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J’ai décidé d’être heureux
parce que c’est bon pour la santé.
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Summary

Dust particle contamination is a crucial problem in today’s society. This is not only
due to the worldwide rise in air pollution which reduces people’s life expectancy in
industrial areas, but also because dust particles strongly impact the production process
of one of the smallest and most complicated elements: electronic chips for computers
and smartphones. In both examples, control and mitigation of the contaminating
particles are of the utmost importance. This thesis will explore the first and most
fundamental steps to open up opportunities for plasma-based particle removal.
A plasma is an ionised gas consisting, apart from atoms or molecules, of electrons
and ions. Plasmas can, therefore, charge embedded nano- to micrometre-sized particles
electrically. Moreover, high electric fields are self-induced by the plasma at its
boundaries. These two properties combined form the very basis for future plasmaassisted contamination control techniques. In order to remove airborne particles out of
a gas flow, knowledge is required about the charging mechanisms taking place not only
in the active plasma region, but also in the Spatial Plasma Afterglow (SPA) of the
discharge. Previous studies have been limited to particle charging in temporal plasma
afterglows, which differ significantly concerning the evolution of plasma parameters.
To bridge this knowledge gap, this research presents fundamental insights into the
plasma-particle charging dynamics in the largely unexplored spatial plasma afterglow.
The presented knowledge is obtained by experiments and by simplified modelling of
the local plasma-particle interaction. Experiments were carried out using the designed
and developed Plasma Particle Charging Investigation (PPCI) setup. Microparticles
were injected in a vacuum environment before being electrically charged by an inductively coupled plasma. The residual charge of these particles and their interaction
with the afterglow were subsequently investigated through monitoring their behaviour
in an externally applied electric field under varying experimental conditions. The
electric field-influenced particle trajectories were studied using laser light scattering
and high-speed camera imaging, combined with in-house developed particle tracking
software.
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Summary

For the purposes of this study, the following two research lines were defined.
• Research line one focusses on the charge and (de)charging of spherical microparticles in different types of spatial plasma afterglows by means of analysing the
complex interplay of the processes governing the particle charging.
• Research line two experimentally reveals how clustered microparticles in a spatial
plasma afterglow region are charged. To date, several competing models have
been used in the literature to describe the charge of non-spherical particles, none
of which have been either verified or refuted. This research line therefore conveys
experimental proof to answer this outstanding question.
In research line one, the particle charge and (de)charging were investigated in three
different SPA-types. In the free SPA, void of any physical obstruction between the
active plasma region and its SPA, the microparticle charge was accurately measured.
The experiments showed a particle charge of −30 ± 7 e, which is three orders of
magnitude lower than the typical particle charge of of −104 e expected in the plasma
bulk for the used silver-coated melamine-formaldehyde particles with a diameter of
4.9 ± 0.2 µm.
A relatively simple analytical timescale model analysed this difference in particle
charge between the bulk and the SPA. From this, it was derived that the difference in
the electron temperature between the bulk and the afterglow region mainly explains
the difference in the particle charge.
As for the shielded SPA, it was shown that the particle charge can be precisely
controlled, ranging from small negative (−40 e) to even small positive charges (+10 e)
by changing the magnitude of the externally applied electric field only. The shielded
SPA was created by the application of a mesh grid in the cross-section of the setup,
separating the plasma bulk from its afterglow. The presence of the mesh grid induced
an additional electric field component between the grid and the electrodes that were
used to create an externally applied electric field. This additional electric field, in turn,
influenced the positive ion space charge distribution and, thereby, enabled the particle
charge control. In the free SPA, however, this additional electric field component
was much smaller due to the absence of the mesh grid. Regarding the shielded SPA
geometry, it was shown that the charge of the microparticles was controlled by variation
and asymmetry of the local ion density distribution. The latter occurred through
measurements and analyses of the currents received by the electrodes as a function of
the electric field strength between them.
In the pulsed and shielded SPA, all microparticles were effectively neutralised
independently of the applied electric field strength. In the relevant experiments, the
plasma discharge was switched off after all particles were spatially situated below
the mesh grid (which shielded the plasma afterglow from the bulk). Full particle
neutralisation was then experimentally demonstrated by spatially resolved particle
charge measurements. Since the plasma discharge was pulsed, hardly any space charge
was present at the moment of measuring the particle. In contrast, in the continuous
shielded SPA (as discussed above), the ion space charge had a dominant role in
the achieved charge control of the particles. In an ascending order of certainty, the
viii

neutralisation of the particles could be caused by photo-detachment, neutralisation by
(trapped) ions, and resonant charge exchange reactions.
Research line two experimentally revealed the charging of clustered microparticles
in the free SPA, which literature has described by means of contradicting models.
By direct measurements of the charge ratio Re = 2.1 ± 0.2 between two-particle
clusters (doublets) (9.8 ± 0.9 e) and single microparticles (singlets) (4.6 ± 0.1 e), first
experimental proof has shown that the charge on doublets is correctly described
through the charge on the smallest enclosing sphere predicting R = 2 rather than by
its capacitance predicting R = 1.39.
In the experiments, the particle size, mass and cluster configurations were determined based on the measured vertical velocity and on a flow model supported by
empirical findings in the field of aerosol science. Compared to the negative particle
charge measured in the free SPA in research line one, these experiments were performed
with a five times lower plasma power. The latter is expected to be the dominant reason
for the observed difference in particle charge and sign. The obtained insights into the
plasma-charging of clusters contribute to the general understanding of plasma-charging
of irregularly-shaped particles.
In the research described in this thesis, the microparticles charge of microparticles
has been precisely controlled, ranging from small negative to even small positive
charges. The achieved control provides insights into the complex interplay of plasmainduced particle charging processes. Not only is the particle charge determined by the
plasma bulk, it also proves predominantly determined by the dynamics in its afterglow.
These results regarding the charging of particles as well as the electric fields’ influence
bring the development and application of plasma-assisted particle filtering in various
applications an important step closer.
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Samenvatting

Vervuiling door stofdeeltjes is een enorm probleem in de huidige samenleving. Niet
alleen omdat de wereldwijde toename van luchtverontreiniging de levensverwachting
verkort van mensen in industriële gebieden, maar ook omdat stofdeeltjes een grote
invloed hebben op het productieproces van zeer kleine en ingewikkelde onderdelen
zoals elektronische chips voor computers en smartphones. In beide voorbeelden is
het van cruciaal belang dat de verontreinigende deeltjes kunnen worden gecontroleerd
en beperkt. In dit proefschrift worden de eerste en meest fundamentele stappen
onderzocht in de richting van het verwijderen van stofdeeltjes uit een gasstroom met
behulp van plasma.
Een plasma is een geı̈oniseerd gas, dat naast atomen of moleculen bestaat uit
elektronen en ionen, waardoor plasma’s de nano- tot microdeeltjes die erin zitten
elektrisch kunnen opladen. Het plasma wekt bovendien zelf aan zijn grenzen hoge
elektrische velden op. De combinatie van deze twee eigenschappen vormt de basis
voor toekomstige plasma-ondersteunde technieken om luchtverontreiniging te kunnen
verwijderen. Om de in de gasstroom zwevende deeltjes te kunnen afvoeren, hebben we
kennis nodig over de oplaadmechanismen, niet alleen in het actieve plasmagebied, maar
juist ook in de Ruimtelijke Plasma-Nagloed (RPN). Tot nu toe was wetenschappelijk
onderzoek beperkt tot het opladen van deeltjes in temporele plasma-nagloeden, die
aanzienlijk anders zijn wat betreft de evolutie van de plasmaparameters. Daarom
levert dit onderzoek fundamentele inzichten in de grotendeels onbekende dynamiek
van plasma-deeltjesopladen in de ruimtelijke plasma-nagloed.
De gepresenteerde kennis is verkregen uit experimenten en vereenvoudigde modellering van de lokale interactie tussen plasma en deeltjes. De experimenten werden
uitgevoerd met behulp van een zelf ontworpen en ontwikkelde experimentele opstelling.
In deze opstelling werden microdeeltjes geı̈njecteerd in een vacuümomgeving. Daarna
werden de deeltjes elektrisch opgeladen door een inductief gekoppeld plasma. De
restlading van deze deeltjes en hun interactie met de nagloed van het plasma werden
onderzocht door hun gedrag te volgen in een extern aangelegd elektrisch veld onder
wisselende experimentele omstandigheden. De banen van de door het elektrische
xi
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veld beı̈nvloede deeltjes werden bestudeerd met behulp van laserlichtverstrooiing en
hogesnelheidscamera’s, gecombineerd met eigen software voor deeltjestracking.
Voor dit onderzoek werden de volgende twee onderzoekslijnen gedefinieerd.
• Onderzoekslijn één richt zich op de lading en het (ont)laden van bolvormige
microdeeltjes in verschillende types ruimtelijke plasma-nagloeden door het bestuderen van het complexe samenspel van de oplaadprocessen die de deeltjes beı̈nvloeden.
• Onderzoekslijn twee toont experimenteel aan hoe geclusterde microdeeltjes
worden opgeladen in de ruimtelijke plasma-nagloed. Tot nu toe werden in
de literatuur verschillende tegengestelde modellen gebruikt om de lading van
niet-sferische deeltjes te beschrijven. Geen enkele daarvan werd geverifieerd of
weerlegd. Deze onderzoekslijn levert experimenteel bewijs om deze openstaande
vraag te beantwoorden.
In onderzoekslijn één werd de deeltjeslading en het (ont)laden onderzocht in drie
verschillende types RPN. In de vrije RPN (zonder fysieke obstructie tussen het actieve
plasmagebied en de RPN) werd de lading van microdeeltjes nauwkeurig gemeten.
Het experiment toonde een deeltjeslading aan van −30 ± 7 e. Dit is drie ordes van
grootte lager dan de typische deeltjeslading van −104 e die in de kern van het plasma
werd verwacht voor de gebruikte verzilverde melamineformaldehyde deeltjes met een
diameter van 4.9 ± 0.2 µm.
Een relatief eenvoudig analytisch tijdschaalmodel onderzocht dit verschil in deeltjeslading tussen de kern en de RPN. Hieruit werd geconcludeerd dat het verschil in
elektronentemperatuur tussen de kern van het plasma en het nagloedgebied voornamelijk het verschil in deeltjeslading verklaart.
In de afgeschermde RPN is aangetoond dat de deeltjeslading nauwkeurig kan
worden beı̈nvloed, variërend van kleine negatieve (−40 e) tot zelfs kleine positieve
ladingen (+10 e) door alleen de grootte van het extern aangelegde elektrische veld te
veranderen. De afgeschermde RPN werd gecreëerd met behulp van een fijnmazig gaas
in de dwarsdoorsnede van de opstelling, dat de kern van het plasma scheidde van zijn
nagloed. De aanwezigheid van het gaas wekte een extra elektrische veld-component op
tussen het gaas en de elektroden die gebruikt werden om een extern aangelegd elektrisch
veld te creëren. Deze extra elektrische veld-component beı̈nvloedde de ruimtelijke
ladingsverdeling van de positieve ionen en maakte zo de controle van de deeltjeslading
mogelijk. In de vrije RPN was deze elektrische veld-component daarentegen veel
kleiner door de afwezigheid van dit gaas. In de geometrie van de afgeschermde RPN
werd aangetoond dat de lading van de microdeeltjes was beı̈nvloed door variatie en
asymmetrie van de lokale ionendichtheidsverdeling. Dit werd onderbouwd door middel
van metingen en analyse van de stromen die door de elektroden werden opgevangen
als een functie van de elektrische veldsterkte daartussen.
In de gepulseerde en afgeschermde RPN werden alle microdeeltjes effectief geneutraliseerd, onafhankelijk van de aangelegde elektrische veldsterkte. In de experimenten
werd het plasma uitgeschakeld nadat alle deeltjes zich ruimtelijk onder het gaas
bevonden (dat de plasma-nagloed afschermde van de kern). Daarna werd de volledige
xii

neutralisatie van de deeltjes experimenteel aangetoond door metingen van de ruimtelijk
opgeloste deeltjeslading. Aangezien het plasma gepulseerd was, was er op het moment dat de deeltjeslading werd gemeten nauwelijks ruimtelading aanwezig. In de
continu afgeschermde RPN (zoals hierboven besproken) speelde de ionenruimtelading
daarentegen een dominante rol bij de bereikte ladingscontrole van de deeltjes. In
oplopende volgorde van zekerheid zou de neutralisatie van de deeltjes veroorzaakt
kunnen zijn door photodetachment, neutralisatie door (opgesloten) ionen en resonante
ladingsuitwisselingsreacties.
Onderzoekslijn twee onthult experimenteel hoe geclusterde microdeeltjes opladen in
de vrije RPN, wat in de literatuur door tegenstrijdige modellen werd beschreven. Door
directe metingen van de ladingsverhouding Re = 2.1 ± 0.2 tussen clusters van twee
deeltjes (9.8 ± 0.9 e) en enkele microdeeltjes (4.6 ± 0.1 e), werd het eerste experimentele
bewijs geleverd dat de lading op twee-deeltjes-clusters correct wordt beschreven door
de lading van de equivalent kleinst omsluitende bol met als voorspelling R = 2 en niet
door de capaciteit ervan met als voorspelling R = 1.39.
In de experimenten werd de grootte, massa en cluster configuratie van de deeltjes
bepaald op basis van de gemeten verticale snelheid en met een stromingsmodel dat
werd ondersteund door empirische bevindingen op het gebied van de aerosolwetenschap.
Vergeleken met de negatieve deeltjeslading in de vrije RPN in onderzoekslijn één,
werden deze experimenten uitgevoerd met een vijfmaal lager plasmavermogen. Dit
lager plasmavermogen is waarschijnlijk de hoofdoorzaak van het waargenomen verschil
in deeltjeslading en polariteit. De verkregen inzichten in de plasmalading van clusters
dragen actief bij tot het algemeen begrip van de plasmalading van onregelmatig
gevormde deeltjes.
In het onderzoek beschreven in dit proefschrift is de lading van microdeeltjes
nauwkeurig beı̈nvloed, variërend van kleine negatieve tot zelfs kleine positieve ladingen.
De bereikte controle geeft inzicht in het complexe samenspel van de deeltjesladingsprocessen die worden opgewekt door het plasma. De lading van de deeltjes wordt niet
alleen bepaald door de kern van het plasma, maar voornamelijk door de dynamiek in
de nagloed ervan. Deze inzichten over het opladen van deeltjes en de invloed van de
elektrische velden daarop, brengen de ontwikkeling en het gebruik van het filteren van
deeltjes met behulp van plasma in verschillende toepassingen een aanzienlijke stap
dichterbij.
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Chapter 1
Introduction

Abstract
In today’s society, plasma-based applications can be of crucial importance to solve dust particle contamination problems, such as air pollution
and particle contamination in the fabrication of ultra-clean high-tech systems. This first chapter places the research presented in this thesis into
perspective and highlights its value for related research fields and applications. To that end, an introduction to plasmas and the charging of
particles in plasmas has been included, as well as a description of the thesis’
research aims and structure.

Chapter 1. Introduction

1.1

Introduction

Dust is everywhere. In our homes, getting rid of dust can be cumbersome. Yet, in other
situations, it can even prove to be problematic. Figure 1.1 shows three important cases
which were or still are crucial for (the creation of) today’s society and are strongly
affected by the presence of dust.
Figure 1a shows a wafer handler which is developed, designed and produced by VDL
Enabling Technologies Group (ETG) for application in state-of-the-art photolithography systems in which particle contamination control is of the utmost importance to
protect the wafers. These wafers are, in essence, the starting point of all produced
electronic chips. Since the current typical size of the features in small electronics are
as small as 13 nm [1], one can imagine the destructive effect nano- to micrometre-sized
dust particles can have during the production process.
Figure 1b illustrates the vast effect of smog, i.e. air pollution in industrial and
urban centres, posing a danger to people living in those areas. It is proven that,
with daily exposures to (ultra-fine) dust particles at work, life expectancy will be
reduced by about 38 months [2]. Figure 1c shows an artist’s impression of a young
star surrounded by a dusty protoplanetary disk. In such environments, dust particles
aggregate and form bigger particles in order to create the initial seeds for planetesimal
formation, eventually leading to the formation of planets.
The respective figures share the understanding that the charging of particles
embedded in partly ionised media is of the utmost importance. The two applications
shown in Figures 1a and 1b could benefit significantly from plasma-assisted techniques
to filter the dust particles out of the air or out of the production process and, therefore,
avoid contamination. In astrophysics, the particle charge plays a crucial role in dust
particle aggregation in protoplanetary disks, which eventually leads to planet formation.
Moreover, fully understanding this process would contribute to the understanding of
the formation and development of our solar system.
In this chapter, the basics of plasma and its afterglow are introduced in section 1.2.
In section 1.3, the relevance of this research is conveyed by reviewing the importance
of particle charging in numerous processes and applications. This is then followed by
the working principle of plasma-assisted contamination control strategies in section 1.4.
The introduction concludes with the research aim in section 1.5, followed by the thesis
structure in section 1.6.

1.2

(Complex) plasmas

This research deals with partly ionised gas - a plasma - which in addition to atoms
or molecules consists of charged species: electrons and ions. Compared to normal
gas, these charges species significantly alter the properties of plasma. The latter is
therefore commonly referred to as the fourth state of matter besides solid, liquid and
gas. Although ninety-nine per cent of all visible matter in our universe consists of
plasma, it was not until 1879 that Sir Williams Crookes identified the plasma state
which he named “radiant matter” [3]. The term plasma was introduced by Irving
Langmuir, as it reminded him of how blood plasma carried its components [4].
2
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a

b

c
Figure 1.1: a) Wafer handler for photolithography applications being inspected,
b) Smog descends on Wuhan, Hubei China by 云中君, licensed under CC BY /
zoom from original, and c) Planet-Forming Disk Around a Baby Star by NASA
Universe, licensed under CC BY / zoom from original.
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Well-known plasmas that can be found in nature are, for example, the sun (in
essence a large ball of hot plasma), lightning, and the aurora borealis and australis
(northern and southern lights). In laboratories, plasmas are often made by the
application of an electric field to a gas. When the applied electric field is sufficiently
large, breakdown will occur, in which electrons are freed from being bound to an
atom, and a plasma is formed. This thesis studies a low-pressure plasma, i.e. the
plasma created in an environment which has a pressure below atmospheric pressure.
A characteristic of low-pressure plasmas (and also of some atmospheric plasmas) is its
non-thermal state: the electrons are hot, typically 10 000 K, while the background gas
remains close to room temperature. The non-thermal property of plasmas forms the
cornerstone of many applications [5], such as plasma deposition [6, 7] and etching, [8],
medicine [9], lighting [10], gas treatment [11,12] and particle contamination control [13].
This thesis studies the interaction between small dust particles and plasma. Nanoto micrometre-sized particles can be inserted into a plasma, but can also be created by
chemical reactions induced in it [14, 15]. The common term for a plasma that consists
of neutrals, electrons and ions, and also of (charged) dust particles, is complex or dusty
plasma. The freely moving electrons and ions tend to charge the larger dust particles,
which drives numerous fundamental processes in various research fields, as will be
explained in the following section. The particle charging in low-pressure plasmas is
the main subject of this research.
In this work, the charging of dust particles is studied in a unique region of the
plasma, i.e. its afterglow. The afterglow is the region where the plasma is not actively
powered, i.e. the electric fields in the afterglow region are so small that heating of
electrons is negligible. There are two different types of afterglows: temporal and
spatial plasma afterglows. A temporal afterglow is created by switching off the plasma
discharge, rendering it transient in time until all the plasma species have decayed. On
the other hand, a Spatial Plasma Afterglow (SPA) is transient in space and constitutes
the region just outside of the active plasma region. This thesis comprises a study of
the particle charge and (de)charging in SPAs.

1.3

The charge of particles: a key parameter

The charge of (non-spherical) particles is a key parameter in many research fields
such as complex plasma physics, astrophysics and aerosol science. In complex plasma
physics, the particle charge drives many elementary processes, such as ion drag [16,17],
local Debye shielding [18], and Coulomb-interactions in strongly coupled plasmas
[19, 20]. Moreover, during the plasma-assisted growth process of (nano)particles, the
particle charge forms a key parameter steering the majority of the relevant elementary
processes [21–27].
In astrophysics, particular attention is attributed to the charging of clustered
particles [28–33], since these are commonly found in protoplanetary disks (see Figure 1c)
where planet formation takes place [31–34]. The particle charge in these environments
is essential for the aggregation process, leading to their explosive growth. In aerosol
science, extensive research has reported on the charging of non-spherical particles at
atmospheric pressures [35–40], with the particle charge being of vital importance in
4
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determining the particles’ size in differential mobility analysers that are often used for
research purposes.
An understanding of the charging mechanisms of (non-spherical) particles embedded
in media where free charge carriers are present is therefore of vital importance in a
wide range of fundamental fields. Not only is the particle charge, as discussed above,
an essential parameter in numerous fundamental processes, it also holds importance
for many applications. For example, it has been shown that the charge of nanoparticles
(NPs) in medications influences drug delivery and imaging [41–43]. Although having
a higher cytotoxicity, positively charged NPs improve the efficacy of imaging, gene
transfer and drug delivery [44].
Gold NPs are also frequently used in colourimetric sensing [45–48]. In this application, the aggregation of NPs is used, which is heavily influenced by their charge.
Neutralisation of the NPs results in improved detection time, signal stability and
sensitivity of the technique [49].
Another prominent example in this framework is the semiconductor industry. This
major industry deals with the fabrication of delicate computer chips, a process in
which particle contamination control is of the utmost importance [50]. The following
section elaborates on why the particle charge forms the key parameter in potential
plasma-assisted particle contamination control strategies and could, therefore, be highly
beneficial for the production of ultra-clean systems in the semiconductor industry.

1.4

Plasma-assisted particle contamination control

The potential of plasma-assisted particle contamination control stems from the ability
of plasma to electrically charge particles immersed in it [16], as well as to control
particle trajectories by means of the self-induced electric fields at its boundaries [51].
The position and trajectory of plasma-charged particles may also be controlled by
externally applied electric fields. In a practical application, this means that the
contaminating particles are charged and decharged in a spatially limited region of
plasma before being deflected by electric fields in the SPA.
To enable further developments of these contamination control strategies, knowledge
of the charge and (de)charging of (non-spherical) particles in the SPA is desired. The
few relevant plasma afterglow particle charging studies that were performed are limited
to temporal plasma afterglows [52–59]. Compared to an SPA situation, those studies
differ fundamentally regarding the distinct evolution of plasma parameters, such as
electron temperature and plasma density.

1.5

Thesis focus

The research presented in this thesis has been conducted in the research group
Elementary Processes in Gas Discharges (EPG) at the Eindhoven University of
Technology. EPG has a long history of studying complex plasmas which is, for
example, described in numerous PhD theses [60–67]. The current thesis focuses on
the SPA of complex plasmas as described in the research goal below.
5
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This research aims to obtain a fundamental understanding of the charge
and (de)charging of microparticles in low-pressure spatial plasma
afterglows.
The objective of this thesis has been divided into two research lines, mapped in the
research framework displayed in Figure 1.2.
• The first research line focuses on the charge and charging of spherical microparticles in different types of SPAs through a study of the complex interplay of the
charging processes in this region.
• The second research line reveals how clustered microparticles in the free SPA
are charged. In the literature, several models are used to describe the charge of
non-spherical particles none of which have been verified or refuted. Experimental
proof answers this outstanding question.

