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Abstract

A dusty plasma is a four-component plasma consisting of electrons, ions, neutral gas,

and microparticles (dust) which collect charge from the surrounding plasma environment.

They can be found in every regime of plasma physics - from ice in planetary rings to eroded

materials in fusion devices. Academics view dust as a potential tool; the coupling between

the equilibrium properties of the dust and the properties of the background plasma gives

isolated particles potential as a minimally-perturbative plasma diagnostic, while the ability

to measure individual and collective particle behavior through direct observation instead

of instrumental inference makes them extremely appealing as an analog for studying the

behavior of soft-body systems or as a tool for investigating statistical mechanics. Conversely,

most practical plasma applications view dust as a nuisance that needs to be avoided or

removed. Both sets of interest are ultimately hindered by our lack of direct and independent

control over the most fundamental property of the dust - the charge.

The research presented in this dissertation focuses on investigating and developing tech-

niques to exert control over the equilibrium charge of dust suspended in a plasma, specifically

whether it can be accomplished with minimal perturbation of the background plasma. The

details and results of two experiments are presented: In the first, an electric field oscillating

at a frequency greater than the dust response, but less than the ion-neutral collision rate

is applied in an attempt to generate a net increase in ion collection. In the second, an ul-

traviolet (UV) source is used to generate photoelectric currents from the particles to shed

excess negative charge. A computational project examining the role of particle geometry in

photoelectric charging is also presented.
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Chapter 1

Introduction

1.1 What is a Dusty Plasma?

A dusty plasma, also sometimes referred to as a complex plasma, is a four-component

plasma system which consists of electrons, ions, neutral gas, and charged particulate matter

(dust). In a plasma environment, these particles collect charge from their surroundings and

become a third, charged species coupled to the rest of the plasma. Dusty plasmas can be

found in virtually every regime of plasma physics, and the dust particles themselves can

range from the nanometer to micrometer scale and be composed of any number of materials:

Laboratory-scale experiments may employ highly monodisperse microspheres comprised of

silica or melamine formaldehyde (MF), charged ice crystals can be observed in planetary ring

formations or near frozen moons (Horanyi 2004[11]; Morooka et al. 2011[25]; Shafiq et al.

2011[31]) or noctilucent clouds in the upper atmosphere, fusion devices can be contaminated

by material ablated from shielding or other plasma-facing components (Winter 2000[45];

Brochard et al. 2016[2]; Rubel et al. 2018[28]), and particles sputtered by instrumentation

or electrodes or grown in-situ from chemical reactions are frequently found in the industrial

plasmas used for device fabrication (Watanabe 1997[44]; Kersten et al. 2003[18]; Shumova

et al. 2019[34]) and plasma processing (the environments and scaling of these systems is

elaborated on in Table 1.1).

What sets dusty plasmas apart from conventional plasma systems is the incredibly low

charge-to-mass ratio of the dust particles. As shown in Table 1.2, the charge-to-mass ratio

of dust particles is many orders of magnitude lower than that of the ions or electrons. This

has the consequence of slowing the dynamics of the dust to a macroscopic scale; whereas

electron response in a plasma is generally measured in nanoseconds, and the ion response

1



Examples of Dusty Plasmas
Environment Type of Dust Scale (m)

Processing Plasmas Contaminants 10−2 - 10−1

Fusion Experiments Ablated Shielding 100 - 101

Upper Atmosphere Noctilucent Clouds 102 - 104

Interplanetary Planetary Rings 106 - 108

Interstellar Dusty Nebulae 1012 - 1016

Table 1.1: Examples of environments where dusty plasmas can be found, the nature of the
dust, and the typical range of length scales of the systems. Dusty plasmas can be found on
every scale and in every environment that we find plasmas in nature and in industry.

