monomer diameter. The prediction made using the OAES model, and the electro-
static capacitance are shown as red, dashed blue, and dashed-dotted lines, respec-
tively. The SES prediction lies at 2, significantly above the data points and is
therefore not displayed. The solid black line marks the mean of aeq=am of all
observed doublets, and the shaded area indicates the respective uncertainty.

FIG. 7. Equivalent radius aeq of the observed triplets in units of the respective
monomer radius am. The color coding is the same as in Fig. 6 for the doublets. The
left panel contains the data for the seven equilateral triplets (h ¼ 60�), where a
mean value for aeq=am could be calculated. The right panel shows the data for the
single non-equilateral triplet. The SES predictions are significantly above the mea-
sured data (2.15 and 2.85, respectively).

FIG. 8. Equivalent radius aeq of the observed quadruplets in units of the respective
monomer radius am. The color coding is similar to Figs. 6 and 7, but the predictions
are individually plotted for each quadruplet. The quadruplets are labeled A-F in
accordance with their nomenclature throughout this section. The structures of the
quadruplets are sketched above the x-axis. The SES predictions are significantly
above the measured data (see also Table I) and therefore not shown in this figure.

TABLE I. Results for the equivalent radius aeq in units of the mean monomer radius
am, in comparison with the predictions by the SES and OAES model and the numeri-
cally calculated electrostatic capacitance.

Experiment Predictions

SES OAES Capacitance
aeq=am Re=am Rr=am RC=am

Doublets (mean) 1:366 0:08 2.00 1.36 1.39a

Triplets h ¼ 60� (mean) 1:636 0:12 2.15 1.60 1.62
Triplet h ¼ 135� 1:76 0:3 2.85 1.64 1.71
Quadruplet A 1:706 0:24 2.22 1.77 1.78
Quadruplet B 1:626 0:25 2.69 1.81 1.83
Quadruplet C 2:16 0:3 3.17 1.87 1.98
Quadruplet D 1:956 0:26 2.36 1.81 1.83
Quadruplet E 1:866 0:23 2.99 1.84 1.90
Quadruplet F 2:006 0:25 2.76 1.83 1.89

aThe exact value for the doublet using the analytical capacitance provided by Lekner43

is RC=am ¼ 2 ln 2 � 1:386.
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Seven of the eight triplets (Fig. 7) had an equilateral structure
(h ¼ 60�). Their average aeq=am is marginally above the capacitance
value and the OAES prediction, but closer to RC. aeq of the last, more
obtuse triplet (h ¼ 135�) is almost identical to the predicted RC, but
both RC and Rr are easily within the uncertainty. For all triplets, the
results were incompatible with the SES predictions.

Because the quadruplets (Fig. 8) all had different structures, no
averaging is justified. There is no systematic tendency toward either
the OAES prediction or capacitance value, but the experimental results
always agree with both of these values while clearly contradicting the
SES predictions.

IV. OML_LOS SIMULATION
A. Simulation procedure

To study the charge of aggregates with a higher number of mono-
mers than could be achieved experimentally, the OML_LOS (orbital
motion limited—line-of-sight approximation) simulation technique
developed by Matthews et al.18 is employed. The considered non-
spherical structures were 108 aggregates of 13–27 spherical monomers
generated to mimic experimentally observed aggregates of gold-coated
melamine formaldehyde particles. The charging conditions in the sim-
ulation corresponded to those in a typical laboratory dusty plasma
such as the one used in the experimental section of this work. A com-
parison between the conditions in laboratory dusty plasmas and proto-
planetary disks as an astrophysical dusty plasma can be found in
previous work.50

The surface of each particle is divided into surface elements, each
of which receives the OML charging currents according to its surface
potential during each time step. The line-of-sight approximation con-
sists in attenuating the currents onto each surface element according
to its LOS factor. The trajectories of incoming electrons and ions are
assumed to follow straight line paths near the surface. The incoming
particles are assumed only to contribute to the charging currents if
they approach along open lines-of-sight, found by checking a number
of test directions originating from the surface element to see if they
intersect the rest of the particle surface. The LOS factor is the ratio of
open lines-of-sight to the total number of test directions, which are dis-
tributed evenly over the solid angle. Thus, the charging current onto
each surface element only accounts for electrons and ions not already
blocked by other monomers of the same aggregate. The charge of each
surface element is tracked separately, and its potential is updated
according to the charge of all surface elements including itself after
each time step. The OML currents were calculated assuming a isotro-
pic plasma (as in the plasma bulk) consisting of electrons and argon
ions, with temperatures Te ¼ 46400K � 4eV, Ti ¼ 298K � 0:026eV,
masses me ¼ 9:11� 10�31kg, mi ¼ 40u, and densities ne ¼ ni ¼ 1:6
�1015m�3. Using this technique, the steady-state charges of each
structure were obtained as the sum over the charges of each surface
element after equilibrating the system.