Thesis:
Microparticle charging in spatial plasma
afterglows
Research line 1:
Charging of spherical particles
in spatial plasma afterglows

Charge of particles in free
spatial plasma afterglow
(chapter 3)
Charge control of particles in
shielded spatial plasma
afterglow (chapter 4)

Research line 2:
Charging of clustered particles
in spatial plasma afterglow

Revealing how clustered
microparticles are charged:
experimental proof for the
smallest enclosing sphere
model (chapter 6)

Charge neutralisation by
pulsed and shielded spatial
plasma afterglow (chapter 5)

Figure 1.2: Overview of the thesis’s research framework. The research is divided
into two research lines of which the results are discussed in chapters 3-6.
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1.6

Thesis structure

The structure of this thesis is as follows:
Chapter two describes the physics of dusty plasmas and the relevant (plasma-induced)
forces acting on the microparticles under these conditions.
Research line one comprises three chapters, each dedicated to the charge and
charging in a different type of SPA:
Chapter three presents and discusses the experimental setup and the in-house
developed particle tracking software, as well as charge measurements in the free
SPA as a proof of principle test case. Moreover, it introduces a relatively simple
timescale model to analyse the charge and (de)charging under these conditions.
Chapter four shows that the charge of microparticles can be accurately controlled in the shielded SPA. For this purpose, a mesh grid was used that shielded
the afterglow from the plasma bulk. The governing mechanism of the measured
particle charge control is presented and supported by measurements of the
(plasma) currents in the shielded SPA.
Chapter five discusses the neutralisation of microparticles by pulsing the
shielded SPA. Spatially resolved particle charge measurements are presented
that show the particles’ full neutralisation.
Research line two consists of one chapter:
Chapter six reveals the charge of clustered microparticles in the free SPA.
By direct measurements of the particles’ mass, size and charge, experimental
proof is presented that pinpoints the model correctly describing the charge of
non-spherical particles in SPAs at low pressure.
Chapter seven and eight finalise this research with general conclusions drawn from
the respective chapters.
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The physics of complex plasmas and
the applied flow

Abstract
This chapter describes the physics important for the complex plasma
experiments described in this research. In the latter, the studied microparticles are injected in an Inductively Coupled Plasma of which the basics
are described. In addition, the plasma afterglow is treated, which refers
to the plasma state after the ionisation source has been removed. When
microparticles are inserted in a plasma, they are charged by the plasma
species. This plasma-induced charging process and other relevant charging mechanisms taking place in the experiments are discussed. Also, an
overview of the forces acting on the microparticles is given. Estimates
of these forces show that gravity and neutral drag are dominant in the
vertical direction, whereas in the horizontal direction, the electrostatic
force stands out. In the experiments, a flow is introduced which influences
the particle trajectories. A discussion of the flow profile and its entrance
effects concludes the chapter.

Chapter 2. The physics of complex plasmas and the applied flow

2.1

Introduction

This chapter discusses the relevant theory needed for an understanding and analysis
of the research presented in this thesis. Section 2.2 discusses the basics of radio
frequency (RF) plasmas (subsection 2.2.1) with special attention for inductively
coupled plasmas (subsection 2.2.2), followed by a discussion of the plasma afterglows
basics (subsection 2.2.3) and complex plasmas (subsection 2.2.4).section 2.3 deals
with the charging mechanisms of particles contained in plasmas. An overview of the
relevant charging processes is given (subsection 2.3.1), including a discussion of the
Orbital Motion Limited (OML) theory. All particles, charged or otherwise, are subject
to several forces. These forces are treated in section 2.4. This chapter is finalised by
a short overview of the relevant flow physics in section 2.5 which describes the flow
profile and its entrance effects applied in the experiments discussed in chapter 3-5.

2.2

Plasma

As explained in the introduction (section 1.2), a plasma is an ionised gas, which
consists not only of atoms or molecules but also of electrons, ions and excited species.
This section discusses the physics of (complex) plasma and its afterglow.

2.2.1

Basic properties of plasma

Laboratory plasmas are generally created by sufficiently strong electric fields, which
vary widely in terms of the frequency applied. Examples of regularly used plasmas are
DC, AC (kHz range), RF (MHz range) and microwave (GHz range) plasmas. In the
research presented in this thesis, a radiofrequency plasma (RF) plasma is used, which
differs from most other types of plasmas in terms of the charged particles’ ability to
follow the applied electric field.
Plasma frequency
A crucial parameter to explain the ability of charged particles in the plasma to follow
the applied electric field is the plasma frequency, given by
s
ne,i Z e,i 2 e2
ω e,i =
.
(2.1)
me,i 0
Here, ne and ni stand for the electron and ion densities. Z e,i and me,i represent the
charge number and mass of the electrons and ions, while e stands for the elementary
charge of an electron and 0 for the dielectric constant of vacuum. For a typical lowpressure plasma with ne,i = 1 × 1015 m−3 , the plasma frequency of electrons and ions
is ω e /2π ≈ 284 MHz and ω i /2π ≈ 1 MHz respectively. The vast difference in plasma
frequency between ions and electrons is due to the disparity between the mass of
both. In an RF plasma, which is often operated at 13.56 MHz, only the electrons have
sufficiently small inertia to be able to follow the electric field oscillations. Consequently,
10
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while the electrons are heated, the ions are only subject to the time-averaged electric
fields, such as those present in the plasma sheath (as will be discussed later on in this
section). Equation 2.1 predicts the substantial difference in power coupling between
the different types of laboratory plasmas. In AC and DC plasmas, both electrons and
ions can follow the field and are thus heated, in sharp contrast with an RF plasma.
Ionisation degree
The power delivered to the plasma discharge results in ionisation of the gas species.
For a plasma consisting solely of electrons and positively charged ions, the ionisation
degree is given by
ne,i
α=
,
(2.2)
ne,i + nn
where nn is the density of the neutral gas species. A higher plasma power generally
leads to more ionisation reactions and, thus, to a higher ionisation degree.
Debye length
A fundamental property of plasmas is quasi-neutrality. In the simplest case, this means
that the total number of electrons and positive ions in a certain volume must balance
at all times. Overall the plasma is neutral, however charge variations can occur on a
length scale smaller than the so-called Debye length
s
0 k b T e,i
λDe,i =
.
(2.3)
e2 ni,e
Here, T e,i represents the electron or ion temperature. Even though the Debye length
can differ for electrons and ions, it is regularly used without specifying the species in
the form of the linearised Debye length
1
1
1
=
+
.
λD 2
λDe 2
λDi 2

(2.4)

In the bulk of low-pressure plasmas T e  T i , in which case λD ≈ λDi .
Mean free path
In addition the Debye length, the mean free path also forms an important length scale
in plasmas. It is defined as the distance between two subsequent collisions of a specific
particle (1) (for example: electrons, ions or neutrals) with other particles (2), and is
given by
1
λmfp,1 =
.
(2.5)
n2 σ 12
Here, n2 represents the density of particle (2) and σ 12 the cross-section for collisions
between species (1) and (2).
11
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Plasma sheath
When plasma comes into contact with a surface, a positive space charge region near
the surface, the plasma sheath, is formed. In principle, it is created to enable the
plasma to remain quasi-neutral. When the plasma is initially switched on, electrons
and ions travel to the surface of interest. The electrons, having much higher mobility
(lower mass), reach the surface with higher velocities than the ions. At this initial
stage, the electron flux towards the surface therefore exceeds the ion flux and, as a
result, the surface becomes negatively charged. In turn, this negative charge repels the
approaching electrons, whereas it attracts the ions. This mechanism continues until
the electron and ion flux to the surface balance and quasi-neutrality is secured. As a
consequence, the surface obtains a negative bias voltage with respect to the plasma,
and a space charge region in which the ion density dominates over the electron density
is formed in front of the surface. This sheath region is typically a few Debye lengths
thick and is dependent on the collisionality, i.e. the pressure of the discharge [68].

2.2.2

Inductively coupled plasmas

For the purpose of this thesis, an Inductively Coupled Plasma (ICP) is used which
is driven by radiofrequency oscillating fields. In ICPs, the power is transferred from
induced electric fields to the plasma electrons rather than directly from the applied
electric field in the case of capacitively coupled plasmas. A coil wrapped around a
tube constitutes a common configuration for the generation of an ICP in which the
electrons do not directly contact the coil.
As depicted in Figure 2.1, an ICP can be modelled as a transformer-coupled circuit.
An RF-voltage is applied to a coil with self-inductance L11 and mutual inductance
L12 between the actual coil and the inductance of the plasma (a virtual coil). In this
model, the plasma consists of a resistive part Rp and an inductance Lp in order to
account for the phase lag between the applied RF field and the RF conduction current
due to the finite electron inertia [69]. To ensure efficient power coupling, a matchbox
is generally used to convert the complex plasma impedance at the RF-frequency to a
50 Ω resistive load seen by the amplifier.
Since the amplitude of induced electromagnetic waves decreases when penetrating
a conducting medium (which a plasma generally is), the electrons are only heated
in a thin layer near the surface of the plasma, the so-called skin-depth layer δ. In a
low-pressure plasma, where the electron-neutral collision frequency ν m is much smaller
than the operation frequency ω of the ICP, the skin depth is given by
r
me
δ=
(2.6)
2
e µ0 nes
where nes is the electron density in the skin-depth layer and µ0 the vacuum permeability.
Equation 2.6 only holds when δ is much smaller than the typical radius R and length
l of the coil that is used for the generation of the discharge.
Electrodeless RF discharges can be operated in two different power coupling regimes:
the so-called E- and H-modes [70, 71]. In the E-mode, the plasma is sustained by a
capacitively coupled discharge since a significant voltage drop across the plasma sheath
12
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IRF

Ip

+

VRF

+

L12
L11

L22

Rp

Vp
Lp

-

-

Figure 2.1: Schematic illustration of the equivalent transformer coupled model
of an inductively coupled discharge.
exists [72]. This mode is characterised by low plasma powers and is always present
when the plasma is ignited. In the H-mode, the inductive coupling prevails. Compared
to the E-mode, it is characterised by an approximately two orders of magnitude higher
plasma density and a much brighter light emission [73]. In chapter 4, it will be shown
that in this thesis’ experiments, the ICP is operated in the E-mode.

2.2.3

Plasma afterglow

This research focuses primarily on the particle dynamics in the afterglow region of the
plasma. The term afterglow refers to the plasma state after the ionisation source has
been removed, which can occur both in time (temporal plasma afterglow) and in space
(spatial or remote plasma afterglow). In the afterglow, the plasma species transit
back to the gas state, mostly recombining at a third body, such as the setup walls
in case of relatively low-pressure discharges. Moreover, electrons lose (part of their)
energy due to collisions with gas species [74] as well as diffusion to and successive
recombination at the walls of the setup [75]. In chapter 3, a timescale model is
presented that investigates the particle charge in the spatial plasma afterglow through
a careful analysis of the plasma processes in this region.
Due to the decrease in plasma density, the governing mechanism for diffusion
can change in plasma afterglows. As long as the Debye length is much smaller than
the typical diffusion length Γ (determined by the geometry of the setup), plasma
species diffuse jointly, coupled by Coulomb interactions, which is called ambipolar
diffusion [16]. For plasma densities where λD  Γ, electrons and ions are no longer
coupled and can diffuse freely. Chapter 5 discusses the transition from ambipolar
diffusion to free diffusion taking place in the afterglow and its influence. The plasma
afterglow can be affected by metastables (long-lived excited states) the presence of
which strongly depends on the gas type. When present, these species can lead to
super-elastic collisions heating the electrons [76].
13
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2.2.4

Complex plasma

As explained in the introduction, a complex plasma consists, in addition to neutral
(atoms or molecules) and charged species (electrons and ions), also of nano- to
micrometre-sized particles which often become charged when interacting with the
plasma. For the purpose of this thesis, mono-disperse microparticles are injected into
the plasma. Complex plasmas are often created with large amounts of particles to
study, such as phase transitions under microgravity conditions [77]. In the current
research, a low microparticle density is used such that mutual Coulomb interactions
between the particles can be neglected and only the interaction between particles and
plasma remains as subject of investigation.

2.3

Charge and charging of dust particles

Similar to the description of the sheath formation in subsection 2.2.1, microparticle
charging in a plasma environment can be described by the balancing of plasma species
arriving at their surface. The evaluation of this current balance in the plasma bulk is
not straightforward and has been subject to discussion in the literature over the past
few decades. This is mainly because particle charging forms a mesoscopic process;
some properties are described by theories also applicable to bulk material properties,
whereas others can only be described using molecular theories. For example, the
charge analysis of a microparticle in a plasma radiated by a laser requires knowledge
of the microscopic surface processes occurring (electron attachment, ion capture,
recombination) as well as an understanding of the macroscopic work function to study
the laser effect. The particle work function constitutes a bulk property for particles
larger than approximately 10 nm [25].

2.3.1

Charging processes

What follows is a brief overview of the relevant particle charging processes contained
in this thesis.
Collection of charge carriers
In a plasma environment, dust particles varying in size from nano- to micrometres,
are charged by the plasma species arriving at (and sticking to) their surface. As
explained earlier, the mobility of electrons is much higher than that of ions, which
causes electrons to dominate the initial current to the particles. In the plasma bulk,
the particles therefore become negatively charged until an equilibrium between the
fluxes is achieved.
The principal theory describing the process of particle charging by the collection of
plasma species is called the Orbital Motion Limited (OML) theory and was originally
developed for Langmuir probes by Mott-Smith and Langmuir in 1926 [78], representing,
in principle, a relatively straightforward theory. The OML theory assumes that an
isolated particle is surrounded by a “thick” sheath in comparison with the particle’s size
(λD  rp ). Moreover, it assumes that the sheath around the particle is collisionless
14
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for both electrons and ions (λD  λmfp ), and that these species are collected by the
particle when their obits overlap the particle surface. Accordingly, the ion (I i ) and
electron (I e ) current for Maxwellian electrons and exclusively positive ions collected
by the particle are given by [79]

 I i0,e0 (1 − qi,e φs )
if q i,e φs ≤ 0
kb Tqi,e φ 
I i,e =
(2.7)
s
i,e
 I i0,e0 exp −
if q i,e φs ≥ 0.
k T
b i,e

The plasma currents depend on the surface potential of the particle φs as well as on
the charge of both ions q i and electrons q e and their temperature T i,e . Furthermore,
in Equation 2.7, I i0,e0 is the current collected at φs = 0
s
8k b T i,e
I i0,e0 = πrp 2 ni,e q e,i
.
(2.8)
πmi,e
In equilibrium, the particle charge does not change due to arriving plasma species and
the sum of the plasma currents is given by
∂Q
= I i + I e = 0.
∂t

(2.9)

By assuming ni = ne (which is generally the case in a quasi-neutral plasma) and
q i = −q e , the particle’s surface potential is determined by equating the electron and
ion currents
r
p
me
T̃ exp(−y) =
(1 + T̃ y),
(2.10)
mi
where y =

eφs
kb T e

and T̃ =

Te
Ti .

Equation 2.10 shows that φs does not depend on the size

of the particles or the plasma density, but solely on T̃ . By considering a particle as a
capacitor with capacity C = 4π0 r rp with r the relative permittivity, the particle
charge is described by
Q = 4π0 r rp φs

(2.11)

Collisionality corrections to OML The OML theory, as described above, assumes
both electrons and ions to be collisionless. For λD /λmfp,ia ≈ 10−1 , the particle
charge is lowered because ion-neutral collisions increase the residence time of ions and
consequently also the ion current [16,80,81]. For increasing λD /λmfp,ia , the ion current
is reduced and the particle charge becomes more negative. At maximum, these effects
change the charge of the particles by a factor of two to three compared to the OML
predicted particle charge [16, 80, 81].
Secondary electron emission
When highly energetic electrons or ions collide with the surface of a particle, secondary
electrons can be ejected from it when the energy of the incoming species is high enough
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to cause ionisation of the surface material [82]. The probability for secondary electron
emission depends not only on the energy of the colliding particle, but also on the
work function of the particle’s material. For a nanometre-sized particle, the work
function can differ significantly from its bulk value due to an image charge induced on
its surface [25].

Photoemission
Photons arriving at the surface of a particle can either detach electrons when an excess
of electrons is present, or photoionise the particle material when the photon energy is
above the threshold for the corresponding process. It stands to reason that the energy
required for the latter is significantly higher than that needed for photodetachment.
For both processes, the photoemission depends on the particle’s material properties,
the energy of the incoming photon and the surface potential [83]. Photodetachment
typically requires UV photons [84], whereas photoionisation requires deep UV or EUV
photons [85].

Thermionic emission
When the thermal energy of a particle overcomes its work function, electrons are
ejected. This process, called thermionic emission, generally occurs for particles that
are heated intensively for a short period by, for example, intense laser pulses. For
polycrystalline silver with a work function of 4.3 eV, thermionic emission requires a
particle temperature of approximately 1000 K [86].

Field emission
In contrast to the previously discussed charging processes, field emission does not
require an energetic incoming specie, but rather the presence of a strong electric
field. Under the influence of this electric field, some electrons can tunnel through the
potential barrier and are thereby ejected from the particle. Not taking into account
the shape of the particles, i.e. local field enhancement effects, the electric field strength
threshold for field emission is around 109 V m−1 [87].

Resonant charge exchange
Resonant charge exchange transfer (RCT) also involves the tunnelling of electrons. In
this case, a particle can lose an electron through the interaction with an excited atom
or molecule. When the energy level of the excited state lies within the conduction
band, electrons can tunnel through the potential barrier between the particle and the
colliding excited specie [88]. RCT is, amongst other factors, determined by the surface
state of the particle [89], which makes it a complicated process for the purposes of an
accurate analysis.
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Triboelectric charging
Triboelectric charging is a form of contact charging, i.e. it only requires a particle and
a surface such as the surface of another particle. It is best known for the static electric
charge one builds up when, for example, rubbing a balloon over hair. This effect is
typically explained by the difference in work function between conducting materials.
To describe the charging in the balloon-hair example, a charging description of the
local surface states and defects is required [90], since electrons cannot move freely
in an insulator. Triboelectric charging is a peculiar phenomenon, as the reasons on
why completely identical particles are also able to charge each other are not fully
understood [91, 92].
In the experiments presented in this thesis, the particles are triboelectrically
charged before injection in the setup (as will be discussed in chapter 3, section 3.2).
Yet, this initial charge is always reset by the plasma charging effect.

2.4

Forces on particles

When dust particles are injected into plasma and its spatial plasma afterglow, they
are influenced by several forces. This section discusses the forces acting on single
microparticles. The forces acting on clustered microparticles are treated in chapter 6
where they are relevant for the interpretation of those experiments. This section
first discusses gravity, buoyancy and the electrostatic force. Subsequently, the three
relevant drag forces are treated: the neutral drag force (subsection 2.4.4), the ion drag
force (subsection 2.4.5), and the thermophoretic force (subsection 2.4.6). This section
concludes with a discussion on the radiation pressure and an overview of the typical
magnitude of the presented forces.

2.4.1

Gravity

Every object on earth is subject to gravity; and so are microparticles. For a spherical
particle of radius rp and density ρp , the gravitational force is given by
Fg =

4
πrp 3 ρp g
3

(2.12)

where g is the gravitational acceleration.

2.4.2

Buoyancy

In a fluid with density ρn , gravity is partially counteracted by buoyancy (also called
upthrust). The well-known Archimedes principle [93] states that the magnitude of
buoyancy is equal to the weight of the fluid displaced by the object and can therefore
be expressed as
4
Fb = − πrp 3 ρn g,
(2.13)
3
in most gasses ρn  ρp .
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2.4.3

Electrostatic force

A microparticle with charge Q experiences an electrostatic force Fe in the presence of
the electric field E
Fe = QE.
(2.14)
When the electric field is generated by a neighbouring particle, Equation 2.14 results
in
r1 − r2
,
(2.15)
FC,1 = k e Q1 Q2
|r1 − r2 |3
where k e = 1/4π0 with 0 representing the vacuum electric permittivity, and Qi and
ri the charge and the position vector of particle i. Equation 2.15 assumes the particles
to be point charges. In a plasma, the presence of the electrons and ions (partially)
shield the charge of microparticles. Therefore, the particles do not feel the full charge
of the neighbouring particle but rather a reduced effective charge Qeff , which is given
by
Qeff = Q exp (−r/λD ),

(2.16)

where r is the distance from the center of the (partially) shielded particle.
However, for an externally applied electric field, the situation is different. Daugherty
et al. have shown that the electrostatic force acting on a microparticle is given by the
vacuum force (Equation 2.14) for uniform plasmas when the particle size rp is much
smaller than the Debye length [94]. They assumed the sheath around the particle to
be unperturbed without trapped ions around the particle. The non-trivial conclusion
reported by Daugherty et al. states that although the sheath around the particle
partially shields it from the surrounding plasma, it does not screen the dust particle
from an externally applied electric field.

2.4.4

Neutral drag force

Like any other object, microparticles experience a drag force when moving through a
medium due to momentum transfer by collisions with neutral gas atoms or molecules.
The magnitude of the neutral drag force depends on the flow regime of the surrounding
gas. Two key dimensionless numbers classify the flow regime. The first one is the
Reynolds number, which compares the inertial to the viscous forces and is therefore
defined as
ρn v p L
Re =
.
(2.17)
µn
Here, v p is the velocity of the microparticles with respect to the flow, L the characteristic length scale, and µn the dynamic viscosity of the gas. For Re  1, the flow
can be considered laminar, whereas for Re  1 the flow is considered turbulent. The
second dimensionless number that defines the flow regime is the Knudsen number, and
is given by
λmfp
Kn =
,
(2.18)
L
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where λmfp is the mean free path between collisions of neutral gas atoms or molecules.
For Kn  1, the flow is in the continuum regime, while for Kn  1 it is in the free
molecular flow regime.
Continuum flow regime (Kn < 0.01)
For a laminar flow in the continuum regime, the neutral drag force is given by the
well-known Stoke’s law derived in 1851 by George Gabriel Stokes [95]
Fd,c = −6πµn rp vp

(2.19)

Transitional flow regime (0.01 < Kn < 1)
For 0.01 < Kn < 1, the flow is in the transitional regime between continuum and free
molecular flow. The Cunningham slip correction takes into account the partial slip at
the surface of the particle [96, 97]
Fd,t = −

ρn C d Ap |v p |
vp ,
2C c

(2.20)

where Ap is the projected area of the particle and C c = 1 + Kn (α + β exp (−γ/Kn))
with α, β and γ empirically determined fluid and particle dependent constants. Additionally, C d is the drag coefficient C d = a1 + a2 /Re + a3 /Re2 with the constants a1 ,
a2 and a3 . For Re < 0.1, Equation 2.20 reduces to Fd,t = Fd,c /C c .
Free molecular flow regime (Kn > 1)
In the free molecular flow regime, Kn  1, the Epstein relation describes the neutral
drag
4π
Fd,f = − δρn rp 2 v th,n vp ,
(2.21)
3
for v p  v th,n , where v th,n is the thermal velocity of the gas atoms or molecules. In
addition, δ is a constant accounting for the microscopic mechanism of the collisions
between the particles and the gas atoms or molecules. For perfect specular reflections
δ = 1, whereas for diffuse reflections δ = 1.442 for a thermal non-conducting particle
[98].

2.4.5

Ion drag force

Ions with a directed velocity can also transfer momentum to the charged microparticles.
This effect is, for example, prominent near the edges of the plasma discharge, where
positive ions are accelerated in the electric field of the sheath. In contrast to the neutral
drag force, the ion drag force is not only determined by the geometrical cross-section,
but also by the Coulomb interaction between the charged microparticles and the
ions, which significantly enlarges the cross-section as compared to the geometrical
cross-section.
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There are two different approaches to describe the ion drag force based on the
ion collisionality. The first one is the Binary Collision (BC) formalism that solves
the ion motion in the field induced by the charged particle. Consequently, the BC
formalism is a ballistic approach, which can only be applied for ions that do not
collide with background atoms or molecules. The key choice to make in the BC
formalism is the ion-particle interaction strength for which several models exist in the
literature [16, 99–101].
In the second approach, the linear plasma response formalism, ion-neutral collisions
are taken into account self-consistently by calculation of the anisotropic electric field
around the particle which induces the ion drag [102, 103]. This approach can only
account for weak ion-particle coupling.
Here, for the purpose of providing an overview, the collisionless ion drag relation
is given for the most common interaction potential, the Debye-Hückel potential (or
Yukawa potential), which is in essence a screened Coulomb potential similar to the
previously introduced effective charge (Equation 2.16). For the screening length of the
Debye-Hückel potential, the linearised Debye length is assumed (Equation 2.4) [104].
The collisionless ion drag force consists of two components: the first component is
caused by direct impact collisions, the second by Coulomb scattering of the ions in
the field of the particle. The total ion drag force can be expressed as [69, 99]


Fi = mi ni v i,eff ui πρc 2 + 4πρ0 2 ln (Λ) .
(2.22)
Here, ρc,0 is the impact parameter where πρc 2 accounts for the direct impact collisions
and 4πρ0 2 ln (Λ) for the Coulomb scattering contribution. The maximum impact
parameter at which ions are collected by the grain is given by
q
ρc = rp 1 + 2ρ0 /rp ,
(2.23)
where ρ0 = Ze2 /mv i,eff with Z the grain charge number and v i,eff the effective ion
velocity
q
v i,eff = ui 2 + v th,i 2 .
(2.24)
In the latter, ui is the directed or drift ion velocity and v th,i the thermal ion velocity.
The Coulomb scattering contribution is defined by the so-called Coulomb logarithm
given by
"
 #1/2
ρ0 2 + ρmax 2
ln (Λ) = ln
.
(2.25)
(ρ0 2 + ρmin 2 )
Here, ρmin and ρmax are the minimum and maximum impact parameters for the
Coulomb interaction. For standard Coulomb scattering, ρmin = ρc and ρmax = λD [105],
while it may be adapted based on the ion-particle interaction strength modelled, as
explained at the outset of this section.