in microseconds, the dynamic timescale of dust particles in laboratory experiments is often

measured in milliseconds or even seconds. This means that most of the physical phenomena

that take place in a dusty plasma - like particle motion, collisions, and collective behavior - all

occur on time and length scales that can be resolved with either the naked eye or a moderately

high framerate camera (∼100 FPS). Unlike conventional plasmas where all of the information

we may be interested in knowing must be inferred ‘second-hand’ from instruments like plasma

probes or spectrographic measurements, dusty plasmas present researchers with the unique

opportunity to make measurements of important physical and statistical properties through

direct observation of particle motion (Fisher 2010[5]). Particle Tracking Velocimetry (PTV)

or Particle Image Velocimetry (PIV) (Lynch 2016[22] and Thomas 1999[38], respectively) can

directly measure the kinematics of individual particles, the velocity distribution functions

of dust clouds, the dispersion relations of density waves, or the pair-correlation functions of

self-organized dust crystals.

1.2 Interest in Dusty Plasmas

Academic interest in dusty plasmas can be divided into three broad categories: the study

of the unique physics of dusty plasmas and their occurrence in nature, the treatment of the

dust as a diagnostic tool, and the use of the dust as an analog for studying the behavior of

other systems. Examples of some of these can be seen in Figure 1.1.
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Charge-to-Mass Ratios of Plasma Species*
Species Charge-to-Mass Ratio (C/kg) Dynamic Response (Hz)

Electrons ∼ 1011 ∼ 107 − 108

Ions ∼ 106 ∼ 105 − 106

Dust ∼ 10−2 − 101 ∼ 100 − 101

*For plasma conditions typical of the experiments discussed in this dissertation.

Table 1.2: Approximate orders of magnitude of the charge-to-mass ratios and dynamic re-
sponses of the different charge species in a dusty plasma. The high mass of the dust when
compared to the electrons or ions significantly slows its dynamic timescale. Most of the
dynamics of the dust occur on macroscopic timescales and can be observed through direct
observation.

The collection of electrons and ions from the background plasma by the dust as it

moves or settles in the plasma can alter local plasma conditions - changing the charge

density and electric fields of the background plasma. Coupling between the dust and the

surrounding plasma environment can modify existing flows, circulation, and instabilities in

the background plasma, and the collective behavior of the dust produces an entire class of

dust waves. The coupled nature of the dust’s charging process also means that the charge

of dust particles is dependent on their location within the plasma and on the properties of

the particles themselves.

This coupling between the dust and background plasma has led many experimenters to

investigate the potential of utilizing isolated particles as a minimally perturbative diagnos-

tic. The inherent dependence of the equilibrium and dynamic behavior of the dust on the

background plasma profiles means researchers can examine the motion of the particles in the

plasma to infer information about underlying potential structures, temperature gradients,

density profiles, background flows, etc. Of course, inferring information about the plasma

from the dust behavior necessitates a reliable and robust understanding of the charging

mechanics.

The coupling strength between the dust particles is, itself, also a complex function of

the properties of the background plasma and the properties of the dust. By varying dust

and plasma conditions in laboratory experiments, experimenters can alter the strength of the
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Figure 1.1: Coupling between the dust and the background plasma, and the collective behav-
ior of the dust leads to unique phenomena like this Dust Acoustic Wave (left). The coupling
strength of the dust can be adjusted by altering plasma conditions (right) to make the dust
more gas-like (red), liquid-like (green), or solid-like (blue). Strongly-coupled particles can
even self-organize into crystalline structures. (Source:MPRL)

coupling between particles to make the system behave more solid-like, liquid-like, or gas-like,

or even transition between states. This, combined with the ease with which particle dynamics

can be directly observed, makes dusty plasmas appealing to researchers as an analog for

studying the mechanics of soft-body systems and the study of statistical mechanics. As

previously mentioned - the ability to measure statistical parameters using PTV and PIV,

like particle distribution functions, pair-correlation functions, and dispersion relations puts

dusty plasmas in an especially advantageous position when it comes to studying statistical

mechanics. Carefully designed dusty plasma experiments have used statistical analysis of

dust to investigate the behavior of individual particles during phase transitions (Thomas

& Morfill 1996[40]), measured the instantaneous entropy production rates of self-organized

dust as a validation of statistical fluctuation theorems (Wong et al. 2017[46]), and looked at

statistical mechanical descriptions of imposed ordered structures found in magnetized dusty

plasmas (Hall et al. 2018[9]).
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Figure 1.2: Dust produced by pellet injections (left) or the ablation and erosion of shield-
ing and other plasma-facing components can disrupt and destabilize fusion plasmas (IPP
2020[6]). Dust can enter industrial plasmas (right) through external contamination, sput-
tering, or in-situ particle growth caused by chemical reactions. If left unchecked, particle
deposition can pollute apparatuses and ruin fabricated devices (Selwyn 1994[30]).