B. Simulation analysis and results

For the 108 artificially created aggregates (see Sec. IVA), the
charge q was calculated using OML_LOS. Using the electron and ion
masses and temperatures in the simulation, the floating potential of a
sphere is calculated using the OML model.23–25 The application of
OML is justified here because the simulated aggregates are in a situa-
tion similar to the plasma bulk, where electrons and ions have

isotropic, Maxwellian velocity distributions. The resulting floating
potential Uf ¼ �2:25kBTe ¼ �9:00V is used to calculate the equiva-
lent capacitor radius as,

aeq ¼ q
4pe0Uf

; (14)

which is similar to Eq. (13), but with q=e0 and Uf replacing j and gs,
respectively. For each of the particle geometries simulated with
OML_LOS, Re, Rr, and RC have also been calculated using the meth-
ods presented in Secs. II and IID. The results are displayed in Fig. 9. It
is clearly visible that, aside from five single outliers, the capacitance
radius RC matches the equivalent charge radius aeq extremely well,
supporting the expectation that the capacitor model is valid for non-
spherical particles. The remaining difference is attributed to errors aris-
ing from the discretization in the capacitance calculations. In contrast,
the OAES prediction Rr lies between 7% and 14% below aeq for the
largest portion of the simulated structures. The SES prediction Re is
significantly higher than aeq. It overestimates aeq by 21%–75%.

V. RESULTS AND DISCUSSION
A. Comparison of SES, OAES, and capacitor model

For all non-spherical geometries examined in this study, be it experi-
mentally or via OML_LOS simulation, an excellent agreement of aeq with
the capacitor model is found. The OAES model performs almost as well
for the experimentally observed particles with N � 4, but deviates by
approximately 10% from the capacitance value and aeq for the simulated
particles, which have a lower compactness and N 	 13. Both experiment
and simulation contradict the SES model, which significantly overesti-
mates aeq in both those cases. The capacitor model is found to accurately
describe the relation between particle charge and floating potential in a

FIG. 9. Predicted radii RC (capacitance), Rr (OAES), and Re (SES) compared to
aeq, computed for 108 particles simulated with OML_LOS. The predictions are given
in units of aeq, so that the horizontal line at 1 marks a perfect match between predic-
tion (RC, Rr, Re) and simulation results (aeq). The values for Re=aeq are shown in a
separate plot above, as they lie much farther away from 1 than the other predic-
tions. Note the gap between the y-axes as well as their different scaling. All values
are sorted along the x-axis according to the compactness Ur of the respective
structure, which increases from 0.32 to 0.44 along the x-axis.
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plasma environment, justifying its use for non-spherical particles. The
OAES model without further modifications can still approximate aeq for
aggregates with a high compactness (Ur � 0:6) within 5%, which
includes all geometries with N � 3. The latter is also true for some, but
not all quadruplets. In contrast, the SES model does not predict aeq for
any simulated or experimentally observed particle, which is why we deem
it not valid for the description of the charge of microsphere aggregates in
typical laboratory (low-pressure) dusty plasmas.

B. Approximation of RC by Rr

As argued above, the electrostatic capacitance is a very accurate
description of the equivalent radius aeq. The OAES model is still a
good approximation for low N (as seen with the experimentally
observed particles in Sec. IIIC), but becomes less accurate with higher
values of N, as can be seen with the simulated particles (N 	 13, see
Sec. IVB). For the simulated particles, the prediction Rr of the OAES
model was approximately 10% below the actual equivalent radius aeq
and the capacitance radius RC. However, the purely geometrical calcu-
lation of Rr is easier than solving the full electrostatic problem. Also,
there may be situations when the capacitance is not easily calculated.
Based on the data for RC and Rr of all geometries considered in this
work, an empirical correction formula FðUr;NÞ is formulated. Using
FðUr;NÞ, RC can be approximated as,

RC � Rcorr
r ¼ Rr � FðUr;NÞ; (15)

where

FðUr;NÞ ¼
h
1:046� ð1:025WlinðNÞ þ 0:0207Þ

� exp
�� 11:28

�
Ur � Ulin

r ðNÞ�Þi�1
; (16)