2.4.6

Thermophoretic force

A third drag force possibly acting on an airborne particle is the thermophoretic force,
which is created due to the difference in momentum transfer by atoms or molecules in a
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surrounding where a temperature gradient is present. The warmer gas species transfer
more momentum than the colder species and, therefore, the particle experiences a net
force in the direction opposing the temperature gradient. Similar to the previously
discussed neutral and ion drag, the thermophoretic force strongly depends on the
collisionality regime. In the continuum regime (Kn  1), the thermophoretic force is
given by [106]
9πrp κg µ2 ~
∇T n
(2.26)
Fth,c = −
2κg + κp ρn T n
with κg and κp the thermal conductivity of the gas and the particle respectively and
µ the coefficient of shear viscosity. In the free molecular flow regime (Kn  1), the
following equation describes the thermophoretic force [107]


32 rp 2
5π
~ T n.
(2.27)
Fth,f = −
(1 − α) κg ∇
1+
15 vth,n
32
Here, α is an accommodation coefficient which is assumed to be approximately equal
to one, when the dust and particle temperatures are below 500 K [107]. The reader is
referred to the literature for the thermophoretic force in the transition regime between
the continuum and the free molecular flow regime [107–110].

2.4.7

Radiation pressure force

Photons colliding with particles impart a radiation pressure force. In contrast to
astrophysical plasmas, the radiation pressure force caused by the plasma emitted
light is negligible in magnitude in laboratory situations. Instead, photons from a
laser predominantly impart a radiation pressure force on the microparticles, which is
described by [111]
qn1 πrp 2 Ilaser
Frad =
,
(2.28)
c
where n1 is the refractive index of the medium surrounding the particle, c the speed
of light, I laser the laser intensity and q a dimensionless factor. The latter parameter is
determined by the absorption, reflection and transmission of the photons irradiating
the particle surface [111].

2.4.8

Comparison of magnitude of forces

The forces described above strongly depend on the (plasma) parameters. Yet, it is
insightful to compare the magnitude of these forces for different particle sizes, while
keeping all other parameters constant. In Figure 2.2, these forces are plotted as a
function of size where the following assumptions have been made for a typical spatial
plasma afterglow situation. First, the electron and ion density are assumed to be
ne = ni = 1012 m−3 . In addition, the electrons, ions and neutrals are taken to be at
room temperature T e,i,n = 293 K. The argon pressure is p = 90 Pa with an externally
applied electric field of 5 kV m−1 . Moreover, a temperature gradient of (dT n / dx) =
1 K m−1 in the horizontal direction and a laser intensity of I laser = 2 × 103 W m−2 are
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assumed. Finally, the mass density of the particles is assumed to be 1.57 × 103 kg m−3
(which is the average density of the particles used in the experiments, see chapter 3)
and the charge of the particles to be Q = −10 e.
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Figure 2.2: Comparison of the magnitude of the forces acting on the microparticles in a typical spatial plasma afterglow. Indicated in blue are the forces acting in
the horizontal directions, and indicated in red the forces in the vertical direction.
A vertical line is added to indicate the size of the particles used in the experiments
described in this thesis.
In Figure 2.2, the relation for thermophoretic force in the free molecular flow
regime is plotted since Knrp > 1 for the specified argon pressure. For the ion drag,
a collisional relation based on [102] is plotted since ion-argon collisions are taking
place in the vicinity of the particles for the given experimental conditions. Note that
in the afterglow void of any physical objects, the vertical electric field component is
generally negligible. Figure 2.2 shows that in the horizontal direction, the electric
force is dominant for the size of particles used in the experiments described in this
thesis. In the vertical direction, gravity is dominant.

2.5

Flow

This section describes the flow theory relevant to the understanding of the experiments
described in this thesis.

2.5.1

Entrance effects

When gas is injected into a duct of arbitrary size, the gas flow can be turbulent at
the start due to high local flow velocities and therefore, a high Reynolds number (as
described in subsection 2.4.4). It takes a certain distance Le for the gas flow to develop
its typical flow profile. Initially, when the gas is injected, only a thin shear layer is
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present. Within the entrance length Le , the shear layer grows until the flow profile is
fully developed. It has been empirically shown that for a laminar flow, regardless of
the duct shape, Le is given by [112]
Le = D [C1 + C2 ReD ] ,

(2.29)

where C1 ≈ 0.5, C2 ≈ 0.05 and D the typical width of the duct (most often its
diameter). For distances larger than Le from the gas injection point, the flow is
considered fully developed. The velocity is then directed purely axially (in the x
direction) and varies only with the lateral coordinates (y and z).

2.5.2

Flow profile

The flow profile of an incompressible Newtonian fluid that is fully developed is described
by the Poisson equation [113]
1 dp
∂2u ∂2u
+ 2 =
= const.
∂y 2
∂z
µn dx

(2.30)

Here, p is the pressure and u the flow velocity in the x direction, where x is the
axial coordinate and y and z are the lateral coordinates as indicated in Figure 2.3.

z
y
x
2w
Figure 2.3: Cross-sectional view of a square tube indicating the axial coordinate
x and the lateral coordinates y and z.
In the experiments described in this thesis, a square glass tube is used (as will be
described in more detail in chapter 3 section 3.2) and therefore, the solution of the
Poisson equation is given for a square duct of width 2w [113]
us (y, z) =

16w2
µn π 3


−

dp
dx



∞
X
i=1,3,5,..

(−1)

(i−1)/2



cosh (iπz/2w) cos (iπy/2w)
1−
,
cosh (iπ/2)
i3
(2.31)
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where −w ≤ y ≤ w and −w ≤ y ≤ w. By integrating Equation 2.31 over the
cross-section of the duct, the volume flow Qs is obtained




∞
4w4
dp 
192 X tanh (iπ/2) 
.
(2.32)
Qs =
−
1− 5
3µn
dx
π i=1,3,5,...
i5
The discussed flow properties are taken into account in the design of the experimental setup and the measurements therein as discussed in chapter 3.
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From experiments to charge

Abstract
This chapter introduces the designed setup and the in-house developed
particle tracking software. Using this setup, the particle charge in a
free spatial plasma afterglow is investigated and presented as “proof of
principle measurements”. Under the conditions described in this work,
the particle charge in this afterglow region is shown to be three orders
of magnitude lower than the typical charge expected in the plasma bulk,
which is explained by a relatively simple analytical model.

Part of this chapter is published as:
B. van Minderhout, A.T.A. Peijnenburg, P. Blom, J.M. Vogels, G.M.W. Kroesen and J. Beckers
(2019), “The charge of micro-particles in a low pressure spatial plasma afterglow” Journal of Physics
D: Applied Physics 52 32LT03
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3.1

Introduction

This chapter discusses the process of measuring the charge of microparticles in the
spatial plasma afterglow (SPA). It covers the hardware of the setup and the data
post-processing. Finally, to demonstrate proof of principle, first measurements are
presented for the free SPA case. To describe the experimental setup, we will follow one
of the microparticles moving through it and explain the different phases this particle
“encounters”. This viewpoint is often called the Münchhausen perspective, named
after Karl Friedrich Hieronymus von Münchhausen. As the myth goes, this German
baron from the 18th century rode on a cannonball to reach the neighbouring city in
times of war [114].
In section 3.3, the experimental setup and its main diagnostic are discussed, followed
by the essence of the in-house developed particle tracking software in section 3.3.
Section 3.4 discusses the proof of principle particle charge measurements. This chapter
is finalised with a conclusion in section 3.5.

3.2

The setup and its main diagnostic

In this section, the designed and developed Plasma Particle Charging Investigation
(PPCI) setup is introduced. All experiments described in this thesis have been
performed in the PPCI setup. First, an overview of the setup is given, briefly
discussing the main elements. After this bird’s eye view, we use the Münchhausen
perspective and follow a microparticle on its journey from the top of the setup to its
bottom.
The PPCI setup was a vacuum system with a base pressure of roughly 5 × 10−9 Pa.
The eye-catching element was a 1 m long glass tube with a square (inner size 0.1 m
x 0.1 m) cross-sectional shape. A sketch of it is shown in Figure 3.1. The top of
the setup consisted of a stainless steel showerhead through which gas and particles
were injected. This showerhead was directly mounted to the top of the glass tube.
The square-shaped glass duct was chosen to increase the accuracy of the charge
measurements and to optimise the analysis. Once injected, microparticles fell through
an Inductively Coupled Plasma (ICP) which was generated using a square coil wound
around the tube. In the SPA downstream of this plasma, the charge of the particles
was obtained by measuring their acceleration in an electric field, externally applied
using two Rogowski electrodes [115]. During their travel, the particles were illuminated
with a laser system and their scattered light was recorded by a high-speed camera.
In the following sections, we switch to the Münchhausen perspective and look at
the setup in more detail moving from the top to its bottom. Each of the following
subsections is dedicated to one of the components of the PPCI setup.
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Flow controller

Particle dispenser
Shower head
gas injection

Inductively
coupled plasma

H=1m

L = 0.55 m

High speed
camera

Electrodes

D = 0.1 m
Laser

Vacuum
pumps

Figure 3.1: Schematic illustration of the designed and developed Plasma Particle
Charging Investigation (PPCI) setup in which (from the top to the bottom)
microparticles travel through a spatially limited region of plasma, after which
their charge is measured by accelerating these particles in an externally applied
electric field.
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3.2.1

Microparticles

In the next sections, we follow a microparticle created in the factory of microParticles
GmbH. The core of the particle consists of a polymer called melamine-formaldehyde
(MF). The particle’s outer layer is a stable porous silver layer of several hundred
nanometres, making it resemble a rough orange, as shown in Figure 3.2. The silver
coating minimised clustering of the particles by reducing the triboelectric charging as
compared to non-conducting particles, as explained in the next section. In total, the
particle diameter was 4.9 ± 0.2 µm, where the outermost layer consisted most likely of
a stable silver oxide [116].

Figure 3.2: SEM image of the cross-section of a single silver coated melamineformaldehyde microparticle. The cross-section is obtained by cutting the microparticle with a gallium Focused Ion Beam (FIB).

3.2.2

Particle dispenser

Figure 3.3 schematically depicts the particle dispenser of the PPCI setup. Its design
is similar to the particle injectors used in earlier studies [117, 118]. The particles were
placed in the container of the dispenser that had a 50 µm hole in its bottom. Its top
was attached to a rod connected to an iron core which, in turn, was kept in place
by a spring (indicated in green). The rod was centred by an isolating plastic plate,
which gave the container a floating potential. Surrounding the iron core (indicated in
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blue) was an electromagnet (indicated in red). When this magnet was powered and
depowered by switching a current on and off through the coil, the iron core - and thus
the container - moved axially, i.e. vertically. During these movements, some particles
fell through the hole in the bottom of the container and were injected into the setup.

Electromagnet
Iron
core
Rod with
spring
Particle
container

Figure 3.3: Schematics of the particle dispenser. Adapted from [66].
A consequence of using this method of injection was that during the movement
of the container, the particles bounced back and forth, hitting other particles and,
occasionally, the container’s walls. This process caused the outer shell of the particles
to become electrically charged, governed by the triboelectric effect, as explained
in subsection 2.3.1. The particles could have equally well been charged positively
or negatively, since the sum of the charge of all particles and the container’s walls
was preserved (assuming the container to be at a floating potential). Consequently,
particles may stick together and form a clustered microparticle. The charging physics
of these kinds of clusters will be treated in chapter 6. In the remainder of the current
chapter, we will follow a single (non-clustered) microparticle.

3.2.3

Laser light scattering

After leaving the dispenser, the particle was illuminated by a diode laser sheet with
a wavelength of 447 ± 8 nm. In order to create this laser sheet, the laser beam had
to pass collimation optics, i.e. a negative and positive cylinder lens respectively. It
subsequently entered the setup at the bottom through a Brewster window, minimising
the reflection losses. The laser sheet was 3 mm thick and 40 mm wide and was oriented
antiparallel to the velocity of the particles, i.e. vertically (see Figure 3.1). Therefore,
this laser sheet illuminated the particles throughout the entire setup.
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3.2.4

Showerhead

Straight after leaving the particle dispenser, the particle entered the showerhead. In
this part of the setup, the flow was distributed evenly over the cross-section of the
tube. An inventor image of the showerhead is shown in Figure 3.4. As the particle
moved downwards, the circular tube in which the particle had been injected changed
gradually to a rounded rectangular tube which was 5 mm thick and 40 mm wide. First,
this shape ensured that the particles were injected in a volume roughly matching the
cross-sectional dimensions of the laser sheet. Second, the size and the shape of the
injection channel made it an ideal beam dump for the laser by preventing unwanted
laser reflections that would have obscured the data analysis.

Figure 3.4: Cross-sectional view of the showerhead, i.e. the gas and particle
injection system. The flow path is indicated in red, the path through which the
particles travelled in green.
All around the particles, argon gas was injected through 200 holes of 0.5 mm in
diameter. These holes were distributed equally around the injection slit and aimed to
limit the flow entrance effects (see section 2.5). The argon gas flowing through the
holes was regulated by a Brooks SLA850 mass flow controller (MFC). The particles
were fully entrained in the flow after leaving the showerhead.
For the purpose of generating a homogeneous plasma (as explained in subsection 3.2.5), the showerhead contained no sharp edges, so that possible local field
enhancements were minimised. This effect of field enhancement is known to sailors
as St. Elmo’s fire [119]. During thunderstorms, the electric field present is enhanced
around sharp objects (such as the masts), which may create corona discharges. After
the showerhead, we continue our travel downwards into the glass tube, where the
plasma was generated.
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3.2.5

Plasma source

After leaving the showerhead, the particle was accelerated vertically and antiparallel
to the laser sheet due to gravity and the top-to-bottom argon flow. Naturally, a force
opposing this acceleration also existed, because much lighter argon atoms collided
with the particle. After a certain distance, gravity and the opposing so-called neutral
drag force eventually balanced, giving the particle a constant settling velocity.
Moving downwards, the particle travelled in the middle of a five-turn square coil
wound around the tube. At that moment, the particle had moved into the active
plasma region. Besides laser light, it was illuminated by a series of different wavelengths
emitted by the decaying excited atoms in the plasma. More importantly, electrons and
ions collided with the particle surface, charging it negatively. The governing theory
for this plasma-charging is elaborated upon in section 2.3.
The active plasma region in which the particle resided was created by sending
a radiofrequency (RF) alternating current at 13.56 MHz through the coils. The RF
signal was generated by an Agilent 33220A function generator, amplified by an E&I
AB250 power amplifier, and matched with a T-matching circuit to convert the complex
plasma impedance at 13.56 MHz to a 50 Ω resistive load seen by the amplifier. In
subsection 2.2.2, the working principles of an Inductively Coupled Plasma (ICP) are
explained.
Leaving the active plasma region, the plasma column became thinner because
the plasma was also partially capacitively coupled with the top and the bottom of
the setup. Chapter 4 and chapter 5 will elaborate upon a mesh grid placed in the
setup about 0.2 m below the coil, which, except for shielding the SPA from the bulk,
also enhances the capacitive coupling. No mesh grid was installed in the experiments
described in this chapter.
At this point the particle was in the SPA. This region is unique because the
evolution of plasma properties surrounding the particle, such as the density and the
temperature of the plasma species, is far from understood.

3.2.6

Rogowski electrodes

The SPA region changes the particle charge. This very property constitutes the core
research subject of this thesis. In the SPA, a DC electric field was generated using two
vertically aligned Rogowski shaped electrodes [115]. The electric field accelerated the
particle in the horizontal direction, i.e. perpendicular to the settling velocity vector.
The curved shape of these Rogowski electrodes suppressed the field enhancement near
their edges. This resulted in an increased maximum electric field that, when compared
to parallel plate electrodes, could be applied without creating a DC glow discharge.
The diameter of these parallel electrodes was 70 mm with a horizontal separation
distance of 40 mm.
Knowledge of the electric field is important to obtain the particle charge from
the measured acceleration. For this reason, a 2D electrostatic model was set up
using COMSOL® [120]. The simulated electric field profile is shown in Figure 3.5.
In the experiments described in this chapter and in chapter 4, the particles were
detected in the central region between the electrodes spread over 5 x 40 mm and
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20 x 30 mm respectively. For the purpose of analysis, the electric field was assumed to
be homogeneous in this region (local variations in electric field were approximately
30% and 15% in the case of the experiments discussed in this chapter and chapter 4
respectively). In the experiments reported in chapter 5, the local electric field for each
part of the particle trajectories will be taken into account (as will be elaborated upon
in the methods section of chapter 5). In the analysis of chapter 6, the variations in the
local electric field are corrected for by calculation of the trajectory-averaged electric
field.
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Figure 3.5: Normalised horizontal component of the electric field created between
the Rogowski electrodes. The electrodes are indicated in grey and the glass tube
in light blue. Cylindrical geometry was used (the x-axis is the axis of symmetry),
which implies that the front and back glass plates of the tube were not taken into
account in the simulation.

3.2.7

High-speed camera

The laser light scattered by the microparticles was imaged by a high-speed camera
(Photron Fastcam mini UX100), where its viewing direction was perpendicular to
the plane of the laser sheet (see Figure 3.1). The small thickness of this laser sheet
assured that particles moving towards or away from the camera, i.e. particles moving
parallel to the viewing direction of the camera, were not imaged over their full
trajectory. Consequently, particles that moved out of the laser sheet were omitted in
the subsequent post-processing (as explained in section 3.3). In Figure 3.6, five typical
particle trajectories are shown: 54 frames were plotted together, with each frame
coloured alternately red, blue and green to visualise the trajectories of the particles.
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Figure 3.6: Raw image of five particles moving through the region of the applied
electric field. 54 frames were subsequently coloured red, green and blue indicating
the movement of the particles. The video was recorded in gray scale at 1000 fps.
The high-speed camera used for the imaging of the particle trajectories could
measure up to 800 000 frames per second (fps) at a limited resolution and up to 4000
fps at a full resolution of 1280 x 1024 pixels. At the latter resolution, 8300 frames
could be recorded using the installed 16 GB of memory, which results in a recording
time of 2.08 s for the given frame rate. To synchronise the camera and the position
of the particles, the camera was triggered by a TTL pulse, which is generated upon
particle injection. This TTL pulse could be delayed by a BNC pulse generator 577-4C
according to the experimental needs.
The particles appeared larger on the recorded images than their actual size as the
optics were deliberately defocus. In this manner, it was easier to detect the particles
since their size was smaller than the typical image length per pixel at the focal point.
In more detail, the field of view was approximately 40 x 32 mm. Accordingly, 1
pixel corresponded to approximately 32 µm, which was much larger than the particle
diameter. Therefore, the recorded image could not be used to measure the particle
size. Yet, by defocusing the optics, the particle position could be determined more
accurately (i.e. subpixel accuracy was achieved). This statement will be elaborated
upon in section 3.3 discussing the particle tracking software. Finally, by taking photos
of a 2 x 2 mm chequerboard, it was verified that aberrations did not distort the image.

3.2.8

Charge measurement

Having introduced all the elements of the PPCI setup, we can combine the parts
of the setup described in subsection 3.2.6 and subsection 3.2.7 to form the main
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diagnostic of this thesis: the particle charge measurements. Pivotal to the charge
measurement is the horizontal acceleration, which the residually charged particles
experience from the externally applied electric field. Once the temporal evolution
of the horizontal component x of the particle trajectory is found, the horizontal
acceleration d2 x / dt2 can be retrieved. Considering that this acceleration is caused by
the electric field E working on the particle charge Q, Newton’s second
 law can be used
to find the charge of the particles with mass m as Q = [m/E(x)] d2 x / dt2 . In the
preceding, ion drag and plasma shielding are assumed to be negligible. The strength
of this measurement technique is that the separate charge of multiple particles can be
measured simultaneously on the condition that all particles are within the imaging
region and do not mutually interact. The manner in which the temporal evolution of
the horizontal particle trajectory component is obtained from the raw images, will be
the subject of the next section.

3.3

Particle tracking

This section discusses the in-house developed particle tracking software. This means
that from this point onwards the Münchhausen perspective will no longer be used.
The particle tracking software consists of three parts, which will be treated in the next
three subsections.
• Particle detection
In this part of the software, the particle positions were obtained from each frame
of the recorded video.
• Particle linking
In the second part, the individual detected particle positions were linked and
particle trajectories were composed by combining them.
• Trajectory analysis
In part three, the particle trajectories were fitted and their horizontal acceleration
was obtained, amongst other parameters,.

3.3.1

Particle detection

The goal of the first part of the software was to determine the positions of all imaged
particles in each frame. Therefore, a mask was created that indicated the regions in
each frame where particles were detected by using a series of morphological operations.
The exact location of each particle was determined by calculation of its intensity
weighted midpoint. Here, it was important that each particle detection consisted of
multiple pixels, which was experimentally achieved by deliberately placing the optics
slightly out of focus (see subsection 3.2.7). In this way, the particle positions were, in
each frame, determined with a subpixel accuracy of about 5 µm.
What follows here is a more detailed description of the 3-step process of the mask
generation. The basis of this part of the code was created by L. Heijmans [66, 118]
and further developed for our purposes. First, the recorded background frame was
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subtracted. Second, the 12-bit grayscale images were processed using a 2D bandpass
filter that suppressed pixel noise and slow-scale image variations, while information
of the characteristic detection size was retained. Third, the frame was converted to
a black and white image, after which a series of morphological operations (such as
the removal of small areas from the image and the calculation of the image convex
hull) was performed. In this way, noise can be filtered out, and all particle detection
regions are made convex. Finally, the midpoint of each particle detection region was
obtained, which was the input for the second part of the software.

3.3.2

Particle linking

In the second part, these individual particle positions were linked from frame to frame
to create trajectories. For each particle detected at the top of a frame, a new trajectory
was started. For all other particle positions, the cost (the difference between the
measured and expected particle position, as explained below) was calculated to assign
each individual particle detection to one existing trajectory. Thereby, a cost matrix
was created and subsequently solved by finding the lowest total linking cost. Therefore,
all positions in one frame were simultaneously assigned to the existing trajectories or
new trajectories were started.
To describe this linking process in more detail, let us look at the first three frames
of a video. In the first frame, the N positions were all taken to be the start of a new
trajectory. Then, in the second frame, the Euclidean distance between the positions
in the first frame and the new positions was calculated. Suppose we had M positions
in the second frame. This gave a M × N cost matrix which was solved using the
Hungarian assignment algorithm [121].
Additionally, this approach determined which positions formed the start of new
trajectories beginning in the second frame. Using the two positions of each trajectory
in frame 1 and 2, a prediction was made of the location in frame 3 using a Kalman
filter, which outputted the velocity vector of the trajectory. This vector was used
as the basis for the calculation of the linking cost. To calculate the linking cost, in
contrast to the second frame, a non-Euclidean cost function was used, inspired by
the work of Bekkers et al. [122]. Deviations perpendicular to the Kalman velocity
vector were weighted more heavily than deviations parallel to the velocity vector. The
procedure described for the third frame is then repeated for all remaining frames,
thereby forming trajectories from the detected particle positions.

3.3.3

Trajectory analysis

The goal of the third part of the software was to obtain the horizontal acceleration of
the trajectories. This acceleration is one of the key parameters to determine the charge
of the microparticles, as will be explained in more detail in subsection 3.2.8. To this
end, the trajectories were quadratically fitted and amongst other parameters, their
horizontal velocity and acceleration (anti)-parallel to the externally applied electric
field were obtained. In this manner, the determined velocity formed the initial velocity
at the start of the field of view and the acceleration was the change in velocity within
this region.
35

Chapter 3. From experiments to charge

In the analysis, no filtering was applied to obtain the relevant data, for example,
no criteria were imposed on the goodness of fit. The length of the trajectories was
the only selection criterium that was used, meaning that trajectories shorter than a
specific length were left out of the analysis. This selection removed trajectories that
remained in the laser sheet for only a short time (see subsection 3.2.3).

3.4

Proof of principle

This section presents the charge measurement of microparticles in the SPA of the
PPCI setup. It concerns the residual charge in the free SPA, i.e. without a grid
between the coil and the Rogowski electrodes. The relevant data serve as a proof of
principle for the introduced setup and the charge measurement diagnostic.
First, subsection 3.4.1 discusses the experimental parameters as well as the reheating
of electrons in the SPA. Second, subsection 3.4.2 presents the accuracy of the charge
measurements. Then, in subsection 3.4.3, the measured charge distribution is discussed,
followed by the introduction of an analytical time scale model in subsection 3.4.4
explaining the respective results. Finally, subsection 3.4.5 compares the charge
measurements to the model predicted charge.