Practical interest in dusty plasmas, on the other hand, generally views the dust almost

exclusively as a nuisance - a contaminant that needs to be avoided or excised from envi-

ronments. Some examples of contamination can be found in Figure 1.2. In fusion devices,

loose particles generated by the ablation and erosion of plasma-facing components represent

a potentially disruptive and dangerous element; if these particles find their way towards the

core they can dilute the plasma, produce radioactive materials, or even damage the device.

Dust is also a nuisance in low-temperature plasmas (LTPs): Particles produced through

external contamination, sputtering, or in-situ growth of particles from chemical reactions in

industrial devices can be devastating to plasma processing (Selwyn 1994[30]); dust particle

deposition on vacuum chamber surfaces, electrodes, or probes can alter plasma conditions

or impact the performance of diagnostics. For fabricated devices, which must often be ac-

curate to the nanometer, even sub-micrometer dust particles becomes ‘device-killers’. Even
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in space, charged dust can be a potential hazard, adhering to and interfering with surface

instruments and astronaut equipment.

1.3 The Trouble With Charge

What these academic and practical interests all have in common is that they all face

the same frustrating obstacle: The limited external control that can be exerted over the

most basic physical property of the dust - the charge - without having to completely alter

characteristics of the surrounding plasma environment. Researchers have made enormous

progress with dusty plasmas over the last few decades: Our understanding of the dust

charging process and the forces acting on the dust has improved significantly over the last

twenty years. Likewise, we have a far better grasp over how to use changes in plasma

conditions to nudge the dust’s equilibrium, dynamics, and coupling behavior in a desired

direction than early experimenters did. However, through all of this progress the direct

and independent control of the dust charge itself has remained a challenge. As illustrated in

Figure 1.3, experimenters are constantly forced to compromise between the plasma conditions

that they want or need for a given experiment, and the plasma conditions that will allow

the dust to remain suspended within the experiment and fall into the coupling regimes and

equilibrium behavior necessary for the experiment to work.

In order to continue improving our ability to study and control the behavior of the

dust, we must ultimately seek out techniques that can allow the equilibrium properties of

the dust to be altered independently of the plasma parameters. The key to developing such

techniques, if they are possible, must lie in exploiting the charging behavior of the dust:

Can we use external means to modify the incident electron and ion currents collected by

the dust, or introduce new charging or discharging currents into the system with minimal

perturbation to the background plasma?

The research presented in this dissertation will show, conclusively, that it can be done.

We will present the results of several attempts to control the charging behavior of dust in
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Figure 1.3: The inherent coupling between the equilibrium properties of the dust and the
background conditions of the plasma limits the ability of experiments to control one without
altering the other. Researchers and technicians must often settle for compromising between
the plasma conditions they prefer and the plasma conditions that will confine or eliminate
the dust from a region in the experiment. But what if we didn’t have to?

a plasma, including a novel proof-of-concept test utilizing high-intensity ultraviolet light

to discharge dust particles through photoelectric current with only minimal effects to the

background plasma.

1.4 Outline of Dissertation

This dissertation is presented as seven chapters and two appendices. The content of these

chapters will walk the reader through the theoretical background and related experimental

work which led up to the photo-discharging experiment, the results and implications of that

experiment, and the new research questions raised by it.

Chapter 1 introduces the concept of a dusty plasma and lays out the motivation for the

research that will be discussed throughout the rest of this dissertation: Why dusty plasmas

are important and why we desire the ability to more effectively and less disruptively alter

and control their important properties.