WlinðNÞ ¼ 0:761� 2:289 Ulin
r ðNÞ þ 2:435 Ulin

r ðNÞ
h i2

� 0:904 Ulin
r ðNÞ

h i3
; (17)

and

Ulin
r ðNÞ ¼ N � 1þ 8

3p
ðN � 1Þ

� ��3=2

: (18)

This approximation formula is intended for aggregates of monodisperse
spheres. For almost all (� 98:3%) of the geometries in this work, Rcorr

r
deviates less than 5% from RC. The compactness factor Ur of the aggre-
gates was as low as 0.19. Using this formula, RC of non-spherical par-
ticles approximated as aggregates of spheres61 can be estimated based on
Rr, which is potentially easier to calculate for more complex geometries.
Simplification of the charge estimation of non-spherical dust particles is
important, since the study of the charge physics of non-spherical par-
ticles must rely on averages over a large number of particles. Simple
experimental shape estimation (several 2D projections instead of a full
3D reconstruction) and capacity estimation (substitute capacity and
approximation formula, instead of full numerical integration of the elec-
tric potential) will likely help laboratory dust plasma physics.

C. Previous SES observations

For the tetrapod-like aggregates investigated in Sec. II D, RC

and Re differ significantly, indicating that the SES model is not

specifically valid for tetrapodal particles. To explain the observa-
tions made by Asnaz et al.,44 which gave rise to the SES model,
other factors need to be taken into account. Previous work shows
that dielectric and metallic surfaces charge to a different extent in
the plasma due to their different electron sticking coefficient.60

Asnaz et al. obtained a value for the equivalent radius of a ZnO tet-
rapod by comparison to a PMMA sphere. However, recent mea-
surements revealed that the electron sticking coefficient of PMMA
for low-energy electrons is significantly below 1.62 The electron
sticking coefficient of ZnO is not yet known for low energies. This
could have significantly distorted the comparison. Repeating this
measurement with the knowledge of the correct electron sticking
coefficients would shed light on this seemingly contradictory
observation. The results by van Minderhout et al.,45 on the other
hand, were measured in the spatial plasma afterglow at a much
higher pressure (90Pa instead of 7:5Pa). Because the particles
examined there carried positive charges, it is questionable whether
the charging processes are comparable.

VI. CONCLUSION

The equivalent capacitor radius aeq was experimentally deter-
mined for small (N � 4) sphere aggregates in the plasma sheath.
Larger aggregates (13 � N � 27) in the plasma bulk were simulated
using OML_LOS, from which the equivalent radius aeq was deter-
mined as well. For the particles from both studies, as well as a set of
simple geometries, the electrostatic capacitance, the smallest enclosing
sphere, and the orientation-averaged projected area have been calcu-
lated for comparison. From these data sets, the radii RC, Re, and Rr

were obtained.
Both studies (experiment and OML_LOS simulation) show an

excellent agreement with the capacitor model. This validates the capac-
itor model for the determination of the particle charge in dusty plas-
mas, as its simplifications seem to have negligible effect on the result in
the dusty plasma context. The theoretical expectation that it is the cor-
rect description is therefore fulfilled. The OAES model is almost
equally accurate for compact structures (Ur 	 0:6), but its accuracy
can be vastly improved using a correction function F for monodisperse
aggregates with compactness parameters down to approximately 0.19,
so that it approximates RC and therefore aeq with � 5% uncertainty.
In principle, one could possibly also formulate a correction factor for
polydisperse aggregates (such as those found in previous computa-
tional studies18) given enough data for the charge of such aggregates
and a suitable parameter to use in place of the monomer count N.
Finally, the SES model fails to accurately predict the equivalent radius
in the laboratory plasma bulk and plasma sheath. Using these results,
charge and floating potential of arbitrary non-spherical particles can
be calculated from each other, because any arbitrary particle structure
can be approximated as a monodisperse aggregate of a possibly high
number of monomers. This connection, for example, allows the deter-
mination of the low-energy electron sticking coefficients of materials
only available as non-spherical particles, using the relative measure-
ment scheme initially developed for spherical particles.60 Notably,
dielectric materials, such as MgO or Al2O3, only occur as non-
spherical grains. Dielectric materials are of high technological interest
due to their central role in dielectric barrier discharges (DBDs) and
their various applications,63–66 which makes the knowledge of their
surface properties highly desirable.
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