3.4.1

Experimental parameters and reheating of electrons

The experiments described below were performed in argon with a background pressure
of p = 90 Pa. From the top of the setup, a 50 sccm flow was injected which, together
with gravity and the balancing of the neutral drag, resulted in a measured settling
velocity of the microparticles of v p,f = 0.36 m s−1 . This velocity was reached before
particles entered the active plasma region. Additionally, the flow ensured stable plasma
conditions. About 15 W of power was inductively coupled into the plasma. After
passing through the plasma, the charge was measured by applying a DC electric field
of 4.3 kV m−1 to the electrodes.
As will be shown in the next sections, the electron temperature is a key parameter
for the charge of the particles in the SPA. To verify that electron heating due to the
remote electric RF fields from the ICP at the position of measurements remained small,
we estimated the maximum field strength using the Biot-Savart law and the fourth law
of Maxwell. Furthermore, the RF current going through the coil to generate the ICP
was measured using the Octiv Poly VI probe produced by Impedans Ltd. In this way,
the electric field was estimated to be E RF = 0.1 V m−1 . This was indeed negligible
with respect to the externally applied electric field of E DC = 4.3 kV m−1 and, hence,
heating of electrons by the RF field in the SPA was expected to be negligible.

3.4.2

Accuracy of charge measurements

To verify that measurement errors such as lens aberrations and particle detection
mistakes remained extremely small, we plotted the horizontal acceleration distribution
from 148 trajectories in Figure 3.7a in the absence of flow. The particles travelled
through a stationary argon gas in the absence of plasma and externally applied electric
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Figure 3.7: a) Histogram of the horizontal acceleration distribution for the
situation without plasma, a stationary background gas and in the absence of an
externally applied electric field. b) Three typical particle trajectories together
with a quadratic fit in the region of externally applied electric field after passing
the ICP. Every tenth data point is plotted for clarity; in addition to the starting
point of each trajectory being transformed to the origin.
field. The mean (3 × 10−5 m s−2 ) and standard deviation (1 × 10−4 m s−2 ) of the
distributions in Figure 3.7a show that the measurement errors were indeed small. It
can be concluded that the mutual Coulomb interaction between particles due to their
triboelectric charge was negligible. Particles do not repel or attract each other because
of their low concentration and, hence, their large separation distance.
Figure 3.7b shows three typical particle trajectories travelling in the region of
the externally applied electric field (after they have passed the ICP) together with
a quadratic fit for each trajectory. These fits clearly overlap with the data points.
From this, it was concluded that no significant neutral drag existed that acted on the
microparticles in the horizontal direction obscuring our measurements. Note that the
neutral drag scales with horizontal particle velocity v p,x and would, therefore, lower
the net force on the particles as they accelerated in the electric field.

3.4.3

Charge distribution

Figure 3.8 shows the particle charge measurement in the form of two horizontal
acceleration distributions. The distribution in blue shows the horizontal acceleration
of the particles after passing the plasma discharge with a 50 sccm flow in the absence
of the externally applied electric field. The mean (af = −1.2 × 10−2 m s−2 ) and
standard deviation (σ f = 2.0 × 10−2 m s−2 ) proved significantly larger than those in
Figure 3.7a. We believe that flow disturbances around the electrodes caused the
acceleration distribution to broaden with respect to the distribution in Figure 3.7a.
The red distribution shows the measured acceleration, with a mean value of ap =
−2.1 × 10−1 m s−2 , for the situation where the electric field was switched on, while
all other parameters were identical to those for the blue distribution. The clear shift
between the two acceleration distributions in Figure 3.8 allowed the particle charge
Q = −30 ± 7 e to be obtained.
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Figure 3.8: Particle charge measurement in the form of two acceleration distributions. The distribution in blue is composed of 319 particles that traveled
through the SPA in the absence of externally applied electric field, whereas the
distribution in red is composed of 297 particles that were subject to an electric
field of E = 4.3 kV m−1 .
The standard deviation of the red distribution in Figure 3.8 (σ p = 4.4 × 10−2 m s−2 )
was approximately a factor two larger than σ f due to two reasons. First, the particles
had a spread in Q/m because variations in size lead to variations in charge [123]
and mass, each scaling differently with size. Second, purely monodisperse particles
also have a spread in charge due to the stochastic nature of the plasma charging
currents arriving at the particle surface, especially important for these low values
of the particle charge in the SPA. For
p monodisperse particles, Khrapak et al. [124]
showed that the coefficient δ = σQ / |Q| = (0.46 − 0.50) for T e = (1 − 20) T i (with
T e and T i the electron- and ion temperature). For our measurements, δ ≈ 1.3, which
was significantly higher than this theoretical value, from which we concluded that the
dominant cause of this difference was due to the spread in the mass of our particles.
Figure 3.9 shows, as main result, the measured particle charge distribution, assuming σ f to be zero. This charge distribution was obtained by correcting for the average
acceleration measured without an electric field af and calculating the charge using
Newton’s second law using the supplier-provided particle mass of mp = 9 × 10−14 kg.

3.4.4

Decharging model

The particle charge we measured was about three orders of magnitude lower than the
charge that would be expected in the plasma core [123] but proved, however, still
significant. To explain this charge, we proposed a simple analytical model describing
the decharging of microparticles travelling through an ICP, consecutively followed
by its SPA. Where in previous works such models had been used to analyse particle
decharging in temporal plasma afterglows [52, 53, 56], our model extended the general
thought and applied it to a SPA. In this approach, we neglected the influence of
ion-neutral collisions. The developed model consisted of three typical timescales: the
plasma-particle interaction timescale τ pp , the particle charging timescale τ Z and the
electron temperature relaxation timescale τT e . The following section is structured as
follows. After introducing the timescales, we describe how the electron temperature
T e is estimated and the particle charge in the SPA is obtained.
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Figure 3.9: The measured particle charge distribution composed of 297 particles.
The plasma-particle interaction time τ pp described the typical time a particle
resided within a plasma region with constant plasma-parameters and was defined by
τ pp =

λD
τ pp,0
≡ √ .
v p,f
ñ

(3.1)

Here, λD was the (linearised) Debye length, the smallest length scale over which plasma
parameters could be considered constant, and ñ = ne,i /ne,0 the dimensionless plasma
density, where ne,0 was the initial plasma density at the position of the coils, hereafter
called the plasma core.
The particle charging timescale τ Z represented the time needed for particles to
reach their plasma-induced equilibrium charge and was defined by [125]
λDi0 2
1
1
τ Z,0
≡
.
(3.2)
v Ti a (1 + y) ñ
ñ
p
Here, λDi0 was the initial ion Debye length, v Ti = 8k b T i /πmi the thermal velocity of
the ions and y = −eV (a)/k b T e the reduced particle potential with V the potential of
the particle surface. Equation 3.2 originates from the Orbital Motion Limited (OML)
theory [123] which evaluates the current balance of charged plasma species at the
particle surface. Note that λD > a everywhere in the SPA, which justified the use of
OML theory [125].
The electron temperature relaxation timescale τT e described the typical energy
loss time for the electrons in the SPA region. Due to collisional energy losses, T e
τZ =
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relaxed, which was described by dT̃ e / dt = −(T̃ e − 1)/τT e . The governed timescale
for this relaxation was given by [74]
r
2mi λea 1
τT ,∞
p
τT e =
≡ pe
(3.3)
πme v Ti T̃ e
T̃ e
Here, λea was the mean free path between electron-argon collisions and T˜e = T e /T i .
Possible energy loss caused by diffusion to the tube walls and successive recombination
[126], rendered it hardly feasible to make accurate estimations and could only decrease
τT e even more. Hence, Equation 3.3 provided an upper limit for τT e .
The model described above was only valid if the particles could
√ adapt their charge
to plasma changes in the SPA, i.e. τ Z < τ pp . Since τ pp ∝ 1/ ñ and τ Z ∝ 1/ñ, τ Z
exceeded τ pp for densities below (τ Z,0 /τ pp,0 )2 ne,i = 2 × 1011 m−3 . This density limit
was close to the free diffusion regime, where the diffusion of ions and electrons was no
longer governed by ambipolar diffusion. This regime starts when the ratio λD /Λ ∼ 1,
where Λ ≈ D/2π is the typical diffusion length, assuming an infinitely long square
beam [127, 128].
The main parameter that determined the particle charge in our SPA was T e . It
was likely that T e ∼ T i at the position of charge measurement. We supported this
statement with three arguments. First, the model showed that τT e  τ I = L/v p,f ,
where τ I was the time that the particles resided in the plasma and L the distance
between the active plasma region and the position of particle charge measurement
(see Figure 3.1). Second, we showed that the local RF electric strength at the bottom
of the setup was small, E RF ≈ 0.1 V m−1 (see subsection 3.4.1). Considering that
the electron mean free path λea ≈ 2 mm, heating of electrons was negligible at this
position in the SPA. Moreover, there were no resonant electron attachment processes
on vacuum impurities close to T˜e ∼ 1 [129–131]. In conclusion, the output of this
model using T e = T i , according to OML theory, proved the particle charge at the late
stage of the SPA Qm = −175 e.

3.4.5

Comparison of model and results

Both the measured charge Q = −30 ± 7 e and the model-predicted charge Qm = −175 e
indicate particle charges that were significantly lower compared to the situation in the
plasma bulk. The fact that they deviated by a factor of six from one another could be
due to plasma shielding, the transition from ambipolar to free diffusion, collisionality
corrections in the ion flux to the particle surface and the presence of anions. These
mechanisms and their relative importance will be discussed below.
First, to exclude the possibility of plasma shielding [16], the measured horizontal
acceleration as a function of the average horizontal distance of the particles between
the electrodes is plotted in Figure 3.10. If there were plasma present between the
electrodes, the acceleration would have varied with the distance (since the particle
charge scales with the plasma potential). However, both the data with (in red) and
without (in blue) the externally applied electric field show the same slope. Therefore,
we can conclude that there was no significant amount of plasma present between the
electrodes that affected our measurements. This statement is supported by the particle
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Figure 3.10: Plot of the measured horizontal acceleration as a function of the
horizontal distance between the electrodes. Each blue data point depicts a particle
that has travelled through the plasma with a 50 sccm flow in the absence of the
externally applied electric field. In contrast, each red data point depicts a particle
that was subject to an electric field of E = 4.3 kV m−1 , with all other conditions
identical to those for the blue circles. The origin of the x-axis is at the left
electrode as seen from the position of the camera.
trajectories and quadratic fits shown in Figure 3.7b of which the clearly overlapping
trajectories and fits indicate that the particles did not decharge during the typical
0.1 s measurement time.
Second, in the free diffusion regime the ratio ni /ne > 1 since electrons diffuse faster
than ions, which causes the particles to decharge with respect to Qm . Couëdel et
al. [56] have shown that the transition to free diffusion influences the particle charge,
which could explain (part of) the difference between the predicted model and the
measured particle charge.
Third, collisionality, which could influence the ion current to the particle, was
not taken into account in the decharging model. For λD /λia ≈ 10−1 , the particle
charge was lowered because the ion current to the particle surface was increased due
to a longer residence time of ions around the particles [16, 80]. For increasing λD /λia ,
the particle charge became more negative since ion-neutral collisions reduced the ion
current. This effect could have changed Q by a factor 2-3 as compared to the OML
particle charge [16, 80]. It is therefore likely that collisionality did not constitute the
only mechanism accounting for the difference between measurements and model.
Finally, the presence of anions could have influenced the particle decharging as
the current of these anions to the particle surface would have directly affected the
charging. However, since the production of anions could only occur for T e of several
eV [129–131] and since the lifetime of the dominant anions that could be present in
our setup was much smaller than τ I [132], the influence of anions was considered
negligible.
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3.5

Conclusion

In this chapter, we have introduced the PPCI setup together with the particle tracking
algorithm. Both elements form the main diagnostic of this thesis. The power of the
used technique lies in the fact that the individual charge of multiple particles can be
measured simultaneously.
In this way, we have measured the charge of microparticles −30 ± 7 e in a lowpressure spatial plasma afterglow 0.55 m from the active plasma region, which is three
orders lower than the particle surface charge expected in the connected bulk plasma.
A relatively simple model was developed and applied to this plasma geometry. This
made it possible to qualitatively explain the vast difference in particle charge between
the bulk and its spatial plasma afterglow.
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Chapter 4
Charge control of microparticles in a
shielded plasma afterglow

Abstract
This chapter discusses charge control of microparticles from ∼ −40 to
+10 elementary charges is presented. This is achieved at 90 Pa argon in
the spatial plasma afterglow of an inductively coupled plasma by solely
changing the strength of an externally applied electric field. Crucial in
the presented experiments is the use of a grounded mesh grid in the crosssection of the setup, separating the active plasma region from the shielded
spatial plasma afterglow. While in the regions above the mesh grid all
particles reached a constant negative equilibrium charge, the actual control
achieved in the shielded spatial plasma afterglow can most probably be
explained by variations in the local ion density. The achieved charge control
not only opens up possibilities to study nanoscale surface charging physics
on micrometer length scales, it also contributes to the further development
of plasma-based contamination control for ultra-clean low-pressure systems.
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Chapter 4. Charge control of microparticles in a shielded plasma afterglow

4.1

Introduction

In dusty or complex plasmas, i.e. plasmas containing nano- to micrometer sized
particles, the plasma-induced particle surface charge is known to be one of the
key parameters driving elementary processes such as ion drag [16, 17], local Debye
shielding [18], Coulomb-interactions in strongly coupled plasmas [19] and plasmaparticle synthesis [14]. In the latter example, the particle charge is especially important
in the particle coagulation step [26,27]. In the bulk of a plasma, microparticles typically
reach a permanent negative charge of (103 − 104 ) elementary charges [123]. This
is due to the fact that the particle charge is determined by the balance of ion and
electron fluxes reaching the surface of the particle. Since the electrons are much more
mobile than ions, an equilibrium in flux is achieved for a negative surface potential.
In the region where the plasma was not actively powered, i.e. the plasma afterglow,
the typical charge of particles proved significantly lower than in the plasma bulk
[52, 53, 133]. The evolution of the particle charge, however, differs for temporal and
spatial plasma afterglows. Where in the temporal afterglow the charge is determined
by the plasma changes in time [52–59], in the largely unexplored Spatial Plasma
Afterglow (SPA), the particle charge is determined by the spatial evolution of plasma
parameters, such as the electron temperature and the plasma density. In the case of
the temporal afterglow, it is a well-established fact in the literature that a DC field
can influence the particle charge. Wörner et al. [134] experimentally showed that a
DC field could shift the charge distribution of microparticles from a negative to a
positive mean value at high dust densities. The authors studied this effect for a single
DC electric field strength. In addition, Couëdel et al. showed that the particle charge
was determined by the manner in which the transition from ambipolar to free diffusion
took place [56]. In any case, it remains difficult to control the particle charge in the
plasma afterglow. Yet, particle charge control opens up a wide variety of opportunities
both from a fundamental and an application perspective.
Fundamentally, charge control of microparticles allows one to study nanoscale
surface physics on micrometer length scales. Examples of relevant processes are photodetachment [135], photoionisation [136], charge attachment [137, 138] and secondary
electron emission [139]. From an application point of view, charge control of particles could improve the properties and deposition of silicon nanocrystals, which are
synthesised in reactive plasmas [140] for the creation of nanodevices.
In addition, particle contamination has become an increasingly significant problem
in many ultra-clean low-pressure systems, as is evident from the multi-billion-dollar
semiconductor industry [50]. Charge control in this situation is an important step
in enabling in situ particle contamination control [133]. The principle of such a
plasma-assisted particle mitigation technique is based on the ability of plasma to both
electrically charge the contaminating particles and to affect the trajectories by the
plasma-induced electric fields [51].
Considering that the mentioned fundamental opportunities and applications have
high potential, carefully controlling the charge of these particles is crucial. This has
been far from trivial until now, which is illustrated by the following three examples.
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First, it is virtually impossible to generate or directly inject neutral particles in
a system because of the triboelectric effect [141]. Consequently, a charge control
technique must be able to reset the triboelectrically induced charge distribution, which
includes both positively and negatively charged particles [118].
Second, Bennet et al. reported on a multi-step charge control process [142]. In this
process, the microparticle was encapsulated in a water droplet prior to charging the
droplet in a plasma discharge. The droplet then evaporated outside the plasma until
the Rayleigh limit was reached. The authors (ibid.) claimed that when the droplet
collapsed, a precise amount of charge was delivered to the particle because of this
Rayleigh limit. This example showed that controlling the charge of microparticles is a
complex and multi-step process in which one has to deal, for instance, with plasma
afterglow effects and water vapour contamination, for instance.
Third, the PK4 experiment has the ability to carefully alter the particle charge
in the active plasma region [143, 144]. While the control of the microparticle charge
in the latter experiment was achieved by varying the pressure, these variations in
pressure also changed the drift velocity and the position of the particles.
The respective examples show not only that plasma is needed to reset the initial
charge of the particles, but also that a complicated multi-step process is required to
get a precise amount of charge on microparticles outside the active plasma region.
In previous work, we measured the particle charge in the free SPA [133] (see
chapter 3), i.e. without application of a mesh grid. In chapter 3 we have shown
that the charge in the free SPA was significantly lower than the charge in the plasma
bulk, which then served as a proof of principle of our measurement technique. In this
chapter, we introduce a plasma-based method to control the charge of microparticles
around zero (∼ −40 e to +10 e) through the application of a grounded mesh grid and
through variation of a DC electric field below and towards the mesh grid. The applied
electric field in this work changes the local ion density in the shielded SPA, thereby
allowing charge control over particles with both positive and negative charges. The
strength of this technique is that it involves only a one-step process.
In the next sections of this chapter, the author will first discuss the particle charging
theory (section 4.2) and subsequently introduce the experimental setup and diagnostics
used in section 4.3. Special focus will be on the key variable in the presented method,
i.e. the externally applied electric field. Subsection 4.4 then discusses the proof of
principle of our charge control method. The physical interpretation is elaborated upon
in section 4.5 which is divided in our experiment’s three defined regions: the active
plasma region, the sheath above the mesh grid, and the shielded SPA where the actual
charge control is achieved.

4.2

Particle charging theory

As explained in the introduction, dust particles generally acquire a negative charge in
a low-pressure plasma [123]. The acquired charge is in most cases described by the
Orbital Motion Limited (OML) theory [123, 145]. In this theory, the plasma sheath
around the particle is assumed to be collisionless and, furthermore, it is assumed that
ions and electrons are collected by the particle when their orbits overlap. The OML
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theory can be applied only as long as the particle radius rp  λD , where λD is the
Debye length, the smallest length scale on which plasma parameters can be considered
constant.
For an isolated particle in a plasma with Maxwellian electrons and exclusively
positive ions, the ion current I i and the electron current I e collected by the particle
can be expressed as [79]

 I i0,e0 (1 − qi,e φs ) if q i,e φs ≤ 0
kB T i,e
(4.1)
I i,e =
 I i0,e0 exp − qi,e φs if q i,e φs ≥ 0.
k T
B i,e

As can be seen, the ion and electron current depend on the surface potential of the
particle φs as well as on the charge q i,e and the temperature T i,e of the ions and the
electrons. Furthermore, in Equation 4.1, k B is the Boltzmann constant and I i0,e0 is
the current collected at φs = 0. By solving the current balance I i = I e , the particle
charge Q can be derived for a spherical particle according to
Q = 4π0 r rp φs

(4.2)

where 0 and r are the respective vacuum and relative permittivities.
At p = 90 Pa argon, the pressure used in this work, the plasma sheath (around the
particle) is not collisionless and the ion current is, therefore, altered by ion-neutral
collisions. Yet, these collisional effects only change the particle charge in the plasma
bulk by a factor three at maximum [16,80] and, therefore, collisional effects are omitted
in the analysis in this work.
The particle charging timescale τ Z , which is the characteristic timescale a particle
needs to reach its equilibrium charge in a plasma, can be derived from the OML theory.
For the usual situation in a low-pressure plasma where T e  T i the charging timescale
τ Z is given by [125]
r
40 k B T i πmi
1
τZ = 2
.
(4.3)
e
8
rp ne,i (1 + y 0 )
Here, e is the elementary charge of an electron, mi the ion mass and y 0 the equilibrium
value of the reduced particle potential y = eφs /k B T e .

4.3

Experimental setup

This section presents the experimental setup and the particle diagnostic. The following
paragraph briefly introduces the main elements of the Plasma Particle Charging
Investigation (PPCI) setup [133], followed by an elaboration of the most relevant parts
in separate subsections, moving from the top to the bottom of the setup.
The PPCI setup is a vacuum system consisting of a 1 m glass tube with a base
pressure of roughly 5 × 10−9 Pa. A sketch of the PPCI setup is shown in Figure 4.1.
In order to increase the accuracy of the charge measurements and to simplify the
analysis, a square cross-sectional shape was chosen for the tube with an inner width
of D = 0.1 m.
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Figure 4.1: Schematic drawing of the PPCI setup in which microparticles fell
through a spatially limited region of plasma after which their charge was measured
by accelerating them in an externally applied electric field. In this study, the SPA
was shielded from the active plasma region by a grounded mesh grid.
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At the top of the glass tube, a shower head was mounted through which gas and
particles were injected. After injection, these particles fell through an Inductively
Coupled Plasma (ICP) which was generated using a five-turn square coil wound around
the outside of the tube. This active plasma region was shielded from the remainder of
the setup by a grounded metal mesh grid in the cross-section of the tube downstream
of the ICP. In the shielded SPA below the mesh grid, the charge control of the particles
was verified by measuring the position, velocity and acceleration of these particles in
an externally applied electric field created by two Rogowski electrodes [115]. During
their fall through the entire setup, the particles were illuminated with a laser system
and their scattered light was recorded by a high-speed camera.

+V

+-

+-

-V
E
x

Figure 4.2: Sketch of the field lines present in the shielded SPA of the PPCI
setup. Indicated in blue are the walls of the glass tube, in brown the peek
(polyetheretherketone) stands that support the electrodes and the mesh grid, and
in red the field lines. The potential is applied to the electrodes using two power
supplies.

4.3.1

Particle and gas injection

At the top of the PPCI setup, particle and gas injection were combined in the
showerhead. The microparticles, supplied by microParticles GmbH, consisted of a
melamine formaldehyde (MF) core and a porous silver coating with a thickness of
∼ 100 nm to minimize triboelectric charging effects [141]. These particles, with a
diameter 4.9 ± 0.2 µm and (supplier-provided) particle mass of mp = 9 × 10−14 kg,
were injected using a particle dispenser similar to those used in earlier studies [117,118].
After injection, the particles left the showerhead at its center through a 5 mm thick
and 40 mm wide slit. On the one hand, this slit ensured that particles were injected
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into a defined volume matching the laser sheet dimensions; on the other hand, the slit
served as a beam dump for the laser. The 10 sccm argon flow, regulated with a Brooks
SLA850 mass flow controller, was distributed over the entire cross-section of the tube
through ≈ 200 holes of 0.5 mm in diameter equally distributed around the slit. In
this manner, the flow entrance effects were reduced and stable particle injection was
ensured. In addition, the flow combined with gravity accelerated the particles to a
measured settling velocity v p,f = 0.13 m s−1 .

4.3.2

Active plasma region

By sending a radiofrequent (RF) current at 13.56 MHz through a five-turn square
coil wound around the outside of the tube, an ICP was created inside the tube. The
RF signal was generated with an Agilent 33220A function generator, amplified by
an E&I AB250 power amplifier and matched with a T-matching circuit in order to
convert the complex plasma impedance at 13.56 MHz to a 50 Ω resistive load seen by
the amplifier. Taking the center of the coil as a reference, the coil was placed 0.27 m
under the showerhead and 0.31 m above the grounded mesh grid. This mesh grid
limited the active plasma region in volume and created the SPA region downstream.
The region below the mesh grid will be referred to in this thesis as the shielded SPA,
which is of main interest in this work.
The wires of the mesh grid had a diameter of 0.37 mm and the distance between
two wires was 1.13 mm. Because of the presence of the mesh grid, the plasma was
mainly capacitively coupled, which was supported by the plasma density measured
using the Microwave Interferometer MWI 2650. This MWI system had an operating
frequency of 26.5 GHz and was used and described in previous research [146, 147].
The measured density 26 mm above the mesh grid, obtained using extrapolation and
without sheath path length correction, was ne,i ≈ 1014 m−3 . The measured value of
ne,i corresponded to the E-mode of ICPs [71] which is the capacitive mode. The main
message here is that the plasma was mainly capacitively coupled due to the presence
of the mesh grid. In this manner, 6 W of power was delivered to the plasma volume at
an argon pressure of p = 90 Pa.