Chapter 2 lays the conceptual and theoretical groundwork for exploring different tech-

niques for controlling the dust charge as well as ultimately analyzing the efficacy of these

techniques. This chapter discusses the physics of the dust charging process and introduces

the Orbital Motion-Limited Charging model. The discussion of unaltered models of the dust
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charging process serves as a prelude to investigating how the collection currents incident

on the dust can potentially be modified, or how the introduction of new charging or dis-

charging currents may alter the equilibrium charge of the dust. This chapter discusses the

predominant forces acting on the isolated dust particles - the gravitational, electric, neutral

drag, and ion drag forces. This chapter also discusses how these forces will be estimated,

and introduces the different force balance models that will be used for estimating the dust

charge later on.

Chapter 3 reviews the details of the hardware common to the experiments discussed in

this dissertation and the diagnostics employed in analyzing the experimental results. This

chapter introduces the Auburn Dusty Plasma Experiment (DPX), the principal experimental

apparatus used for the work described in this dissertation. The basic layout of the chamber

and the typical arrangement of components for the experiments are described. This chapter

also presents the construction of the various probes used in measuring the different plasma

parameters in the experiments, and in measuring the response of the background plasma to

the different attempts made to control the dust charging process. The cameras and imaging

techniques used in the experiments are presented and and the different analysis techniques

utilized for diagnosing the dynamics of the dust are discussed. Finally this chapter presents

data on the typical conditions and profiles of the typical, unperturbed background plasmas in

these experiments, and presents justifications for some of the arguments regarding symmetry

and analytic approximations that will be made in the experimental analysis.

Chapter 4 introduces the first of two experiments that form the body of this dissertation:

An attempt to modulate existing charging currents incident on dust particles in order to

reduce the net charge on the dust. This chapter introduces additional theoretical framework

to describe the effects of a weak, oscillating electric field as a means of altering the existing

charge collection by the dust; as well as modifications the baseline experimental apparatus

described in Chapter 3. This chapter will demonstrate that this technique produces clear

evidence of a change to the equilibrium dust conditions, and strong evidence of a reduction in
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the net equilibrium charge of the dust. The effects of the oscillating electric field on the dust

equilibrium and behavior will be discussed in detail. However, this chapter will also show

that this method results in a non-negligible change in the background plasma conditions

and fields and that the analysis of this method’s efficacy is overly complicated by its effects

on the plasma. It will show that while direct manipulation of the existing plasma currents

may be possible, it is ultimately ill-suited to the goals of this research. It will conclude that

the introduction of new charging currents represents the preferable angle of attacking this

problem.

Chapter 5 introduces the second experiment: An attempt to introduce a large, externally-

generated discharging current to the dusty plasma in the form of a photoelectric current

induced by high-intensity ultraviolet (UV) light. This chapter introduces further theoretical

modelling to describe the induced photoelectric current and its anticipated effects on the

dust charge, and outlines the challenges of optimizing a proof-of-concept test. This chap-

ter also outlines changes to the baseline experimental configuration described in Chapter 3

and also the additional hardware introduced for the proof-of-concept test. This chapter will

demonstrate, unequivocally, that photo-discharging of dust particles can be accomplished in

a high pressure, low-temperature plasma. It will further demonstrate that, if attempts are

made to tailor the parameters of the UV source, this photo-discharging can be accomplished

in such a way as to have a negligible effect on the background plasma. This chapter will con-

clude that photo-discharging represents the best approach for further improving attempts to

independently control charge in dusty plasmas and outline future avenues for investigating

and refining the technique.

Chapter 6 presents computational research which follows up on the experiment outlined

in Chapter 5. The research into photo-discharging also led to the discovery of unexplained

differences in particle behavior in response to the UV exposure - with some dust particles

behaving periodically and predictably, and others behaving in an erratic, chaotic manner.

This chapter uses computational modelling to investigate the hypothesized role that the
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geometry and asymmetry of the dust grain shape plays in determining the nonlinear dynamics

of the dust in response to the photo-discharging. This chapter outlines the computational

model used to simulate the dust behavior and discusses some of the mathematical analysis

used to analyze the results of the simulations. This chapter will conclude that the shape of

the dust particles plays a critical role in determining the dust’s response to the UV, and will

discuss plans for further followup work.

Chapter 7 summarizes the results of the experiments outlined in Chapters 4 and 5,

and examines the overall progress made during this research towards developing a method

or family of methods of controlling the equilibrium charge of the dust. This chapter also

discusses the potential applications and future directions for the work as well as introduces

some of the follow-up research already underway.

10



Chapter 2

Theory

In order to begin to explore how modifications to the charging behavior of the dust

may be developed and applied, the underlying mechanisms governing the charging process

must be understood. In order to develop reliable estimates of the effects (if any) that these

modifications have on the equilibrium of the dust, the predominant forces acting on the

particles must also be understood. This chapter provides a theoretical foundation to both

the dust charging process and the forces acting on the dust as a prelude to the modifications

and analysis that will be explored in the experimental chapters.

2.1 Dust Charging Behavior

The charging process of dust suspended in a plasma environment is critical to the physics

of dusty plasmas; the dust charge determines the forces acting on the dust, the equilibrium

positions of the particles, the interactions between neighboring grains, the dispersion relation

of density waves in a dust cloud, and much more. Analysis of dusty plasma behaviors,

estimation of the properties of the dust, and understanding of the coupling between the dust

and the plasma all require an understanding of the charging process; as does our ultimate

goal of developing methods of modifying the dust charge.

Dust suspended in a plasma environment collects and emits positive and negative

charges. The dust charge itself, Qd, can be generally considered to be some function of

space and time, which can shift or fluctuate as various physical processes compete with one

another. This generally includes the collection of negative electrons in the plasma, Ied and

the collection of positive and/or negative ion species,
∑
Iid, but may also include other ef-

fects like secondary electron emission, Isee, thermoemission, Ith, photoemission, Ipe, and so
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on.

dQd

dt
= Ied +

∑
Iid + Isee + Ith + Ipe + . . . (2.1)

To begin to understand this complex balancing act of collection and emission we start by

considering only the collection of negative electrons and positive ions in a singly-ionized,

single gas plasma.

2.1.1 Orbital Motion-Limited Charging

The most common approach employed for estimating the collection currents by dust

suspended in a plasma is known as the Orbital Motion-Limited model (OML). In the OML

approach the plasma is assumed to be in a steady-state, with collisionless ions and electrons.

The collection of the electrons and ions by the dust particle is treated classically, without

regard for atomic processes. This model also ignores the effects on the potential structure

surrounding the particle that may arise due to Debye shielding. While these assumptions

are not necessarily reasonable for all particles and all plasmas, we can justify these ap-

proximations for the kinds of low temperature laboratory plasmas being dealt with in these

experiments: Plasma densities are low enough that electron-ion and ion-ion collisions can be

neglected (the matter of electron-neutral and ion-neutral collisions will be discussed later),

and in general the particles themselves are sufficiently small with respect to the shielding

scale length that the effects of that shielding on the charging process can be neglected. The

description of the OML charging process below will follow the approach described by Shukla

& Mamun[33].

Let us consider, as shown in Figure 2.1, a charged, spherical dust particle with a radius,

rd and some electrostatic potential at its surface, φd. The dust particle is approached by a

point particle, s, with a charge, qs, and a mass, ms
1. Let the smaller charge start from some

arbitrary distance, bs, from the dust particle. Assume that bs is sufficiently distant that the

1In this text, the subscript s will typically be used to identify theoretical and experimental parameters
relating to generic or unspecified plasma species, e for electrons, i for ions, n for neutrals, and d for dust.