4.3.3

Rogowski electrodes

The plasma-induced charge of the microparticles was measured by accelerating them
in an externally applied DC electric field directed perpendicular to the settling velocity
vector of the particles. This field was created by applying a voltage difference between
two Rogowski electrodes [115]. The curved shape of these electrodes suppressed the
field enhancement near the edges of the electrodes, which increased the maximum
electric field that could be applied in the central region of the electrodes without
creating a DC glow discharge. The Rogowski electrodes were 70 mm in diameter
and had a separation distance of 40 mm. A 2D electrostatic model was set up in
COMSOL to obtain the electric field profile as shown in Figure 4.3, from which
follows that the horizontal field strength in the central region 30 × 30 mm between the
Rogowski electrodes (indicated in Figure 4.3 by dashed lines) differed at max. 30%.
Consequently, the electric field was considered to be constant in this region.
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Figure 4.3: Normalised horizontal component of the electric field created between
the Rogowski electrodes. The electrodes are indicated in grey and the glass tube
in light blue. Cylindrical geometry is used (the x-axis is the axis of symmetry),
which implies that the front and back glass plate of the tube are not taken into
account in the simulation. A potential difference of 300 V is applied between the
electrodes.
The breakdown electric field between the electrodes was experimentally measured
to be E bd = 8 kV m−1 while the ICP was ignited. The maximum electric field used in
the experiments was 5 kV m−1 , far below E bd . Therefore, it is evident that possible
reionisation had a negligible effect on the particle charge.
In addition to the field between the electrodes, the presence of the grounded mesh
grid also created a field above the electrodes both in the horizontal and vertical
directions. In Figure 4.2 field lines are sketched which visualize these field components.
Using a Trans Impedance Amplifier (TIA), the AccTec electrometer 2, the anode
and cathode currents to ground were measured to analyse the electron and ion current
received by the electrodes. Figure 4.4 schematically depicts the configuration in which
these experiments were performed. In order to suppress the RF noise, a low-pass
RC-filter was applied with a cut-off frequency of 100 kHz. In addition, the current
measurements were performed in a floating configuration, i.e. the oscilloscope (Agilent
DSO-X 2020A) and the TIA were not grounded, as indicated in Figure 4.4. In order
to increase the accuracy of the current measurements, the TIA was read out by an
oscilloscope over a period of 2 s with a sampling frequency of 25 kHz. Subsequently, the
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average current was used in the further analysis. It will be shown in the results section
that the electrodes played a crucial role in the particle charge control, in addition to
their importance for the charge measurement.

150 pF

10 kΩ

TIA
oscillope

+
-

L
N

+
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-+

Figure 4.4: Sketch of the electrical configuration in which the cathode and anode
current to ground have been measured. Neither the Trans Impedance Amplifier
(TIA) nor the oscilloscope are grounded.

4.3.4

Particle trajectory imaging

The trajectories of the particles were visualised within the imaging window by laser
light scattering. To this end, a diode laser with a central wavelength of 447 nm was
used together with collimation optics and cylindrical lenses to create a 3 mm thick
and 40 mm wide laser sheet. This laser sheet was directed antiparallel to the direction
of the settling velocity of the particles (see Figure 4.1). The scattered laser light was
imaged by a Photron Fastcam mini UX100 high-speed camera at 1000 fps, with its
viewing direction perpendicular to the plane of the laser sheet. It is the 3 mm thickness
of this laser sheet which assured that particles moving towards or away from the
camera, i.e. particles that were moving parallel to the viewing direction of the camera,
were only shortly imaged and thereby omitted in the analysis. A representation of the
typical raw data of the measured particle trajectories is shown in Figure 4.5 which
clearly shows the low particle density in our experiments.
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Figure 4.5: Typical raw image of particles travelling in the region between the
electrodes. 54 frames are subsequently coloured red, green and blue indicating
the movement of the particles. The images are recorded in gray scale at 1000 fps.
The representation shows a zoomed part (6 × 6 mm) of the total field of view.
The field of view (FoV) of the camera was approximately 40 mm in a horizontal
direction and 32 mm in a vertical direction, with the particles only being detected
in the central 30 mm in a horizontal direction (see Figure 4.9). Consequently, 1
pixel corresponded to roughly 32 µm, which is much larger than the diameter of the
microparticles. In order to increase the particle detection accuracy, the optics were
slightly put out of focus. As a result, the particles were detected on multiple pixels
and their positions could consequently be determined at sub-pixel accuracy.

4.3.5

In-house developed particle tracking software

In order to obtain information about the charge of the microparticles, their horizontal
velocity and acceleration were obtained from the recorded trajectories using in-house
developed particle tracking software written in Matlab. The analysis consisted of a
three-step process.
First, the positions of all particles in each frame were determined. Using morphological operations, a mask was generated that located the positions of all particles. The
exact location of each particle detection was determined by calculation of its intensity
weighted midpoint. Here, it was important that each particle detection consisted of
multiple pixels. This was achieved by deliberately placing the optics slightly out of
focus (see subsection 4.3.4). In this way, the particle positions were determined in
each frame with an accuracy of approximately 5 µm.
Second, these individual particle positions were linked in order to create trajectories.
For the particles detected at the top of the frames a new trajectory was started. For all
other particle positions, the cost (the difference between the measured and expected
particle position) was calculated to assign the detections to each existing trajectory.
In this way, a cost matrix was created and subsequently solved by finding the lowest
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Figure 4.6: Three typical particle trajectories together with a quadratic fit in
the region of an externally applied electric field. Figure (a) shows the trajectories
in the free SPA for E = 4.3 kV m−1 [133] and Figure (b) in the shielded SPA for
E = 1.25 kV m−1 . Every tenth data point is plotted for clarity. In addition, the
starting point of each trajectory is transformed to the origin.
total linking cost. Thereby, all positions in one frame were simultaneously assigned to
the existing trajectories, or new trajectories were started. In more detail, the linking
cost was determined by the difference between the Kalman filter’s prediction of the
next position of the trajectory and the particle detections. The cost matrix was solved
using the Hungarian assignment algorithm.
Third, the trajectories were quadratically fitted and their horizontal velocity and
acceleration (anti)-parallel to the externally applied electric field were obtained amongst
other parameters. In this manner, the determined velocity was the initial velocity with
which particles entered the field of view, and the acceleration the change in velocity
within this region. The locally obtained acceleration was not the local derivative of
the velocity.

4.3.6

Charge measurement

In previous work [133] (see chapter 3), the charge in the free SPA with the same
configuration but without grid, was obtained from the horizontal acceleration which
the residually charged particles experienced in the region of externally applied electric
field. The particle charge in this chapter, however, is based on the horizontal velocity.
While the horizontal acceleration of the small particle charges was not much larger
than the flow disturbances, the horizontal velocity showed the integrated effect of the
electric field in the region above the field of view. The flow disturbances are discussed
in more detail in subsection 4.5.3. The velocity was therefore used for analysis of the
particle charge instead of the acceleration.
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To illustrate the difference between the particle trajectories measured in the free
SPA [133] and the shielded SPA reported here, typical trajectories of both situations
are shown in Figure 4.6. It is clear that the acceleration of the trajectories in Figure
4.6(b) is smaller than that in Figure 4.6(a). Independent of the charge, the strength of
this measurement technique was the ability to simultaneously measure the individual
charge of multiple particles as long as all particles were within the imaging region.
More details on the accuracy of this measurement technique were elaborated upon
in our previous publication [133](see chapter 3). In that study, it was also shown that
mutual Coulomb interaction between the particles could be neglected due to the low
particle density. In addition, it was shown that the afterglow plasma did not influence
the electric field distribution at the position of the electrodes. These experiments were
performed in the free SPA where the plasma density was higher than in the shielded
SPA reported here. Therefore, it can be concluded that the afterglow plasma did not
influence the field distribution at the position of the electrodes in the experiments
reported in this work.

4.4

Results of charge control
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Figure 4.7: Horizontal velocity v x as a function of the externally applied electric
field strength E in the shielded SPA. The bars around the data points do not
represent an error, but rather the spread indicated by the one-sigma interval.
Furthermore, the figure shows the combined data of 10 separate experiments (two
for each value of E) consisting in total of 8623 particles.
In this section, the proof of principle of the particle charge control technique is
presented. Figure 4.7 shows the horizontal velocity v x of the particles as a function of
the externally applied electric field E applied to the electrodes in the shielded SPA.
This figure shows that v x ≈ 0 mm s−1 for E = 0 V m−1 which is expected, since the
electric force (if present) is the dominant one in the horizontal direction. The fact that
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v x is not exactly equal to zero for E = 0 V m−1 is caused by flow effects as explained
later in this chapter. In addition, it shows that v x is initially negative when a field is
applied and becomes less negative with an increasing field strength, eventually even
reaching a positive mean value. The sign of v x is a direct indication of the particle
charge sign. While a negative value of v x corresponds to negatively charged particles,
a positive value indicates that the particles are positively charged. Section 4.5 will
show that the vertical electric field between the mesh grid and the electrodes (see
Figure 4.2) holds a key role in the charge control principle.
An upper estimate of the particle charge Q is shown in Figure 4.8. This estimate
is obtained by assuming that the measured horizontal velocity is solely caused by the
integrated effect of the electric field created by the electrodes above the field of view
(FoV). The FoV is indicated by the dashed lines in Figure 4.3. This means that, for
the charge estimate, it is assumed that the horizontal electric field strength above the
electrodes is zero (between the electrodes and the mesh grid).
More specifically, the electric field between the electrodes, but in the y t = 20 mm
above the FoV (see Figure 4.3), is taken to be constant with a magnitude equal to E in
the centre of the electrodes. Using the vertical settling velocity (v p,f = 0.13 m s−1 ), the
residence time of the particles is obtained tr = y t /v p,f = 0.15 s. The particle charge
in electrons can then be estimated using the simple formula Q = v x mp /Etr , which
originates from the assumption that the horizontal velocity is caused by a constant
electric-field-driven acceleration during tr . The upper estimate for the particle charge
obtained in this way is in accordance with the particle charge measured in the free
SPA in our previous work [133] (see chapter 3).
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Figure 4.8: Upper estimate of the charge Q as a function of the externally
applied electric field E in the shielded SPA. The bars around the data points do
not represent an error, but rather the spread indicated by the one-sigma interval.
Furthermore, the figure shows the combined data of 10 separate experiments (two
for each value of E) consisting in total of 8623 particles.
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Note that the bars around the data points in Figure 4.7 and Figure 4.8 do not
represent an error, but rather the spread in v x and Q (which is indicated by the
one-sigma interval). It can be observed that the spread in v x increases with increasing
magnitude of E, whereas the spread in Q remains approximately constant, which
is in accordance with expectation. For a higher electric strength, the deviations in
electric force and, consequently, also the deviations in v x are more distinct. The
approximately constant spread in Q is not only caused by variations in particle size,
leading to variations in charge and mass, but also by the stochastic nature of the
plasma charging currents arriving at the particle surface [124]. These effects were
discussed in more detail in our previous work [133] (see chapter 3).
The trends observed in v x and Q as a function of E prove the ability to control the
charge of the microparticles in the PPCI setup by varying only the externally applied
electric field. It will be shown in the next section that this can be explained by the
local changes in ion density in the shielded SPA.

4.5

Physical interpretation

This section is dedicated to the interpretation of the physical processes that determine
the presented charge control. In the following subsection, arguments and results are
discussed to explain and substantiate the proof of principle presented in section 4.4.
These results are explained in three subsections corresponding to the three main
regions which determine the charge of the microparticles: the active plasma region,
the sheath layer above the mesh grid and the shielded SPA.

4.5.1

Active plasma region

In the active plasma region, the initial triboelectric charge distribution is reset and all
particles reach an equilibrium charge which will be estimated here. Collisional effects
will be briefly discussed as well.
In the quasineutral active plasma region, Orbital Motion Limited (OML) theory
(see section 4.2) can be applied to calculate the charge of the particles [123, 148].
For a typical electron temperature of T e = 1 eV [72, 149], the charge acquired by
the 4.9 ± 0.2 µm particles is around Qa = −5 × 103 e. The plasma density in the
active plasma region was measured using microwave interferometry (MWI) (see subsection 4.3.2) and resulted in a typical value of ne,i = 1014 m−3 . Consequently, the
charging timescale of the particles was in the order of microseconds (see Equation 4.3).
If this is compared to the fact that the particles resided in the active plasma region
for several seconds, it can be concluded that all particles (assuming mono-dispersity)
reached the same equilibrium charge independent of their initial triboelectric charge.
Additionally, it should be mentioned that the dust particle density was sufficiently
small to assume not only that the particles did not influence the plasma parameters,
i.e. the so called Havnes parameter [150] which is around 10−4 , but also that mutual
Coulomb-interactions were negligible (see subsection 4.3.6).
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4.5.2

Sheath above mesh grid

It is likely that the charge of the microparticles, acquired in the active plasma region,
changed drastically in the sheath layer above the mesh grid, as in this region the free
electron density was depleted. In the next paragraph, the effect of the ion current,
which is dominant over electron current, on the particle charge will be estimated. In
addition, the influence of possible particle scattering on the mesh grid will be treated
in the remainder of this section.
The plasma-charged particles were partially decharged in the sheath region above
the grounded mesh grid. To provide a first order estimate of this effect, the total ion
current arriving at the surface of the particles was calculated, neglecting Coulomb
interactions between the ions and the particle, and assuming that the electron density
equalled zero in this region. Using these assumptions, the number of ions collected by
a dust particle N i was estimated by
N i = πrp 2 v b ni τ t ≈ 103 .

(4.4)

Here, rp stood for the radius of the particle, v b the Bohm velocity and τ t the
transit time of the particle through the sheath region. The latter parameter was
estimated by dividing the sheath size, taken to be 10 mm, by the settling velocity
v p,f = 0.13 m s−1 . Consequently, the particle charge decreased from the plasma bulk
value (Qa = −5 × 103 e) in the sheath layer above the mesh grid to approximately
Qs = −(102 − 103 ) e.
In addition to the local decharging, the particles were also influenced by an electric
field in the sheath region above the mesh grid. Due to the orientation of the grid
and the fact that the mesh grid size was much smaller than the sheath thickness, the
electric field was mainly oriented in the vertical direction anti-parallel to the movement
of the particles. Therefore, this vertical electric field did not influence the horizontal
component of the trajectories measured between the electrodes.
Prior to a discussion of the results of the shielded SPA (subsection 4.5.3), the
possible influence of particles scattering on the mesh grid is treated here. In Figure 4.9,
a histogram of the horizontal position x of the first detection of 9119 trajectories
is shown both with plasma (in red) and without plasma (in blue). The respective
figure shows distinct peaks in the histograms at the positions where particles were not
blocked by the wires of the mesh grid.
It is concluded that there was no significant scattering of both the triboelectrically
charged and plasma charged particles on the mesh grid. Consequently, it is assumed
that there was no significant charge exchange between the particles and the mesh grid.
Moreover, no flow turbulence was detected to the extent that it influenced the particle
trajectories. Heijmans et al. [118] have shown that the triboelectric charge of 100 µm
polystyrene particles can be as large as ±5 × 106 e. This shows that the triboelectric
particle charge can be of the same magnitude or even larger than the particle charge
in the active plasma region.
Yet, the minima between the peaks in Figure 4.9 are not zero. This could be caused
by two factors. First, the mesh grid was not perfectly aligned with the laser sheet.
Since the laser sheet was approximately 3 mm thick (see subsection 4.3.4), several rows
of the mesh grid were imaged simultaneously. Consequently, overlapping peaks could
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Figure 4.9: Histogram of the horizontal position x of the first detection of each
trajectory for the situation without plasma (in blue) and with 6 W ICP (in red) for
E = 0 V m−1 . The figure shows the combined data of three separate experiments
for each configuration consisting in total of 7791 particles without plasma and
3909 particles with plasma. The solid vertical line at x = 20 mm indicates the
axis of symmetry.

have been created which could have resulted in non-zero minima. Second, the flow
was compressed by the curved electrodes which means that the peaks were pushed
together as well. This effect can also be seen in the distance between the peaks in
Figure 4.9, which is approximately 0.9 mm, significantly smaller than the expected
separation distance of 1.5 mm (see mesh grid geometry subsection 4.3.2). The effect
of the curved electrodes on the flow will be discussed extensively in subsection 4.5.3.
When comparing the histograms of the particle density with and without plasma
in Figure 4.9, it is clear that the plasma causes the particles to be more spread out
over at least the volume of the laser sheet. This increase in spread could be caused by
the temperature gradient present in the argon flow. Previous studies have shown that
the neutral gas temperature in a low-pressure ICP strongly depends on the operation
mode and can be elevated above room temperature [149,151]. In addition, the increase
in spread could be caused by the ion drag force pushing the particles to the walls of
the glass tube.
Furthermore, it is clear that the local maxima of the distributions depicted in
Figure 4.9 have shifted. This could be caused by the already mentioned flow compression effect and the horizontal temperature gradient since most of the particles
passed through the right of the center of the electrodes (the center is at x = 20 mm in
Figure 4.9 as indicated by the vertical solid line). Moreover, the global maxima of the
distributions have also shifted. The cause of this effect is uncertain, since the particle
charge in the situation where E = 0 V m−1 is unknown.
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4.5.3

Shielded spatial plasma afterglow

The previous sections have discussed the influences of the active plasma region and
the sheath above the mesh grid. In these regions, all particles reached a constant
negative equilibrium charge independent of their initial triboelectric charge. The
actual control of the charge was achieved in the shielded SPA. This section provides a
detailed explanation of the governing mechanism.
First, the influence of the electrodes on the particle trajectories, as well as the
measured horizontal acceleration as a function of the electric field strength, are
discussed. Second, a current measurement is presented which shows that the ratio of
ni /ne was actually changed by varying the electric field strength. Third, the magnitude
of the ion drag is estimated, with the conclusion that this force proved negligible
and thereby did not contribute to the observed phenomena. Finally, it is shown that
ions were focused on the cathode and thereby created an asymmetric spatial charge
distribution.
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Figure 4.10: Scatter plot of the horizontal velocity v x as a function of the first
x position for the case without plasma and E = 0 V m−1 . The figure shows the
combined data of three separate experiments consisting in total of 7791 particles.
A solid line is added to illustrate the v x dependence on x and a dashed line to
indicate the zero-crossing.

Acceleration at the electrodes
The curved electrodes that were used to generate the electric field had a separation
distance of 40 mm (see subsection 4.3.3), whereas the tube had an inner width of 0.1 m.
Consequently, the flow was compressed at this position, which influenced the particle
trajectories. Figure 4.10 shows the horizontal velocity v x , while Figure 4.11 illustrates
the horizontal acceleration ax for the situation without plasma and E = 0 V m−1 . As
expected, for most particles the initial velocity was directed towards the center of
the tube, positive for x . 20 mm and negative for x & 20 mm, while the acceleration
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Figure 4.11: Scatter plot of the horizontal acceleration ax as a function of
the first x position for the case without plasma and E = 0 V m−1 . The figure
shows the combined data of three separate experiments consisting in total of 7791
particles. A solid line is added to illustrate the ax dependence on x and a dashed
line to indicate the zero-crossing.
was directed outwards, negative for x . 20 mm and positive for x & 20 mm. Yet,
some particles had a velocity directed away from the center of the tube. This can be
explained by the fact that some particles were detected for the first time below the
symmetry axis of the electrodes (see Figure 4.3), where the flow was spreading out
again.
In Figure 4.12, the horizontal acceleration is shown as a function of the electric
field E. While the measured acceleration provides information about the local charge
between the electrodes, the horizontal velocity provides information about the charge
in a larger region of the shielded SPA through the integrated effect of the electric field
above and between the electrodes. Consequently, the integrated trend of the particle
charge is better observed in the velocity which is therefore used in the analysis of the
charge control.
Current received by electrodes
A key point when it comes to charge control is the confirmation that the presence
of the mesh grid and the electrodes attracted ions from the sheath above the mesh
grid into the shielded SPA. In fact, the mesh grid caused the ions to be focused in the
region below. This effect is well known in the literature and is extensively used for
plasma-based ion sources [152, 153]. More specifically, the chosen geometry created
a vertical DC electric field between the electrodes and the grounded mesh grid (see
Figure 4.2). This vertical electric field most likely attracted ions from the sheath into
the shielded SPA. Due to the presence of the horizontal field between the electrodes,
the plasma species likely gained a non-uniform spatial distribution in a horizontal
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Figure 4.12: Horizontal acceleration ax as a function of the externally applied
electric field E in the shielded SPA. The figure shows the combined data of 10
separate experiments (two for each value of E) consisting in total of 8623 particles.
direction. In order to substantiate this statement, the current going to both electrodes
was measured separately in a floating configuration (see subsection 4.3.3) and the
results are shown in Figure 4.13.
It is clear from this graph that the anode current exceeded the cathode current
up to a field strength of approximately 4.5 kV m−1 , after which the cathode current
exceeded the anode current. This trend matched the observed trend in horizontal
velocity as a function of E (see Figure 4.7). Assuming that the anode current was
mostly caused by the electrons and the cathode current by ions, Figure 4.13 indicates
that the local ion density was responsible for the charge control of the microparticles.
In addition, it can be observed that the anode and cathode current were of the
same order of magnitude. Yet, the electron velocity was much larger than the ion
velocity, even if both electrons and ions were approximately at room temperature.
Thus, assuming that both electrons and ions were collected by the total area of the
electrodes, which formed a first order estimate, the ion density likely dominated the
electron density according to ni /ne ≈ v e /v i ∝ mi /me , where me is the electron mass.
The ion density was estimated under the presented assumptions using ni =
I c /Av d,i e = 1011 m−3 . Here, A was the cathode surface area and v d,i the ion drift
velocity. For the estimation of ni the cathode current at E = 1 kV m−1 was used. The
estimated ion density of ni = 1011 m−3 means that the linearised Debye length was in
the sub cm range and in the same order of magnitude as the diffusion length [127, 128],
which was given by D/2π ≈ 2 cm, assuming an infinitely long square beam. Hence, the
interaction strength between ions and electrons was decreased and, thus, the plasma
species were no longer bound by ambipolar diffusion [154,155]. This in turn altered the
electron and ion current arriving at the particle surface and, consequently, the particle
charge. As stated in the introduction, Couëdel et al. [56] have shown that the manner
in which the transition from ambipolar to free diffusion takes place influences the
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particle charge. Overall, the current measurement presented here confirmed our earlier
statement that an electric field-induced altering of the local ion density is responsible
for the charge control.
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Figure 4.13: In black, the difference between the anode and the cathode current
as a function of the applied electric field E. In addition, the individual anode and
cathode current are plotted in blue and red respectively. For each value of E the
current has been measured twice in separate experiments which is indicated by
two points for both currents at each E value in the plot. Fit curves are solely
added in the figure to guide the eye.

Ion drag
It has been shown in the previous section that ions dominate the shielded SPA region.
What follows, therefore, is a discussion of the possible influence of the ion drag force
on the horizontal velocity. For 90 Pa argon, the ion drag force has been described by
the linear plasma response formalism which took ion-neutral collisions into account.
However, ion absorption at the particle surface was neglected [16, 103]. Using the
formalism for a flowing plasma [102], the electric field-induced velocity component of
the ions was included in the estimate of the ion drag. First, it can be concluded that
the ion drag force is approximately a factor 10 smaller than the electric force on a
microparticle with a charge of 1 e when ne < 1 × 1013 m−3 and assuming T e < 1 eV
and E = 1 kV m−1 . Second, it can be concluded that, according to the linear plasma
response formalism, the ion drag force scales linearly with the ion velocity and can
consequently not explain the measured change in v x as a function of E. Hence, these
two arguments show that the ion drag force proved negligible in the shielded SPA.
Asymmetric ion distribution
If free ions and electrons were present in the shielded SPA, it would be expected that
these free charge carriers were non-uniformly distributed between the electrodes in the
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presence of an electric field. In that case, the charge of the particles and, consequently,
their velocity, should also depend on their position. This very effect can be observed
in Figure 4.14, where the mean value and standard deviation of v x are plotted for all
positions with the data grouped in spatial bins of 1 mm. It is clear that the velocity had
a maximum negative value close to the anode which increased with the distance to this
electrode, eventually becoming positive near the cathode. This situation corresponds
to the expected distribution of charge carriers: more electrons at the anode and more
ions at the cathode. Consequently, the particles experienced an increased positive ion
flux near the cathode, while they remained negatively charged close to the anode. In
conclusion, the asymmetric velocity distribution fully corroborates that a free positive
space charge in the shielded SPA was the dominant reason for the observed charge
control.
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Figure 4.14: Horizontal velocity v x as a function of the first x position for
E = 5 kV m−1 and a plasma power of 6 W. The figure shows the combined data of
two separate experiments consisting in total of 1244 particles. The corresponding
data is averaged in spatial bins of 1 mm in size.

4.6

Conclusion

In this chapter, we have shown that the charge of microparticles can be controlled by
shielding the spatial plasma afterglow from the bulk plasma through the application
of a mesh grid and by changing an externally applied electric field strength below this
mesh grid. In this manner, the particle charge has been controlled from small negative
to small positive charges, typically in the range of Q = ±10 e, by varying the local
ion space charge distribution in the shielded spatial plasma afterglow. The governing
mechanism for this variation in ion density is the vertical electric field component
arising from the geometry of the setup. These variations in ion density have been
confirmed by measurement of the separate currents received by each of the electrodes,
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which generated the external electric field, and by the asymmetric distribution of
the horizontal velocity v x as a function of the horizontal distance x. The strength of
the reported technique is that the actual control was achieved in the shielded spatial
plasma afterglow, while the particles reached a constant equilibrium charge in the
other regions above the mesh grid.
The achieved control of the particle charge not only opens up ways to study
nanoscale surface charging physics on micrometer length scales and fundamental
plasma plasma-particle interactions, it also contributes to the further development of
plasma-assisted contamination control strategies.
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Chapter 5
Charge neutralisation of microparticles
by pulsing a shielded spatial plasma
afterglow

Abstract
In this chapter, it is shown that microparticles can be effectively neutralised in the (spatial) plasma afterglow of an inductively coupled plasma.
A key element in the reported experiments is the utilisation of a grounded
mesh grid separating the plasma bulk and the “shielded” plasma afterglow.
Once particles - being injected in and charged by the inductively coupled
plasma - had passed this mesh grid, the plasma was switched off while the
particles continued to be transported under the influence of both flow and
gravity. In the shielded spatial plasma afterglow region, the particle charge
was deducted from their acceleration in an externally applied electric field.
Our experiments demonstrate that all particles were neutralised independently of the applied electric field magnitude. The achieved neutralisation
is of primary importance for the further development of plasma-assisted
contamination control strategies as well as for a wide range of other applications, such as colourimetric sensing, differential mobility analysers, and
medical applications.
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5.1

Introduction

The charge of nano- and microparticles is a key parameter in many processes in
various research fields. In dusty or complex plasmas, i.e. plasmas containing nanoto micrometre-sized particles, microparticles typically acquire a permanent negative
charge of (103 − 104 ) elementary charges in the plasma bulk [123, 148]. Under these
conditions, the particle charge is determined by the balance between ion and electron
fluxes reaching the particle’s surface. Since the electrons are much more mobile than
ions, an equilibrium in flux is achieved for a negative surface potential and, thus, for
a negative particle charge. This negative charge drives many elementary processes
such as ion drag [16, 17], local Debye shielding [18] and Coulomb-interactions in
strongly coupled plasmas [19, 20]. Also, during the plasma-assisted growth process
of nanoparticles, the negative particle charge is a key parameter [21–24]. However,
for some processes, neutral or even positively charged particles are required, which is
illustrated by the following three examples.
First of all, the aggregation of gold nanoparticles (GNPs) is frequently used in
colourimetric sensing [45–48]. Adding salt is a common method to induce aggregation.
Yet, the salt-induced aggregation by charge screening is a slow process that makes
quantitative and reproducible measurements difficult when the GNPs are charged [49].
Zhang et al. have recently reported that charge neutralisation of the GNPs improved
detection time, signal stability, and sensitivity of the colourimetric sensing method [49].
Second, nanoparticles (NPs) are intensively tested for use in medical products,
especially in imaging and drug delivery [41–43]. It has been shown that a positive
surface charge of the NPs improves the efficacy of imaging, gene transfer, and drug
delivery [44]. Yet, positively charged NPs also have higher cytotoxicity. These examples
show that the charge of NPs is a crucial parameter for the application in medical
products and that it benefits from being accurately controlled.
Third, in the field of aerosol science, differential mobility analysers (DMAs) are
used to accurately measure the particle size distribution [156]. The DMA is a powerful
technique on the condition that the initial particle charge distribution is known.
Therefore, considerable efforts are put in the neutralisation of particles in the field
of aerosol science [157–160], which recently led to the development of sophisticated
models [161, 162].
The three examples discussed above show that neutral particles are of the utmost
importance for processes in numerous research fields. Besides the three applications
discussed above, this research is primarily driven by the development of contamination
control strategies [13]. In many ultra-clean low-pressure systems, such as in the major
semiconductor industry [50], contamination by particles has become an increasingly
urgent challenge. Plasma-based techniques have a high potential for preventing particle
contamination since plasmas can simultaneously charge the contaminating particles
and alter their trajectories by the plasma-induced electric fields [51].
Crucial in the neutralisation method reported in this chapter is the pulsed Spatial
Plasma Afterglow (SPA) and the presence of a mesh grid shielding the active plasma
region from the afterglow. In the afterglow, where the plasma is not actively powered,
the typical particle charge is significantly lower than in the previously discussed plasma
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bulk [52, 53, 133]. Most research has focused on the temporal afterglow, where the
particle charge is determined by the plasma changes in time [52–59]. In the largely
unexplored SPA, the particle charge is determined by the spatial evolution of plasma
parameters. These parameters evolve differently in the spatial and temporal plasma
afterglow, which directly affects the particle charge. For example, Couëdel et al. have
shown that the particle charge is determined by how the transition from ambipolar to
free diffusion takes place [56].
In previous work, we have measured the charge of microparticles in the free and
shielded SPA [133, 163] (see chapter 3 and chapter 4). The shielded SPA is created
by the application of a mesh grid in the setup’s cross-section separating the active
plasma region from the SPA. In the latter situation, the particle charge was controlled
from ∼ −40 to +10 elementary charges by variation of the external electric field
strength [163]. Note that in those experiments, the used inductively coupled plasma
(ICP) was powered continuously.
In this chapter, we report neutralisation of microparticles in the shielded SPA
by switching off the plasma discharge after all particles were below the mesh grid.
Spatially resolved particle charge measurements confirmed the neutralisation of the
particles. The local charge was obtained by segmentation of the trajectories and by
measuring the local particle acceleration in the region of an externally applied electric
field.
The following section deals with the plasma decay timescale together with the
particle charging theory, followed by an overview of the experimental setup in section 5.3.
The experimental procedure differs in two aspects from previous work: the pulsing of the
plasma discharge and the segmentation of the particle trajectories to measure spatially
resolved the charge and decharging. Section 5.4 presents the charge neutralisation
results, while section 5.5 discusses the charge evolution in the SPA up to the moment
that the plasma was switched off. Finally, several mechanisms are proposed that could
explain the relevant results.

5.2

Theory

This section first offers a brief discussion of the theory of plasma decay in the temporal
afterglow. The particle charge evolution as a function of the particle position was a
highly dynamic process in the reported experiments, where the particle charge varied
by approximately three orders of magnitude. The latter evolution is examined in
section 5.5, which addresses the equilibrium charge particles obtained in the plasma
bulk and the corresponding particle charging timescale.

5.2.1

Plasma decay

For the conditions in this study, the loss of plasma is determined by (ambipolar)
diffusion to the walls and by subsequent recombination. While, due to the low
pressure, volume recombination processes were negligible, the low microparticle density
(nd ≈ 106 m−3 ) ensured that recombination at the surface of the particles could be
neglected as well.
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The density decay as a function of time due to diffusion and successive wall
recombination can be described by dñ/dt = −ñ/τ L , where ñ = ne,i /n0 with ni,e the
momentary plasma density and n0 the initial plasma density. In addition, τ L is the
timescale of diffusive plasma loss which is given by [164]
τL =

Λ2
2
3Λ2
1
=
τ L∞.
=
Da
λia v th,i (1 + T̃ )
(1 + T̃ )

(5.1)

Here, Λ is the characteristic diffusion length, Da the ambipolar diffusion coefficient,
v th,i the thermal speed of the ions and λia the ion mean free path. Furthermore,
T̃ = T e /T i where T e and T i are the electron and ion temperatures, and τ L ∞ is the
asymptotic value of the plasma decay time.
Equation 5.1 is only valid as long as the plasma decay is governed by ambipolar
diffusion and successive wall recombination. When the electron Debye length λDe >
0.1Λ, ions and electrons no longer diffuse together [155]. Experiments [154, 165] and
a theoretical study [166] have shown that during the transition from ambipolar to
free diffusion, the diffusion and recombination rate initially increases since the ions
are accelerated by the “escaping” electrons. When the ions can no longer follow, the
diffusion of the ions becomes slower than that of the electrons, i.e. the diffusion of
ions approaches the free diffusion limit [154, 165, 166].

5.2.2

Particle charging

As stated in the introduction, particles generally acquire a permanent negative charge
in the bulk of a low-pressure plasma [123]. In many cases, the acquired charge is
described by the Orbital Motion Limited (OML) theory, which assumes that the
electrons and ions are collected by the particles when their orbits overlap the particle
surface [123, 145]. Furthermore, OML theory assumes that the electrons and ions have
collisionless orbits.
For higher pressures, the ions collide with neutrals within the plasma sheath
surrounding the particle. However, Khrapak and Morfill [16] and Khrapak et al. [80]
have shown that in plasma discharges these collisional effects only change the particle
charge by a maximum factor of three compared to the OML predicted value for
microparticles. Accordingly, ion collisions within the sheath are omitted in the analysis
of this study.
For an isolated particle with radius rp  λDe in an electropositive plasma containing
Maxwellian energy-distributed electrons, the ion current I i and the electron current
I e are given by [79]

 I i0,e0 (1 − qi,e φs ) if q i,e φs ≤ 0
kB T i,e
(5.2)
I i,e =
 I i0,e0 exp − qi,e φs if q i,e φs ≥ 0.
k T
B i,e
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The currents are determined by the surface potential of the particle φs , the
temperature T i,e and the charge q i,e of the ions and electrons. Furthermore, k B
stands for the Boltzmann constant and I i0,e0 for the current collected at φs = 0. By
considering the particle as a capacitor, it follows that the particle charge Q is given by
Q = 4π0 r rp φs

(5.3)

where 0 and r are the respective vacuum and relative permittivities.
In addition, the characteristic time to reach the equilibrium charge, the so-called
particle charging timescale τ c , can be derived using the OML formalism as being [125]
40
τc = 2
e

r

k B T i πmi
1
.
8
rp ne,i (1 + y 0 )

(5.4)

Here, e is the elementary charge of an electron, mi the ion mass and y 0 the equilibrium
value of the reduced particle potential y = eφs /k B T e . Equation 5.4 is valid in the
usual situation for low-pressure plasmas where T e  T i .

5.3

Experiment

In this section, the experimental setup is only summarised since it has been extensively
described in our previous publications [133, 163] (see chapter 3 and chapter 4). Compared to our earlier study, two differences in the experimental procedure are treated in
more detail: the pulsing of the ICP and the segmentation of the particle trajectories
to obtain the spatially resolved particle charge.

5.3.1

Setup

The experiments were performed in a vacuum system consisting of - amongst other
components - a 1 m long square glass tube with an inner width of D = 0.1 m. The
vacuum system is called the Plasma Particle Charging Investigation (PPCI) setup [133],
a sketch of which is shown in Figure 5.1. At the top, a shower head was mounted
which regulated both the 10 sccm flow and the particle injection. These particles,
4.9 ± 0.2 µm in diameter, consisted of a melamine-formaldehyde (MF) core and a
porous silver coating with a thickness of ∼ 100 nm to minimise triboelectric charging
effects [141]. The operating pressure was 90 Pa argon (at a background pressure of
10−9 Pa). In addition, the flow combined with gravity accelerated the particles to a
measured settling velocity v p,f = 0.13 m s−1 [163].
A square coil wound around the outside of the tube generated an inductively
coupled plasma at 13.56 MHz. Hereby, 6 W of power was delivered to the plasma
volume. The active plasma region was shielded from the remainder of the setup
through application of a grounded mesh grid placed in the cross-section of the tube
downstream of the ICP. This mesh grid consisted of 0.37 mm thick wires with a spacing
of 1.13 mm between two wires. The area below the mesh grid will be referred to as
the shielded SPA.
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Figure 5.1: Sketch of the PPCI setup in which microparticles (injected at the
top) travelled through the active plasma discharge and the shielded SPA region, of
which the latter is created by utilisation of a grounded mesh grid. The mesh grid
was placed in the cross-section of the tube. After the particles were positioned
below the mesh grid in the shielded SPA, their charge was measured by accelerating
in an external electric field. (Figure from [163].)
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In the shielded SPA, the charge neutralisation of the particles was verified by
measuring the position, velocity and acceleration of the microparticles in an externally
applied electric field created by two parallel and vertically aligned Rogowski electrodes
[115]. These electrodes were 70 mm in diameter and had a separation distance of
40 mm. The electric field profile, generated by applying a potential difference across
the two electrodes, was simulated in COMSOL using a 2D electrostatic model of which
the result is shown in Figure 5.2. Subsection 5.3.2 contains an explanation of how the
neutralisation was measured using this electric field strength simulation. Moreover,
the breakdown electric field between the electrodes was experimentally measured to
be E bd = 8 kV m−1 while the plasma discharge was switched on. This breakdown
field is much higher than the maximum electric field (5 kV m−1 ) used in the presented
experiments. Consequently, possible reionisation had a negligible effect on the particle
charge and additional plasma shielding.
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Figure 5.2: Plot of the simulated normalised horizontal electric field component
created by the Rogowski electrodes. Cylindrical geometry was assumed in the
simulation, where the x-axis was the axis of symmetry. Therefore, the glass plates
in the front and at the back of the electrodes were not included. Indicated in
grey are the electrodes, in light blue, the glass tube and in black and white the
two camera positions. FoV 1 corresponds to the camera focused on the central
region of the electrodes and FoV 2 to the camera focused on the top part of the
electrodes. (Figure adapted from [163].)
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The particles were illuminated by a laser system (central wavelength 447 nm),
and their scattered light was recorded by a high-speed camera focused on the region
between electrodes. As shown in Figure 5.1, this laser sheet was vertically directed
and had a thickness of 3 mm. This thickness assured that particles moving towards
or away from the camera, i.e. particles travelling parallel with the viewing direction,
were only briefly imaged and thereby omitted in the analysis. The camera’s field of
view (FoV) was approximately 40 mm in the horizontal and 32 mm in the vertical
direction, with a resolution of approximately 32 µm per pixel. The particle density
(nd ≈ 106 m−3 ) in our experiments was low so that, typically, 10 − 100 particles were
imaged simultaneously and therefore did not mutually interact.
To obtain information about the particle charge, each particle’s position, velocity
and acceleration were retrieved using in-house developed particle tracking software.
More details about the setup and the developed software can be found in our previous
work [163] (chapter 4). Furthermore, it was illustrated that the plasma afterglow did
not influence the electric field distribution at the position of the electrodes in the case
of a free SPA [133]. The experiments reported here are performed in the shielded
SPA where the density was even lower than that in the free plasma afterglow. It
can be thus be concluded that the afterglow did not influence the distribution of the
externally applied electric field.

5.3.2

Procedure

This section discusses the experimental procedure of performed experiments. First,
the pulsing of the plasma discharge is elaborated upon. Second, the spatially resolved
particle charge measurements are treated.
Pulsing of the ICP
The charge neutralisation experiments have been performed using a pulsed ICP. The
plasma was switched off after all particles were below the mesh grid, as indicated
by the four sketches in Figure 5.3 showing the situation with plasma switched on
for t < 0 s, and plasma switched off for t = 0 s, t = 1 s and t = 2 s. Note that the
particles travelled from the mesh grid to the electrodes in ≈ 2 s and consequently, at
t = 1 s, they resided in the middle between mesh grid and electrodes. In the sketch,
the active plasma region is indicated in purple and the shielded SPA in blue. The
sketch for t = 0 s corresponds to the situation just after the plasma was switched off,
with the decaying plasma not indicated in this sketch. As explained in the theory
(subsection 5.2.2), the typical plasma decay time can be calculated using Equation 5.1.
For the geometry of the PPCI setup, the diffusion length Λ was given by D/2π ≈ 2 cm
where the glass tube was assumed to be an infinitely long square tube [127, 128].
Hence, the asymptotic value of the plasma decay timescale was τ L ∞ = 30 ms. Only
particles detected between tp = (0.5 − 1.6) s after the plasma was switched off were
used in the analysis. After tp = 1.6 s, no particles were detected as a consequence of
the injection method. Since tp  τ L ∞ , it can be assumed that the plasma had fully
decayed at the moment the particle charge was measured, although in the transition
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from ambipolar to free diffusion, the plasma decay briefly slowed down (as explained
in subsection 5.2.1).
Due to the injection method, not all particles were injected simultaneously and
were, accordingly, spread out in space vertically, as indicated in Figure 5.3. Hence,
the individual particles travelled through a different shielded SPA depending on their
position when the plasma was switched off, as illustrated in Figure 5.4. These sketches
indicate the different spatial plasma distribution through which particles detected at
t < 0 s, t = 0 s, t = 1 s and t = 2 s have travelled, before being imaged in the central
region between the electrodes. The particles travelled in ≈ 2 s from the mesh grid to
the electrodes.

t <0s

t=0s

t=1s

t=2s

Figure 5.3: Schematic drawing of the plasma and its shielded SPA at four
moments in time. The ICP is switched off when all particles were located below
the mesh grid. This moment is referred to as t = 0 s. After approximately 2 s, the
last particles resided between the electrodes. The decaying plasma is not indicated
in the sketch for t = 0 s.

As indicated in the sketch of Figure 5.4 for t < 0 s, particles detected before the
plasma was switched off travelled through the complete shielded SPA. The sketch
for t = 1 s depicts the shielded SPA through which the particles detected at t = 1 s
travelled. The particles resided roughly in the middle between the mesh grid and the
top of the electrodes when the plasma was turned off (see the sketch for t = 1 s of
Figure 5.3). Accordingly, they travelled solely through the upper part of the shielded
SPA. It is obvious that the particles detected at t = 2 s after the plasma was switched
off travelled through a plasma free region below the mesh grid as indicated in the
sketch for t = 2 s of Figure 5.4.
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t <0s

t=0s

t=1s

t=2s

Figure 5.4: Schematic drawing of the plasma configuration and its afterglow
experienced by the particles that were detected at four different times. The
particle trajectories are indicated by a dashed line. Where Figure 5.3 shows
the plasma configurations at different times, the respective sketches indicate the
plasma distribution experienced by the particles detected at the given time when
they travelled through the shielded SPA.
Local charge measurement
Where in previous work [133, 163] (see chapter 3 and chapter 4) the particle charge
was determined from the full particle trajectories, the trajectories in this study were
segmented. The segments were 5 mm long in a vertical direction and consisted of
(20 − 38) particle positions. For each segment, a local fit was made to obtain the local
velocity and acceleration. The fitting procedure was similar to the one used in our
previous work [163] (see chapter 4). Also, in this current study, the experiments were
performed with two different camera positions, as indicated in Figure 5.2. In this way,
the velocity and acceleration were measured with a spatial resolution of 5 mm over a
range of 50 mm.
To obtain the local charge for each trajectory, the segment-averaged electric field
was calculated using the performed electrostatic simulation (see Figure 5.2). The
non-uniformity of the electric field was, thereby, taken into account. In this study,
both the local charge and the trajectory-averaged charge were obtained and, labelled
by subscripts l and f respectively.

5.4

Results

This section presents and discusses the spatially resolved particle charge measurements,
thereby revealing the neutralisation that has taken place.
In Figure 5.5, the vertical position y is plotted versus the local horizontal acceler74
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ation ax,l . The plasma discharge was switched off after all particles were below the
mesh grid, as treated in the previous section. In Figure 5.5, y = 0 corresponds to the
centre position between the electrodes, and positive y is defined as the region above the
electrodes. As indicated in the caption of the figure, ax,l is plotted for three different
electric field strengths. Particles measured at different times are combined and thereby
averaged. The time trend observed in ax,l is treated in appendix subsection 5.7.3.
Note that the bars around the data points do not demonstrate an error but rather the
spread, as will be elaborated further upon in this section.
It is clear that independent of the electric field strength, ax,l became approximately
zero at y = 30 mm. Since the electric force was dominant in the horizontal direction,
the trend in ax,l shows that the microparticles were neutralised as they moved through
the final stage of the SPA.
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Figure 5.5: Plot of the vertical position y as a function of the local horizontal
acceleration ax,l for three different electric field strengths: blue E = 1.25 kV m−1 ,
red E = 2.5 kV m−1 and green E = 5.0 kV m−1 . The graph shows the combined
data of two different camera positions as explained in subsection 5.3.2. For each
electric field strength at least two separate measurements have been combined for
each camera position resulting in the following number of full particle trajectories:
E = 1.25 kV m−1 461 in FoV1 and 233 in FoV2, E = 2.5 kV m−1 253 in FoV1
and 153 in FoV2 and E = 5.0 kV m−1 202 in FoV1 and 160 in FoV2. The given
electric field strength corresponds to the value in the centre of the electrodes.
In the remainder of this section, three observations from Figure 5.5 are briefly
discussed. The detailed description and the corresponding data of each observation can
be found in the appendix of this chapter. The section concludes with a presentation
of the local particle charge results.
First of all, it is apparent that ax,l for y = (0 − 30) mm has a slightly higher value
for E = 1.25 kV m−1 compared to the trends for E = 2.5 kV m−1 and E = 5 kV m−1 .
This was caused by the displacement of the particles in the region above the electrodes
(y > 35 mm) due to the electric field present. Accordingly, the particles were most
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centred for E = 5 kV m−1 and least centred for E = 1.25 kV m−1 . Since the flow was
compressed at the position of the electrodes, the off-centre particles (i.e. x =
6 0 mm)
obtained a small horizontal acceleration, which explains the observed difference in ax,l
for the three electric field strengths. In the appendix subsection 5.7.1, this effect has
been explained in more detail with the corresponding graphs.
For y = (35 − 45) mm the measured ax,l was not influenced by the same effect since
the particles were not yet displaced at these positions (see appendix subsection 5.7.1).
To draw conclusions from the difference in ax,l in this region, we needed to take into
account the difference in the local electric field. The end of section 5.5 will show that
the electric field strength most likely influenced the initial charge.
Second, and as already mentioned, it should be noted that the bars around the data
points do not demonstrate an error but rather the spread indicated by the one-sigma
interval. Remarkably, the spread in ax,l proved constant for all electric field strengths.
It was expected to scale with the electric field strength as discussed in our previous
publication [163]. The observed constant spread was caused by the local flow profile
at the position of the electrodes, as is elaborated upon in appendix subsection 5.7.2.
Third, the local acceleration is not plotted in Figure 5.5 for y = (15 − 25) mm since
too few detected particles existed at these positions. This effect was predominantly
caused by particles moving out of the laser sheet volume. Hence, the trajectories of
the particles ended before they reached the bottom of the FoV. The relevant data and
the full explanation are elaborated in appendix subsection 5.7.3.
While the trend for ax,l presented in Figure 5.5 gives useful insights into particle
neutralisation, the neutralisation is most clearly presented by the spatially resolved
particle charge Q as shown in Figure 5.6. The charge Q was obtained from ax,l by
taking into account the non-uniform electric field, as explained in subsection 5.3.2.
First and foremost, the trend in Q shows that the particles neutralised independently
of the electric field strength, i.e. the particle charge reached a constant value of zero.
Moreover, it is clear that the spread in Q decreased as the electric field strength
increased. As explained in the second point of this section (and in appendix subsection 5.7.2), this was caused by the constant flow-induced spread in ax,l . Furthermore,
it is apparent that the particle charge at the top of FoV1 (y = 43 mm) was most
negative for the smallest electric field strength E = 1.25 kV m−1 and increased for
higher values of E. This trend seems to correspond with the particle charge control
described in our previous work [163] (see chapter 4). Yet, in the current situation, not
all particles have travelled through the entire shielded SPA, since the plasma discharge
was switched off after all particles were located below the grid. In addition, in the
final stage after the plasma discharge was switched off, the ion and electron fluxes to
the particles were altered making a direct comparison impossible.
Our findings are consistent with the studies reported by Chen et al. [167, 168]. The
authors have measured the charge of plasma-synthesised nanoparticles (NPs) in the
shielded SPA using a continuously powered plasma flow tube reactor. A bipolar charge
distribution of singly charged NPs was found, from which it was concluded that most
NPs were probably neutralised in the SPA [168]. Our spatially resolved particle charge
measurements confirm that is indeed likely that most NPs were neutralised.
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Figure 5.6: Plot of the vertical position y as a function of the particle charge Q for
three different electric field strengths: blue E = 1.25 kV m−1 , red E = 2.5 kV m−1
and green E = 5.0 kV m−1 . For each electric field strength at least two separate
measurements have been combined for each camera position resulting in the
following number of full particle trajectories: E = 1.25 kV m−1 461 in FoV1 and
233 in FoV2, E = 2.5 kV m−1 253 in FoV1 and 153 in FoV2 and E = 5.0 kV m−1
202 in FoV1 and 160 in FoV2. The given electric field strength corresponds to the
value in the centre of the electrodes.