12



Figure 2.1: Diagram of the model for charge collection used in the Orbital Motion-Limited
model. The interaction is treated classically, applying conservation of angular momentum
and energy to derive velocity-dependent collision cross-sections between the charged plasma
species and the dust.

electrostatic potential energy of the particle can be taken as zero. Also assume that the

small particle is just barely collected by the dust with some grazing velocity, vgs. Given all

of this information, we can write a statement for the conservation of angular momentum of

the charged particles approaching the dust surface:

ms vs bs = ms vgs rd (2.2)

And can also describe the conservation of energy of the charges:

1

2
ms vs

2 =
1

2
ms vgs

2 + qs φd (2.3)

From this starting point, we can derive a collection cross-section for each of the charges by

the dust, which we will define as:

σsd = πbs
2 = πrd

2

(
1− 2

qs φd

ms vs2

)
(2.4)

Now, assume that the dust particle can be treated as a spherical capacitor with a

capacitance, Cd = 4πεord. The electrostatic potential at the surface of the dust particle can

then be described in terms of the equilibrium charge of the dust, φd = Qd/Cd. We can also
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define a normalized dust charge, defined as the ratio of the electrostatic potential energy of

the charges at the dust surface to their thermal energy, zs = |(qsφd) / (kBTs)|. This notation

will be used later to simplify our expressions for the currents. For ions and electrons with

a thermal speed, vts =
√
kBTs / ms, we can describe motion in terms of a thermal Mach

number, Ms = vs/vts. Using these definitions, the velocity-dependent collection cross sections

for the electrons and ions can be written in the condensed form:

σed = πrd
2

(
1− 2

ze

Me
2

)
(2.5)

σid = πrd
2

(
1 + 2

zi

Mi
2

)
(2.6)

Where σed and σid are the cross sections for the electrons and ions, respectively, being

collected by the dust. For dust suspended in a low-temperature plasma, we can assume, due

to the much higher mobility of the electrons compared to the ions, that the dust will collect

an excess of electrons and therefore have a negative equilibrium charge.[33] In that case we

can define the equilibrium charge as, Qd = −Zd e where Zd is the dust charge number (the

number of excess electrons on the surface at any moment).

For deriving the incident currents we assume that the collection of charge by the dust can

be described statistically, beginning with some flux of particles, Φsd, which can be described

in terms of the velocity-dependent cross sections above and integrated for some velocity

distribution of the plasma species:

Isd = 〈qs ns vs σsd〉 =

∫
qs ns vs σsd fs(vs) d

3vs (2.7)

Assuming that there is a Maxwellian velocity distribution for both the ions and electrons:

fs(vs) d
3vs =

√
2

π
Ms

2 e−
Ms

2

2 dMs (2.8)
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Gives analytic expressions for the incident ion and electron currents:

Ied = −
√

8π e ne vte rd
2 e−ze (2.9)

Iid = +
√

8π e ni vti rd
2 (1 + zi) (2.10)

To complete the derivation, we will apply two final assumptions. First, we will assume

that the quasi-neutrality condition applies to the dusty plasma:

−e ne + e ni − Zd nd = 0 (2.11)

From this condition we can relate the electron, ion, and dust densities in terms of a Havnes

parameter, PH = Zd nd / ni. We will, furthermore, assume that the equilibrium charge

is determined by a floating potential condition; that is to say that we will assume there is

some charge and surface potential for which the collection of electrons and ions will balance

out:

Ied + Iid = 0 (2.12)

From these two assumptions and the expressions for the currents from (2.9) and (2.10) we

can derive(2.13)[33]:

e−ze
(

1− PH

1 + zi

)
=

(
Ti me

Te mi

)1/2

(2.13)

And, since ze, zi, and PH , are all functions of Zd, this expression can be solved numerically

to obtain the dust charge number.

2.1.2 Modifications to Charging

The charging model above is by no means an exhaustive or complete description of the

charging process. The OML model makes assumptions that may not apply to every set of

experimental parameters, and ignores some physical processes which may be important, but
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it provides us with some basic insights for how the properties of the dust and plasma effect

the equilibrium charge of the dust, and gives us some ideas for what approaches may exist

for manipulating the dust charge.