5.5

Physical interpretation

As shown in section 5.4, the particle charge was successfully neutralised in the pulsed
SPA independently of the externally applied electric field. The exact mechanisms
responsible for the reported neutralisation are not fully understood. In this section,
possible mechanisms are discussed, including neutralisation by (trapped) ions, photodetachment and charge exchange reactions that could, possibly combined, account for
the observed neutralisation. First, the evolution of the particle charge through the
active plasma region and the sheath above the mesh grid has been summarised for
overview. A more detailed description can be found in our previous work [163] (see
chapter 4).
Particle charge evolution up to the electrodes
Initially, the microparticles were triboelectrically charged upon particle injection.
Then, in the active plasma region, the particles acquired a negative charge of roughly
Qp = −5 × 103 e, which is described by OML theory (see subsection 5.2.2). Since the
time the particles resided in the active plasma region was much larger than τ c (see
Equation 5.4), all particles reached the equilibrium charge. After the active plasma
region, the particles discharge in the sheath above the mesh grid due to the local
electron depletion. It is estimated that the particle charge after travelling through the
sheath had decreased to Qs = −(102 − 103 ) elementary charges [163].
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5.5.1

Neutralisation by (trapped) ions

The initially negatively charged particles might have been partially discharged in the
shielded SPA by (trapped) ions arriving at the particle surface. Yet, this process
is not very likely to have played a dominant role in neutralisation because of two
distinct reasons. First, the plasma density at the position of the electrodes was
estimated in our previous publication [163] to be ne,i ≈ 1011 m−3 when the plasma
discharge was switched on. In this work, the particle charge was measured t > 0.5 s
after the plasma discharge was switched off. Recalling that the typical plasma decay
timescale was τ L ∞ = 30 ms (see subsection 5.2.1 and subsection 5.3.2), it can be
concluded that ne,i  1011 m−3 and that, consequently, the trapped ion concentration
was negligible [169]. Second, the applied electric field between the electrodes was at
maximum 5 kV m−1 , while the measured breakdown field strength of 8 kV m−1 proved
much larger. Therefore, reionisation could have not occurred in the region where
the neutralisation took place. In conclusion, (trapped) ions most likely have not
neutralised the particles since far too few ions were present locally.

5.5.2

Neutralisation by photodetachment

The laser system used in this research had a photon energy of 2.8 eV, which is below
the work function of silver [170]. Hence, it is concluded that photodetachment has
likely not contributed to the observed charge neutralisation in this study.

5.5.3

Neutralisation by charge exchange

Another mechanism that could be at play here is resonant charge transfer (RCT)
between the microparticles and impurities in the system. RCT reactions can take
place as long as the energy levels of the receiving atoms or molecules’ excited states lie
within the conduction band of the metal [88]. This means that, for the silver-coated
particles used in this study, the atoms or molecules should have excited states with
energies below 3.7 eV [171]. The latter criterion was satisfied for many molecules such
as N2 , O2 , H2 O, OH [172]. These species occurred as impurities within the setup and
were observed with a residual gas analyser at the base pressure of the PPCI setup
(10−9 Pa). The process of RCT is, amongst others, determined by the surface state,
such as the presence of adsorbates [89], which shows the complexity of RCT. We do not
fully understand why the RCT process would stop once the particles are neutralised.
This is possibly due to an induced dipole interaction between particle and molecules
aiding the RCT, which is, of course, absent for neutral particles. Another possibility
would be that the RCT is influenced by the externally applied electric field present in
the neutralisation region, similar to the observed lowering of the work function in the
case of stainless steel [173]. In conclusion, resonant charge transfer reactions could
have played a role in the observed neutralisation.
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5.6

Conclusion

In this study, microparticles have been neutralised by switching off the plasma discharge
once the particles were located below the mesh grid. This mesh grid shielded the SPA
from the active plasma region. In this manner, the initial triboelectric charge has
been subsequently reset by the active plasma discharge and the sheath above the mesh
grid. The particle charge was measured in the shielded SPA above and between the
electrodes. Above the electrodes, the particle charge varied between Q = −(6 − 12) e,
depending on the applied electric field strength, which influenced the received ion flux.
Independent of the applied electric field strength, all particles were neutralised within
15 mm from the start of the detection region.
The observed neutralisation could - in ascending order of certainty - be due to
photo-detachment, neutralisation by (trapped) ions and resonant charge exchange
reactions. The measured neutralisation is not only crucial for colourimetric sensing
[49], differential mobility analysers [159] and many medical applications [44], it also
contributes to the further development of plasma-assisted contamination control
strategies [13].

5.7

Appendix

In this appendix, the three observations from Figure 5.5 (discussed in section 5.4) are
explained in more detail with the corresponding graphs.

5.7.1

Positive acceleration after neutralisation

The first observation was the slightly higher value of ax,l for y = (0 − 15) mm in the
situation where E = 1.25 kV m−1 compared to the trends for E = 2.5 kV m−1 and
E = 5 kV m−1 . This difference in ax,l was caused by a combination of two effects.
First, the particles were displaced by the electric field before they became neutralised. In Figure 5.7, ax,f is plotted versus the horizontal position x of the first
moment the particle is detected for E = 0 kV m−1 and E = 5 kV m−1 . This figure
shows the acceleration of the full particle trajectories, i.e. the trajectories are not
segmented. Furthermore, the camera was focused on the central region between the
electrodes (see Figure 5.2). Figure 5.7 shows that the particles passed the electrodes
on the right-hand side of the setup if no electric field was applied (the centre of the
setup was at x = 20 mm, as indicated by the dashed vertical line). Consequently, the
average value of ax,f for E = 0 kV m−1 was larger than zero. Figure 5.7 illustrates
that the particles for the situation where E = 5 kV m−1 have shifted to the centre,
compared to the situation without electric field applied, and accordingly the average
value of ax,f was closer to zero.
Second, the curved shaped electrodes caused the flow to be compressed at the
position of the electrodes, which influenced the particle trajectories. While particles
detected on the right-hand side of the FoV (x & 20 mm) had a positive ax,f , particles
detected on the left-hand side (x . 20 mm) had a negative ax,f . The combination of
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both effects explains the observed difference in ax,l for y = (0 − 15) mm, depending on
the electric field strength in Figure 5.5.
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Figure 5.7: Scatter plot of the trajectory-averaged horizontal acceleration ax,f
as a function of the horizontal position x, with the camera focused on the central
region between the electrodes (as indicated in Figure 5.2). Figure 5.7 shows the
combined data of four measurements (two for each electric field strength). The
given electric field strength corresponds to the value in the centre of the electrodes.
In Figure 5.8, ax,f is plotted versus the horizontal position x, for the camera
focused at the top part of the electrodes. The horizontal acceleration is plotted for
E = 0 kV m−1 and E = 5 kV m−1 . Both trends showed no dependence of the horizontal
position until they diverged into two branches at x ≈ 25 mm, i.e. both negative and
positive values of ax,f have been measured for the same x position. This is due to a
combination of a flow and imaging effect. First, the particle trajectories were S-shaped
since they were compressed due to the electrodes. Second, some particles travelled out
of the laser sheet before the end of the FoV and, thereby, their trajectory was only
partially imaged. The combination of these effects caused relatively short particle
trajectories to have a negative ax , while the particle trajectories that were imaged in
full FoV had a positive ax,f .
Upon comparison of the E = 0 kV m−1 and E = 5 kV m−1 data, it is clear that, on
average, the particles were not shifted by the electric force, as was the case with the
camera focused on the central region between the electrodes (see Figure 5.7). This
observation is in accordance with expectations, since at the top part of the electrodes,
the particles had only just entered the region of applied electric field strength. In
contrast, in the central region of the electrodes, they had experienced the integrated
effect of the electric field of the whole region above.
Figure 5.7 and Figure 5.8 show the influence of the mesh grid on the spatial
particle distribution. The fact that the grid structure was visible in the spatial particle
distribution shows that particle scattering on the mesh grid had a negligible influence.
This effect as been discussed in our previous work [163] (see chapter 4).
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In conclusion, the compression of the flow and the displacement of the particles
explain the difference between the trends in ax,l for the different electric field strengths
in the region y = (0 − 15) mm. On the other hand, the same flow effect did not
influence the measured ax,l for y = (35 − 45) mm, since the particles were not yet
displaced at this position.
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Figure 5.8: Scatter plot of the trajectory-averaged horizontal acceleration ax,f as
a function of the horizontal position x, where the camera was focused at the top
part of the electrodes (as indicated in Figure 5.2). The figure shows the combined
data of four measurements (two for each electric field strength). The electric field
strength given corresponds to the value in the centre of the electrodes.

5.7.2

Constant spread in acceleration

The second noteworthy observation from Figure 5.5 is the constant spread in the
measured local acceleration independent of the electric field strength. According
to expectations, the spread in acceleration caused by the electric force, would be
proportional to the electric field strength. The measured constant spread in ax,l
was caused by the flow acceleration distribution, as already shortly mentioned in
section 5.4.
In Figure 5.9, the ax,f distribution is plotted for E = 0 kV m−1 , E = 2.5 kV m−1
and E = 5 kV m−1 , where each distribution is divided between the left part of the FoV,
x < 20 mm indicated in green, and the right part of the FoV, x > 20 mm indicated in
blue. It clearly shows that the ax,f distribution was a bimodal distribution and that
the spread was independent of the electric field strength. Also, the already mentioned
shift in the position of the particles and the corresponding change in ax,f is visible
(also see appendix subsection 5.7.1). In conclusion, the constant spread in ax,f proved
independent of E and was predominantly caused by the flow distribution.
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Figure 5.9: Histograms of the trajectory-averaged horizontal acceleration ax,f as
a function of the horizontal position x, measured in the central region between
the electrodes for three different electric field strengths. Indicated in blue are the
particles measured on the right-hand side of the FoV (x > 20 mm). Indicated in
green are the particles measured on the left-hand side of the FoV (x < 20 mm).
The given electric field strength corresponds to the value in the centre of the
electrodes.

5.7.3

Measured acceleration at the end of FoV 2

The third observation from Figure 5.5 is the omitted points for y = (20 − 30) mm.
While the plotted points consisted on average of 200 particles, the omitted points
were not plotted due to a scarcity of particle detections there. The latter was caused
by particles moving out of the laser sheet, which was most probably due to particles
having a small velocity component towards or away from the camera. The particles
thereby left the imaging region before the end of the FoV as the laser sheet had a
thickness of only 3 mm.
This section will first analyse and discuss the trajectory-averaged acceleration ax,f
as a function of t. The observed trend in ax,f highlights the importance of sufficient
particle detections for each local position of y. Second, the average time t and the
horizontal position x as a function of y are treated, giving a full overview on why the
ax,l was not plotted for y = (20 − 30) mm.
In Figure 5.10 the trajectory-averaged horizontal acceleration ax,f is plotted against
the starting time of the trajectories, where t = 0 s corresponded to the moment the
plasma discharge was switched off. Whereas the trend for E = 0 kV m−1 showed
almost no dependence on t, the trend for E = 5 kV m−1 decreased as function of t,
i.e. particles had a higher negative acceleration if they were detected later. This
means that the particle charge was not constant in time, which can most probably
be explained by the ion flux received by the particles in the shielded SPA (the region
below the mesh grid).
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Figure 5.10: Plot of the trajectory-averaged horizontal acceleration ax,f as a
function of time after the plasma was switched off for three different electric field
strengths. The given electric field strength corresponds to the value in the centre
of the electrodes with the camera focused on the central region of the electrodes
(FOV1).
Particles detected at t = 0.5 s were approximately 65 mm above the FoV when
the plasma was switched off. Hence, these particles travelled through the almost full
shielded SPA before the plasma discharge was switched off. Yet, particles detected
at t = 1.5 s were approximately 65 mm below the grid when the plasma discharge
was switched off. Hence, these particles travelled through an almost entirely decayed
shielded SPA (as sketched in Figure 5.4). This distinction in experienced afterglow
by the particles explains the difference in the ion flux the particles experienced and,
hence, the difference in observed ax,f
Figure 5.5 combines the particles detected at different times for each value of y.
Thereby, the trend in ax,f was averaged out as long as enough particles were detected
at each position and at each moment in time. To verify this, the vertical position
y was plotted as a function of the average detection time td in Figure 5.11, where
td = 0 s corresponds to the moment the particles were injected. As expected, td
decreased approximately linearly with increasing height due to the constant settling
velocity of the particles. The small offset in the decreasing lines of FoV1 and FoV2
were most probably caused by camera positions misalignments of several millimetres.
As explained at the outset of this section, fewer particles were detected at the end of
FoV2 (18.6 mm and 23.6 mm). Also the average horizontal position s of the particle
beam as a function of y deviated from the trend at these y values, as depicted in
Figure 5.12. Therefore, both td and xS deviated from the linear trend. Consequently,
these data points are omitted in Figure 5.5 and Figure 5.6.
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Figure 5.11: Plot of the vertical position y as a function of the detection
time td for three different electric field strengths: blue E = 1.25 kV m−1 , red
E = 2.5 kV m−1 and green E = 5.0 kV m−1 . The given electric field strength
corresponds to the value in the centre of the electrodes. The horizontal dashed
lines indicate the region at the end of FoV2 where insufficient particles were
detected.
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Figure 5.12: Plot of the vertical position y as a function of the segmentaveraged horizontal position xs for three different electric field strengths: blue
E = 1.25 kV m−1 , red E = 2.5 kV m−1 and green E = 5.0 kV m−1 . The given
electric field strength corresponds to the value in the centre of the electrodes. The
horizontal dashed lines indicate the region at the end of FoV2 where insufficient
particles were detected.
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Chapter 6
Revealing the charge of clustered
microparticles: proof for the smallest
enclosing sphere model in the spatial
plasma afterglow

Abstract
Plasma-induced charging of non-spherical microparticles is a crucial
parameter in complex plasma physics, aerosol science and astrophysics.
Yet, the literature describes this charge by two competing theories, neither
of which has been experimentally verified or refuted. This chapter offers
experimental proof that the charge on a two-particle cluster (doublet) in
the spatial afterglow of a low-pressure plasma equals the charge obtained
by the smallest enclosing sphere and that it should therefore not be based
on its total capacitance. To support this conclusion, the size, mass and
charge of single particles (singlets) and doublets were measured with
high precision. The measured ratio between the plasma-afterglow-induced
charges on doublets and singlets was compared to both theories and showed
perfect agreement with the predicted ratio using the smallest enclosing
sphere model, while being significantly dissimilar to the predicted value
based on the particle capacitance.

This chapter is in revision:
B. van Minderhout, J.C.A. van Huijstee, R.M.H. Rompelberg, A. Post, A.T.A. Peijnenburg, P. Blom
and J. Beckers, “Charge of clustered microparticles measured in spatial plasma afterglows follows the
smallest enclosing sphere model” Journal: Nature Communications
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6.1

Introduction

The charge and charging of non-spherical or clustered nano- to micrometre-sized
particles in partly ionized media is a key parameter in research fields such as complex
plasma physics, astrophysics and aerosol science. In this chapter, the term clustered
particles refers to aggregates of individual particles. In complex plasma physics,
studying the fundamental interaction between particles and plasma, the non-spherical
particle charge drives the coagulation and aggregation of particles that are synthesised
within the plasma discharge [21, 174]. Therefore, cylindrically-shaped particles [175–
181], spheroid-shaped particles [182, 183] and aggregates [184] have attracted special
interest. In astrophysics, the charging of clustered particles [141] is studied especially
[28–33], since the latter are commonly found in protoplanetary disks where planet
formation takes place [31–34]. The clustered particle charge seems heavily dependent
on its morphology, which in turn impacts the particles’ accretion process [31]. In aerosol
science, extensive experimental and computational research is reported on the charging
of non-spherical particles at atmospheric pressures [35–40], since particle charge is of
vital importance in determining particle size in differential mobility analyzers.
From an application point of view, understanding the collection of charges by nonspherical particles from their environment has major implications. Plasma-assisted
contamination control strategies [13] may have high potential to tackle the challenge of
particle contamination, both with regard to ultra-clean systems in the semiconductor
industry [50] as well as to lowering worldwide air pollution produced by combustion
engines [185, 186]. The principle of these plasma-assisted control techniques stems
from the ability of plasma to charge the non-spherical particles and to affect their
trajectories by either plasma-induced [51] or externally applied electric fields. Since the
latter would be shielded in the plasma bulk, particle charging in the plasma afterglow
(with pure diffusion charging in the limiting case) is of the utmost importance for the
two respective applications.
In medical applications, the charge and morphology of nanoparticles (NPs) used
in medications play a vital role in drug delivery [187–189]. Positively charged NPs
improve the efficacy of imaging, gene transfer and drug delivery, while they also have
higher cytotoxicity [44]. The latter shows that the charge control of these NPs is
crucial and can be achieved in the spatial plasma afterglow, as has been recently
demonstrated [163].
It thus seems clear that understanding the charging mechanism of non-spherical
particles embedded in media where free charges are present is of the utmost importance
in relevant fundamental and applied fields. Apart from this importance and its
potential impact, one more thing stands out in these examples: the literature provides
competing theories for calculating and predicting the charge on non-spherical and
clustered particles.
On the one hand, the plasma-induced charge is described by equivalent enclosing
models, of which two variants exist. Matthews et al. reported that, as long as the
plasma currents to the particle surface dominate, the charge of clustered particles could
be described by the charge that the sphere with the orientation-averaged equivalent
radius Rσ would obtain [31, 190]. The morphology of the clustered particle determines
86

6.2. Results

the value of Rσ , distinguishing between filigree and compact-shaped particles. Asnaz
et al. showed that, in the particular case of the anisotropic plasma sheath, the smallest
enclosing sphere correctly predicts the charge for tetrapods [191].
In complex plasma physics, however, the charge on non-spherical particles such as
cylinders [175–181] and spheroids [182, 183] is commonly calculated or simulated based
on the particle’s capacitance [192]. This approach has provided important insights in
the charging of spherical particles in temporal plasma afterglows, where the Debye
length can exceed the plasma bulk value [53, 56, 57]. In aerosol science, a uniform
theory describing the non-spherical particle charge has equally been lacking [38–40]
until Li and Gopalakrishnan recently proposed a unifying experimentally validated
theory [162].
Thus far, it has remained unclear which theoretical framework should be used
for low-density plasmas, such as the plasma afterglow under investigation here, since
experimental data verifying or refuting either of the models have been non-existent.
This chapter presents accurate charge measurements of clustered microparticles in a
plasma afterglow, thereby proving that the charge on two-particle clusters (doublets)
is correctly described by the charge on the smallest enclosing sphere.
The structure of this chapter is as follows: first, the particle charge distributions of
single microparticles (singlets) and doublets are presented and discussed in section 6.2,
and the measured ratios between the respective distributions are compared with the
ratios predicted by the various models in section 6.3. Finally, an overview of the
experimental setup is given, followed by the theoretical framework of the applied in
situ cluster detection method in section 6.5, where the drag and torque appear to be
essential.

6.2

Results

The results of this chapter are divided into two sections: the determined cluster sizes,
which are determined in situ, and a presentation and comparison of the measured
charge distributions of singlets and doublets.

6.2.1

Cluster sizes

The technique used to differentiate between single and clustered microparticles is
based on the difference in neutral drag that the particles experience and on their
obtained distinct settling velocities. This section presents measurements and analysis
of the vertical settling velocity v y , from which the particle mass and cluster size are
ascertained.
The variation in individual particle mass was obtained from the measured settling
velocity v y using the neutral drag described in section 6.5 (Equation 6.3). Since gravity
and drag are the dominant vertical forces, the radius of each singlet was obtained from
rp =

v s δN mn v th,n
,
ρp g

(6.1)
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Figure 6.1: Histogram of the measured vertical velocity of all detected particles.
The green band indicates the reported literature values of doublet velocities (see
Table 6.1), which perfectly match the doublet peak observed in the velocity
distribution. The green dotted lines show the predicted average vertical velocities
of the triangular triplets and tetrahedral quadruplets. The blue band indicates
the selected velocity range of the singlets.
where ρp is the average particle density and g the gravitational constant. The peak
measured vertical velocity distribution for singlets stood at 4.6 × 10−2 m s−1 , as will
be shown at the end of this section. In section 6.5, the morphology of the used
particles’ outer layer is discussed using SEM analysis. Based on the observed surface
roughness and the fact that the outermost silveroxide layer is non-conducting for argon
atoms [193], δ = 1.442 must hold, which states that the microscopic mechanism of
the argon collisions at the particles’ surface (see Equation 6.3) is described by diffuse
collisions.
Using the supplier-provided radius (2.5 ± 0.1 µm) and assuming the argon gas to
equal 293 K, the first peak in Figure 6.1 was fitted using Equation 6.1 rewritten for
v s , resulting in ρp = 1.61 × 103 kg m−3 . The fitted particle density stood above the
density of pure MF (ρMF = 1.51 × 103 kg m−3 ) and was considered reasonable given
the observed porosity as described in Figure 6.5 of section 6.5. Using Equation 6.1,
the individual particle mass could easily be obtained using mp = 4/3πrp 3 ρp , assuming
average particle density ρp to be constant.
In order to evaluate the cluster orientation with respect to the flow, the torque
acting on a cylinder was estimated (Equation 6.6). From classical mechanics, it follows
that the solution for β = 0 is stable, whereas the one for β = π/2 is unstable, i.e. the
clusters align their long axis with the flow. Moreover, using the moment of inertia of
a cylinder I c , it could be estimated that this alignment takes place in approximately
tc = I c /τ ≈ 10 ms.
Knowing the cluster orientation, the ratio of cluster to singlet velocity could be
obtained by equating the drag force calculated using Equation 6.3 and Equation 6.4
to the gravitational force on the particles. Hence,
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5 μm

Figure 6.2: Three SEM images of the observed (clustered) microparticles.
vc
N p 1/3
,
=
vs
χν,k

(6.2)

where the subscript k indicates orientation parallel to the flow. In the field of aerosol
science, several studies [194–198] reported particle parameters χc and φ for paralleloriented clustered microparticles, which are shown in Table 6.1 together with the
corresponding v y for each cluster size (calculated using Equation 6.5 and Equation 6.2).
Table 6.1: Particle parameters and the resulting v y for doublets, triangular
triplets and tetrahedral quadruplets oriented parallel to the flow [194–198].
doublet
triplets
quadruplets

χc,k
(1.02 − 1.025)
(1.08 − 1.094)
1.12

φk
(1.21 − 1.384)
(1.41 − 1.491)
1.59

v y ·10−2 m s−1
(5.2 − 6.0)
(5.9 − 6.2)
6.5



Figure 6.1 shows the measured vertical velocity v y of all detected particles (singlets and clusters). The distribution shows two distinct peaks. The first, centred
around 4.6 × 10−2 m s−1 , corresponds to the singlets, and the second, centred around
5.6 × 10−2 m s−1 to the doublets. The measured doublet peak corresponds to the
calculated range (see Table 6.1), which is indicated by the green band. The light blue
band indicates the selected velocity range for the singlets. The expected peaks of the
triplets and quadruplets are indicated by green dotted lines. Evidently, no distinct
peaks are visible at these velocities. Thus, too few triplets and quadruplets were
detected for statistical analysis, and these cluster sizes were therefore not considered
in the analysis.
Figure 6.2 presents three SEM images of the injected (clustered) microparticles,
which were collected after passing the plasma discharge. These images show the
presence of singlets, doublets and triplets among the particles injected. A triangular
configuration of the triplets was expected, since this configuration proved more stable
than a string alignment [141]. To determine the doublet mass from its measured v y ,
the average χν,k from Table 6.1 was used. The following section takes into account the
variation in reported literature values for the uncertainties in the measured particle
charge distributions.
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6.2.2

Charge distributions

Using the method based on the particle settling velocity, as explained in the previous
section, the charge distribution of both singlets and doublets was measured independently. In addition to cluster size detection, variations in particle mass were taken
into account that were also based on the vertical settling velocity. Figure 6.3 shows
the charge distribution of singlets and doublets, together with a Gaussian fit and the
corresponding mean charge. The higher positive charges in the singlet distribution
were most likely 40 doublets which had a vertical velocity within the singlet boundaries
(see Figure 6.1) and were omitted from the analysis.
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Figure 6.3: Histograms of the measured charge distribution of singlets (blue)
and doublets (green) together with their mean positive charge. The singlet and
doublet distributions consist of 581 and 434 particles respectively.