The first approach we can consider is the modification of the existing plasma currents

incident on the dust. As the derivation indicates, the collection currents and the result-

ing equilibrium condition between them are complex and nonlinear functions of the masses,

temperatures, and densities of electrons and ions in the plasma. Altering any of these exper-

imental parameters or altering the distribution functions of the plasma species to something

non-Maxwellian would alter the plasma currents found in (2.9) and (2.10) and alter the re-

sulting equilibrium condition for the dust charge. Steady-state changes to these conditions

are not an option, as doing so would alter the plasma and defeat the entire purpose of the

exercise; however time-dependent changes in these properties may present options worth ex-

ploring, if there are fluctuations that can produce a time-average effect on the dust charging

currents with a minimal affect on the steady-state of the plasma. The research presented

in Chapter 4 investigates whether controlled fluctuations in the charging currents, produced

by an oscillating electric field applied to the background plasma, can accomplish this.

The second approach we can consider is the introduction of new current sources. As

(2.1) and (2.12) indicate, any additional sources of charging or discharging will alter the

equilibrium charge of the dust. As is the case for modification of the existing currents, most

of the options at our disposal are not what would could be considered minimally disruptive:

Injecting gas into the plasma to absorb free electrons and form negative ions, introducing

an electron beam to bombard the dust with negative charge, or heating the dust to induce

secondary emissions are all options that could significantly alter the equilibrium charge of the

dust, but all require major alterations to either the background plasma, the dust, or both.

The research presented in Chapter 5 investigates whether photoemission, induced by a UV

source, can alter the dust charge while producing a minimal perturbation to the physical

condition of the dust and the background plasma.
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Figure 2.2: Free Body Diagram of a negatively-charged dust particle and the predominant
forces acting on it in a weakly-ionized, non-magnetized plasma. These forces include the
gravitational (Fg) and electric forces (Fe), the interaction between the dust and non-ionized
neutral particles (neutral drag, Fnd), and the interaction between dust and streaming ions
in the background plasma (ion drag, Fid).

2.2 Forces

Any examination of the physical behavior of dusty plasmas requires an understanding of

the forces acting on the dust. Modelling the forces acting on the dust can be paradoxical; on

the one hand, the behavior of isolated particles can be treated with a Newtonian approach

and several of the interactions are straightforward to model or at least approximate, but on

the other hand the predominant forces all have very different responses to the dust scale and

to the properties of the background plasma, which can make predicting or controlling the

behavior of the dust deceptively complex. For a weakly-ionized plasma like those that will

be explored in the experiments described in later chapters, only four forces will be relevant

(illustrated in Figure 2.2): The gravitational force acting on the dust’s mass, the electric force

acting on the dust’s charge, the effect of collisions with neutral gas particles in the system

(which we will call the neutral drag), and the interaction between the dust and flowing ions

in the plasma (which we will call the ion drag).
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Predominant Forces in Dusty Plasmas
Force Source of Force Scaling

Gravitational Gravity rd
3

Electric Electric Fields rd
Neutral Drag Interaction with neutrals rd

2

Ion Drag Interaction with ions rd
2

Table 2.1: The four primary forces acting on dust particles suspended in a non-magnetized
plasma: the gravitational and electric forces, and the neutral and ion drag. The forces are
(arguably) ordered from most simple to most complex in terms of modelling and experimental
difficulty in estimating. The approximate scaling, with respect to the physical size of the
dust, is also listed.

2.2.1 Simple Forces

The force of gravity on the dust’s mass and the electric force acting on the dust’s charge

are what we will describe as ”simple forces”. These forces require the fewest assumptions

in order to model them, and the fewest experimental measurements in order to estimate

them. These forces will form the basis of the simpler of the two force balance models we will

introduce later in this chapter.

The most obvious contrast with forces in conventional plasmas is the role that gravity

plays in dusty plasmas. The mass of the dust particles is generally millions or even billions of

times greater than the mass of the ions in the plasma, and the effect of the gravitational force

on the dust’s equilibrium and dynamic behavior cannot be neglected or even overstated: For

micron-sized dust grains, the gravitational force is often the dominant force acting on the

dust in any ground-based experiment.