6.3

Discussion

The measured singlet and doublet charges were both positive, whereas the particle
charge in the plasma bulk is known to be highly negative [123, 148]. With regard to
the late spatial afterglow, Couëdel et al. have shown that the particle charge can
indeed become positive and is determined by the transition from ambipolar to free
diffusion [56]. It is likely that in our experiments, the externally applied electric field
influenced the latter transition. Positively charged particles in afterglows were also
reported in several other studies [53, 59, 168, 199–201]. Since the photon energy of the
laser system was below the work function of silver [170], photodetachment was assumed
to be negligible. Furthermore, due to the low gas (and particle) temperature combined
with the low electric field strength, thermionic emission [202], field emission [203] and
secondary electron emission [204] were expected to have had a negligible influence on
particle charge.
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The uncertainty in the mean singlet charge was obtained by calculating the standard
deviation of the mean. Overall, the mean charge obtained for the singlets stood at
Qs = 4.6 ± 0.1 e. The uncertainty in the doublet charge was predominantly determined
by the spread in particle parameters reported in the literature (see Table 6.1) and
therefore Qd = 9.8 ± 0.9 e. A possible error in particle mass, which could only have led
to variations in the reported absolute charge values rather than in the reported charge
ratio, was expected to be significantly smaller than the spread in particle parameters.
Summarising, the ratio of the doublet to singlet charge was R = 2.1 ± 0.2.
As stated in the introduction, the charge on clustered particles has been described
by two different models in the literature. No experimental proof has yet been provided
regarding which of the two models would be correct for spatial plasma afterglows.
The capacitive model predicted the doublet to singlet charge ratio R to be 1.39 [205],
determined solely by doublet capacitance. The equivalent enclosing sphere model
reported by Matthews et al. [190] predicted a charge ratio
p R of 1.36, since the
orientation-averaged equivalent radius was given by Rσ = (P A/π) ≈ 1.36, where
P A was the average project area of doublet [162]. On the other hand, the smallest
enclosing sphere model reported by Asnaz et al. predicted R = 2 [191]. It can therefore
undoubtedly be concluded that the charge of doublets in the free spatial afterglow at
intermediate pressure is described by the charge on the smallest enclosing sphere.

6.4

Conclusion

This study measured the charge of single microparticles (singlets) and two-particle
clusters (doublets) in the free spatial afterglow. The measured ratio of doublet to singlet
charge was 2.1 ± 0.2. We conclude that the doublet charge was correctly described
by the charge on the smallest enclosing sphere, whereas the prediction based on the
doublet capacitance proved incorrect. Our results are of fundamental importance in
complex plasmas [175–183, 190, 192], aerosol science [35–40] and astrophysics [28–33],
as well as in numerous applications.

6.5

Methods

This section introduces the experimental setup, followed by the theoretical framework
that is applied to detect in situ the size, mass and cluster configuration of the particles.

6.5.1

Experimental setup

The experiments were carried out in a vacuum system (the Plasma Particle Charging
Investigation (PPCI) setup), which is shown schematically in Figure 6.4. A determining
part of this system was a 1 m long square glass tube. The operating pressure was 90 Pa
argon, with a background pressure of 10−9 Pa. At the top of the tube, particles were
injected by a particle dispenser similar to the ones used in previous research [117, 118].
In the dispenser’s container, the particles repeatedly collided with each other and with
the container’s walls triboelectrically charging the particles [141], thereby aiding the
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natural conformation of clustered microparticles. Figure 6.5 shows a cross-section of
a single microparticle used in the current research. Its core consisted of melamineformaldehyde (MF) and the outer layer of a porous silver coating with a thickness of
∼ 100 nm. The microparticles had a diameter of dp = 4.9 ± 0.2 µm as stated by the
manufacturer, microParticles GmbH.

argon

particle dispenser
shower head
gas injection

inductively
coupled plasma

1m

high speed
camera

electrodes
D = 0.1 m
laser

vacuum
pumps

Figure 6.4: Schematic drawing of the PPCI setup. (Clustered) microparticles
travelled through a spatially limited region of plasma. The particle charge was
measured at the bottom of the tube by accelerating the particles in an externally
applied electric field. Figure adapted from [163].
An inductively coupled plasma (ICP) was generated at a frequency of 13.56 MHz
using a square coil wound around the tube with a plasma power of approximately 3 W.
The discharge was operated in the E-mode. The latter statement was based on the low
plasma power applied and the light emission observed [73]. Two parallel and vertically
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Figure 6.5: SEM image of the cross-section of a single silver coated melamineformaldehyde microparticle. The cross-section is obtained by cutting the microparticle with a gallium focused ion beam (FIB).
aligned Rogowski electrodes were placed at the bottom of the setup [115, 206]. A
voltage difference between these electrodes created an electric field that accelerated
the charged particles in a horizontal direction, from which their charge was deducted.
A typical plot of the particle trajectories can be found in our previous works [133, 163]
(see chapter 3 and chapter 4). The breakdown field between the electrodes, with the
plasma discharge switched on, was experimentally measured to be E bd = 8 kV m−1 .
The field strength applied in this study (1 kV m−1 ) was much smaller than E bd .
Possible reionisation, therefore, had a negligible effect on both particle charge and
plasma shielding. Moreover, the afterglow density did not influence the electric field
distribution, as shown in our previous work [133] (see chapter 3).
At the position of particle charge measurement, a lower limit for the plasma density
was ni = 1011 m−3 [163]. Furthermore, the electrons were expected to be close to
room temperature based on a simple analytical timescale, as explained in our previous
publication [133] (see chapter 3). For clarity, it should be mentioned that there are two
types of plasma afterglows: temporal and spatial. The former is created by switching
off the plasma discharge, while the latter is the region just outside of the active plasma
region, in which the particle charging was studied in this research.
The particles were illuminated by a vertical 3 mm thick laser sheet (central wavelength 447 nm) and their scattered light was imaged by a high-speed camera (as
depicted in Figure 6.4). The camera’s field of view (FoV) was approximately 40 mm in
a horizontal direction and 32 mm vertically. Typically, the particle density was 106 m−3 ,
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such that mutual particle interactions did not occur [163]. To obtain the respective
particle charge and cluster size, the position, velocity and acceleration of the particles
were ascertained using in-house developed particle tracking software.
In contrast to our previous work [163] (see chapter 4), there were four differences
in the setup and the analysis. First, to enable cluster detection, no flow was injected
at the top of the tube, as explained in the next section. To achieve vacuum purity,
the plasma discharge was switched off after each measurement and pumped down to
base pressure. An experiment took on average two minutes to complete.
Second, to detect both single and clustered microparticles, the time delay between
the moment of particle injection and the start of camera recording varied between
(10 − 21) s.
Third, the analysis required the particle trajectories to be visible in the entire FoV,
instead of a minimum trajectory length. This enabled the small changes in particle
charge in the FoV region to be averaged in the same way for each particle, resulting
in a trajectory-averaged charge.
Fourth, to obtain the particle charge from their acceleration in the region of the
applied electric field, the trajectory-averaged electric field was calculated for each
particle. To this end, a 2D electrostatic simulation was used to evaluate the electric
field between the electrodes at each point of the trajectories (see Figure 2 in [163]).
This simulation was performed in a geometry void of any physical obstruction above
the electrodes. Using the simulation, small variations in the electric field were taken
into account when obtaining the particle charge.

6.5.2

Cluster detection

The technique applied in this chapter to determine in situ the size, mass and cluster
configuration of the particles was based on several relations which are discussed and
experimentally verified below.
The drag force on a single microparticle was described by the Epstein formula
when the mean free path of the atom-atom collisions λn is much larger than the radius
of the particle rp (i.e. the free molecular flow regime), and when the particle speed v s
is small compared with the thermal velocity of the gas particles v th,n [98]
F d,s =

4π
δrp 2 ρn v th,n v s ,
3

(6.3)

where ρn represents the argon gas density. The coefficient δ accounts for the microscopic
mechanism of the collisions between the particles and the gas atoms. For perfect
specular reflections δ = 1, whereas for diffuse reflections δ = 1.442 for a thermal
non-conducting particle [98].
The drag force on a cluster consisting of N p particles in the free molecular regime
can be quantified using the dynamic shape factor χν as
F d,c = χν F d,s (dve )

(6.4)

where dve is the volume equivalent diameter defined as dve = 2N p 1/3 rp . In the
literature, numerous experiments reported on the dynamical shape factor in the
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continuum regime χc [194–198]. In order to calculate χν from χc , the adjusted diameter
was used, defined as da = (χν /χc ) dve [207]. Using the definition φ = da /(2rp ), χν can
be expressed by
φχc
(6.5)
χν =
N p 1/3
The drag force acting on clusters depends on their orientation with respect to the
flow. To analyse the clusters’ orientation, the torque acting on a cylinder in the free
molecular flow regime is given [208]
τ=

π 2
a lρn v c 2 σ t sin (2β) .
4

(6.6)

Here, a and l are the radius and length of the cylinder, v c the velocity relative to the
flow, β the angle between the long axis of the cylinder and the flow direction, and σ t
the tangential momentum accommodation factor.
The relations above are valid in the free molecular flow regime, which is the
case for the current experiments. Figure 6.6 presents the measured vertical velocity
of singlets as a function of the gas pressure in the absence of plasma. The other
experimental conditions are identical to the ones described at the beginning of the
methods section. The error bars in v y are determined by calculating the standard
deviation of the mean, and in p by experimental limitations. Furthermore, Figure 6.6
shows that the relation that could be obtained for v s using Equation 6.1 perfectly
matched the experiments using δ = 1.442 and ρp = 1.61 × 103 kg m−3 . Therefore, it
can be concluded that the drag force was indeed described by the free molecular flow
relation given in Equation 6.3.
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Figure 6.6: Measured vertical velocity of single microparticles as a function of
the pressure together with the expected vertical velocity based on Equation 6.1 in
the free molecular flow regime for δ = 1.442 and ρp = 1.61 × 103 kg m−3 (green
line).
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Abstract
In this research, an experimental setup was designed, developed and
realised, which enabled the control and precise measurement of the microparticle charge. The charge of particles was controlled ranging from
small negative charges (−40 e) to even small positive charges (10 e), including neutral particles with single electron precision. The achieved control
gave insight into the complex interplay of plasma processes that determine
the particle (de)charging and the final particle charge. In this chapter, the
overall conclusions related to this research are presented.

Chapter 7. Overall conclusions

In this chapter, the overall conclusions drawn from the research described in
chapters 3-6 are presented and reflected on. As stated in the introduction:
This research aims to obtain a fundamental understanding of the charge and
(de)charging of microparticles in low-pressure spatial plasma afterglows.
To accomplish this research goal, an experimental setup was designed, developed
and realised. This setup enabled the control and precise measurement of the microparticle charge, ranging from small negative charges (−40 e) to even small positive
charges (10 e), including neutral particles with single electron precision. The achieved
control gave insight into the complex interplay of plasma processes that determine the
particle (de)charging and the final particle charge. As demonstrated in this thesis, not
only is the particle charge determined by the plasma species arriving at the particle’s
surface in the plasma bulk, but the plasma afterglow, in particular, dictates the final
particle charge. Therefore, the whole system through which the particles travelled is of
importance, including the plasma bulk and the afterglow which, in turn, is influenced
by the externally applied electric field created to measure the particle charge.
As described in the introduction (chapter 1), two research lines were defined in the
framework of this thesis (see Figure 7.1). In the sections below, the author conveys
the conclusions for both research lines.
Thesis:
Microparticle charging in spatial plasma
afterglows
Research line 1:
Charging of spherical particles
in spatial plasma afterglows

Charge of particles in free
spatial plasma afterglow
(chapter 3)
Charge control of particles in
shielded spatial plasma
afterglow (chapter 4)

Research line 2:
Charging of clustered particles
in spatial plasma afterglow

Revealing how clustered
microparticles are charged:
experimental proof for the
smallest enclosing sphere
model (chapter 6)

Charge neutralisation by
pulsed and shielded spatial
plasma afterglow (chapter 5)

Figure 7.1: Overview of the research framework of this thesis. The research is
divided in two research lines of which the results have been discussed in chapters
3-6.
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Conclusions research line 1: charging of spherical particles in spatial plasma afterglows
In the (free) spatial plasma afterglow, the particle charge is three orders of
magnitude lower than the particle charge expected in the plasma bulk. In
the experiments presented in chapter 3, the particle charge was precisely measured in
the free spatial plasma afterglow, i.e. without physical obstruction between the active
plasma region and its spatial plasma afterglow. The measured charge on silver-coated
melamine-formaldehyde particles with a diameter of 4.9 ± 0.2 µm was −30 ± 7 e.
In the plasma bulk, the specified microparticles typically obtained a negative charge
of around −104 e. To analyse the difference in particle charge between the bulk and the
plasma afterglow, the measured charge was compared to a relatively simple timescale
model. This model suggested that the distinction in the electron temperature between
the bulk and the afterglow region mainly determines the vast difference in particle
charge.
These results have been published as “The charge of micro-particles in a low pressure
spatial plasma afterglow” by B. van Minderhout, A.T.A. Peijnenburg, P. Blom,
J.M. Vogels, G.M.W. Kroesen and J. Beckers (2019), Journal of Physics D: Applied
Physics 52 32LT03.

In the shielded spatial plasma afterglow, the particle charge could be
precisely controlled from small negative (−40 e) to even small positive
charges (+10 e) by changing the strength of an externally applied electric
field. In the experiments presented in chapter 4, the plasma afterglow was shielded
from the active plasma region by the application of a mesh grid. The particle charge
control was achieved by variation of the externally applied electric field below this
mesh grid, which in turn altered the local ion space charge distribution in this region.
In the shielded spatial plasma afterglow, the vertical electric field component inherently
arising from the geometry of the setup was dominant and, therefore, influenced the
ion space charge. In contrast, this vertical electric field component was much less
dominant in the free spatial plasma afterglow.
For this setup geometry, the electric field-induced variations in ion densities have
been substantiated by measurements of the separate currents received by the electrodes,
which were used to create the externally applied electric field.
These results have been published as “Charge control of micro-particles in a shielded
plasma afterglow” by B. van Minderhout, J.C.A. van Huijstee, B. Platier, A.T.A.
Peijnenburg, P. Blom, G.M.W. Kroesen and J. Beckers (2020), Plasma Sources
Science and Technology 29 065005.
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By pulsing the shielded spatial plasma afterglow, all microparticles were
effectively neutralised. In the experiments presented in chapter 5, the discharge
was switched off once all particles had passed the mesh grid (which shielded the plasma
afterglow from the plasma bulk). Afterwards, spatially resolved measurements of the
particle charge revealed its full neutralisation. The pulsing of the plasma discharge
resulted in almost zero space charge at the moment of charge measurement. In contrast,
in the continuous shielded plasma afterglow and free spatial plasma afterglow, as
discussed above, the non-zero local space charge of plasma species determined the
final charge.
The charge measurements in the pulsed shielded plasma afterglow show that all
particles were entirely neutralised independently of the externally applied electric field
strength. This observation is in accordance with expectations, since there were hardly
any plasma species at the position of the charge measurement that could be influenced
by the electric field. The measured initial particle charge before neutralisation follows
the previously described charge control conclusions. The observed neutralisation of
the particles could - in ascending order of certainty - be caused by photo-detachment,
neutralisation by (trapped) ions and resonant charge exchange reaction.
These results are accepted for publication “Charge neutralisation of microparticles
by pulsing a low-pressure shielded spatial plasma afterglow”, by B. van Minderhout,
J.C.A. van Huijstee, A.T.A. Peijnenburg, P. Blom, G.M.W. Kroesen and J. Beckers (2021), Plasma Sources Science and Technology https://doi.org/10.1088/13616595/abd81f.

Conclusions research line 2: charging of clustered particles in spatial plasma afterglow
By direct measurements of the charge ratio of two-particle clusters (doublets) to single microparticles (singlets), first experimental proof is presented that the doublet charge is correctly described by the charge on
the smallest enclosing sphere and not by its capacitance. Relevant literature
described the plasma-induced particle charge by means of two contradicting models.
Neither of the two models had been refuted or verified until now. In chapter 6, the
charge of doublets (9.8 ± 0.9 e) and singlets (4.6 ± 0.1 e) was precisely measured in
the free spatial plasma afterglow. Compared to the previously discussed free plasma
afterglow results, in which a negative particle charge was measured in chapter 3, these
experiments have been performed with a five times lower plasma power. This most
probably constituted the dominant reason for the measured difference in particle
charge and sign. The obtained charge ratio (Re = 2.1 ± 0.2) shows a perfect agreement
with the charge ratio predicted using the smallest enclosing sphere model (R = 2),
whereas the ratio based on the particle capacitance is far off (R = 1.39).
These results are in revision “Charge of clustered microparticles measured in spatial
plasma afterglows follows the smallest enclosing sphere model”, by B. van Minderhout,
J.C.A. van Huijstee, R.M.H. Rompelberg, A. Post, A.T.A. Peijnenburg, P. Blom
and J. Beckers, journal: Nature Communications.
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Conclusions for applications

Abstract
This thesis developed a fundamental understanding of the particle
charging in spatial plasma afterglows. These findings are of vital importance
for several applications. This chapter discusses the relevance of this research
for plasma-assisted particle contamination control strategies by presenting
guidelines for further developments. Moreover, the potential relevance for
other applications, such as those in colourimetric sensing and medicine, is
also briefly demonstrated.

Chapter 8. Conclusions for applications

Not only does this research increase the fundamental understanding of particle
charging in spatial plasma afterglows (the conclusions of which are presented in
chapter 7), but several applications could also benefit from the obtained knowledge.
This research is primarily driven by the urge to further develop plasma-assisted
contamination control strategies. In this chapter, conclusions for these plasma-assisted
contamination control strategies will be presented, followed by a brief demonstration
of the relevance of this research for several other applications.

Plasma-assisted contamination control
The principle of plasma-assisted techniques to remove airborne particles out of gas
flows in high-tech systems is based on two (plasma) properties. First, particles injected
into plasma and its afterglow become electrically charged. Second, the positions and
trajectories of these charged particles can be controlled by electric fields that are, for
example, induced at the boundaries of the plasma discharge or created externally. The
obtained insights concerning both of these (plasma) properties are presented in this
section.

Particle charging in spatial plasma afterglows
Plasma-assisted particle removal techniques rely heavily on the control of the plasmainduced charge of these particles. In the experiments described in this thesis, this
charge control of microparticles was achieved, ranging from small negative to even
small positive charges. For particle removal applications in low-pressure systems,
charging particles negatively seems to be most effective since higher absolute values of
the particle charge can be obtained when compared to positively charged particles.
The key in obtaining only these highly negatively charged particles in spatial plasma
afterglows lies in having a fundamental understanding of the charging processes in
this region. In chapter 3 and chapter 6, measurements of the particle charge in the
same plasma afterglow configuration void of any physical obstruction were presented,
showing that by only changing the plasma power, the sign of the particle charge could
be reversed. Chapter 3 conveyed a negative particle charge of −30 ± 7 e, whereas
chapter 6 reported on a particle charge of +4.5 ± 0.1 e. The measurements that
resulted in a positive particle charge were obtained with an approximately five times
smaller plasma power. In a low-density plasma, as the case for a plasma generated
at low power, the diffusion of plasma species will transition from ambipolar to free
diffusion (ions and electrons are no longer Coulomb-coupled) at a shorter distance from
the plasma bulk as compared to high-density plasmas. It is believed that the transition
from ambipolar to free diffusion is the governing mechanism for the measured positive
particle charge in chapter 6.
The author therefore concludes that the particle charging dynamics in the late
spatial plasma afterglow is, besides the electron temperature, also determined by the
local plasma density. When a high negative particle charge is desired, the particles
must be removed in the region upstream of the location at which the transition from
ambipolar to free diffusion takes place. Therefore, if an externally applied electric field
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is chosen to control the position and the trajectories of the particles, it is advised to
generate this field relatively close to the plasma bulk.
Charging of irregularly shaped particles
In virtually all applications, the contaminating particles to be removed from the
systems were irregularly shaped or clustered, which stood in sharp contrast to the
mono-disperse particles used in most studies. Therefore, it was crucial to understand
the charging of non-spherical particles, which differs significantly from the charging of
spherical particles. In chapter 6, first experimental proof has been presented showing
that the charge of two-particle clusters (doublets) is described by the charge the smallest
enclosing sphere obtains and not by its capacitance. The reported measurements
answer an outstanding question in the literature and suggest that the charge of other
non-spherical particles could also be described by the smallest enclosing sphere model.
In particular for applications where non-spherical particles are expected, these results
can help define design requirements.

Electric fields in spatial plasma afterglows
The second important requirement for plasma-assisted particle removal applications is
the ability of electric fields to influence the position and trajectories of charged particles.
In the experiments described in this thesis, the charged particles were affected by an
externally applied electric field. Chapter 4 has shown that this externally applied
electric field can change the properties of the spatial plasma afterglow if vertical
components are generated, i.e. electric fields generated in the direction from the
plasma bulk to the afterglow. In the relevant experiments, a mesh grid was placed in
the cross-section of the tube separating the plasma bulk from its afterglow. Precise
measurements of the plasma current in the afterglow revealed that the ion concentration
and symmetry were altered by variation of the externally applied electric field strength.
The author therefore concludes that a mesh grid can be used to limit the plasma
volume. Yet, it also alters the plasma charge carrier densities, which in turn alters the
particle charge. It is therefore advised to carefully consider the use of mesh grids and
to avoid the creation of high electric fields in the direction from the plasma bulk to its
afterglow if negatively charged particles are desired.

Other applications
Apart from the described relevance for plasma-assisted particle removal applications,
the findings presented in this thesis can also be of importance for other applications.
Chapter 5 has reported on the full neutralisation of microparticles in the pulsed and
shielded spatial plasma afterglow. This shielded spatial plasma afterglow was created
by the application of a mesh grid. Neutral particles are highly useful for colourimetric
sensing applications. Compared to conventional techniques based on charge screening
of the particles by the addition of salt, neutral particles improve the detection time,
signal stability and sensitivity of the colourimetric sensing method.
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Moreover, nanoparticles are intensively tested for the use in medical products,
especially for drug delivery and imaging. The charge of these nanoparticles is crucial
for the properties of medical products. For example, positively charged particles are
reported to have higher cytotoxicity, whereas they improve the imaging, gene transfer
and drug delivery. Therefore, carefully controlling the charge of these particles is crucial.
Chapter 4 has shown that the charge of microparticles can be precisely controlled,
ranging from small negative to even small positive charges in the spatial plasma
afterglow. Also, particles can be fully neutralised in the spatial plasma afterglow,
which is described in chapter 5.
A fundamental understanding of particle charging in spatial plasma afterglows has
been developed in this thesis, which allows controlling the charge of microparticles
carefully. These findings are not only beneficial for the further development of plasmaassisted contamination control strategies, but also for a variety of other applications.
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[44] Fröhlich E “The role of surface charge in cellular uptake and cytotoxicity of
medical nanoparticles” 2012 Int. J. Nanomedicine 7, 5577–5591
[45] Jazayeri M H, Aghaie T, Avan A, Vatankhah A and Ghaffari M R S “Colorimetric
detection based on gold nano particles (GNPs): An easy, fast, inexpensive, lowcost and short time method in detection of analytes (protein, DNA, and ion)”
2018 Sens. Bio-Sensing Res. 20, 1–8
[46] Lin C Y, Yu C J, Lin Y H and Tseng W L “Colorimetric Sensing of Silver(I) and
Mercury(II) Ions Based on an Assembly of Tween 20-Stabilized Gold Nanoparticles” 2010 Anal. Chem. 82, 6830–6837
[47] Liu G, Lu M, Huang X, Li T and Xu D “Application of gold-nanoparticle
colorimetric sensing to rapid food safety screening” 2018 Sensors (Switzerland)
18, 1–16
[48] Lerdsri J, Chananchana W, Upan J, Sridara T and Jakmunee J “Label-free
colorimetric aptasensor for rapid detection of aflatoxin B1 by utilizing cationic
perylene probe and localized surface plasmon resonance of gold nanoparticles”
2020 Sensors Actuators, B Chem. 320, 128356
[49] Zhang X, Fan X, Wang Y, Lei F, Li L, Liu J and Wu P “Highly Stable Colorimetric Sensing by Assembly of Gold Nanoparticles with SYBR Green I: From
Charge Screening to Charge Neutralization” 2020 Anal. Chem. 92, 1455–1462
108

[50] Martin Knotter D and Wali F Particles in Semiconductor Processing first edit
ed 2010 (Elsevier Inc.) ISBN 9781437778304
[51] Beckers J, Ockenga T, Wolter M, Stoffels W W, Van Dijk J, Kersten H and
Kroesen G M “Microparticles in a collisional rf plasma sheath under hypergravity
conditions as probes for the electric field strength and the particle charge” 2011
Phys. Rev. Lett. 106, 115002
[52] Ivlev A V, Kretschmer M, Zuzic M, Morfill G E, Rothermel H, Thomas H M,
Fortov V E, Molotkov V I, Nefedov A P, Lipaev A M et al. “Decharging of
Complex Plasmas: First Kinetic Observations” 2003 Phys. Rev. Lett. 90, 55003
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