Fg = md g (2.14)

The gravitational force on the dust is trivial to estimate, assuming that the size and

shape of the particles are relatively monodisperse. Most laboratory experiments with dusty

plasmas employ highly monodisperse microspheres of silica or melamine formaldehyde (MF)
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specifically for this reason. Dust comprised of more irregularly-shaped particles, or polydis-

perse size distributions of dust can make calculating the gravitational force more challenging,

but not impossible.

The presence of a significant gravitational force in ground-based experiments also in-

forms experimental efforts to suspend and confine the dust. Most experiments rely on pro-

ducing a strong electric force to counteract the downward pull of gravity. There are, of

course, other means of suspending particles, such as imposing a temperature gradient in the

gas to produce a thermophoretic force on the dust, but the inherent electrical fields produced

in generating the plasma make electric forces an obvious choice for suspending and confining

the dust.

Fe = Qd E (2.15)

Like the gravitational force, the electric force is trivial to model, provided we know the

right information. If the potential structure of the plasma is known, then the background

electric field can be calculated which leaves only the dust charge itself as an unknown.

2.2.2 Collisional Forces

In a weakly-ionized dusty plasma we must consider the effects of three collisional inter-

actions which affect the background plasma and the dust: Collisions between neutrals and

electrons and ions in the background plasma, collisions between the neutrals and the dust,

and collisions between the ions and the dust.

Collisions between the neutrals and the plasma ions and electrons can limit the mobility

of these lighter charged species. This mobility-limited behavior can produce drift motion and

alter the ambipolar diffusion of the electrons and ions in the background plasma. For a given

neutral density, nn, and a collisional cross-section between the charged plasma species and
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the neutrals, σsn, we can define a collisional mean free path for the plasma species:

λsn =
1

nnσsn
(2.16)

And can define a collision frequency:

νsn =
vts
λsn

(2.17)

The collision cross sections between the electrons and neutrals is a complex function of the

electron temperature, but can be broken down into a term for elastic scattering, a term for

ionization, and a term for excitation (details for which can be found in Lieberman & Licht-

enberg (2005)[21]). The cross section between the ions and neutrals in a low-temperature

plasma, on the other hand, can usually be approximated as a simple hard-body collision

between two spheres with radii equal to the Van der Waals radius of the gas particles. For

argon, which has a Van der Waals radius of 188 pm (LANL, n.d.[26]), this gives an ion-neutral

collision cross section, σin ∼ 4.44× 10−19 m2.

We can describe the dynamics of the plasma particles as:

msas = qsE−msνsnvs (2.18)

For a steady-state plasma it is assumed that there is some drift velocity, vDs for which the

electric force and collisions balance each other out2. Defining a mobility, µs = qs/msνsn, we

can express that drift velocity as:

vDs = µs E (2.19)

2The subscript D will be used to distinguish physical parameters related to drift motion here and in
Chapter 4 from properties relating to the dust (d).
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We can also define a drift thermal Mach number:

MDs =
vDs

vts
(2.20)

Which, for an ideal neutral gas, Pn = nnkBTn can be expressed as:

MDs =
Tn
Ts

(
qs E

σsn Pn

)
(2.21)

While the inertia and charge of the neutral and ionized gas particles are both orders of

magnitude lower than those of the dust, their collective effect on the motion and equilibrium

of the dust cannot always be ignored. While the gravitational and electric forces are simple,

even trivial to model and estimate, the same is not so true for these collective interactions

with the background gas and plasma.

The effect of neutral atoms colliding with the dust (or the dust colliding with neutral

particles, depending on the point of view) is especially important to consider in weakly-

ionized plasma experiments like those that will be examined in this dissertation. The effects

of the neutral drag on the dust can dampen or even mobility-limit the motion of the dust in

the plasma.

The interaction between the neutrals and dust is described using the Epstein drag

model.[4] The dust is assumed to be spherical and travelling with a subsonic velocity, vd,

relative to a background of neutral particles with mass, mn, temperature, Tn, and thermal

velocity vtn =
√
kBTn/mn. The dust is also assumed to be small compared to the mean

free path of the neutrals. In the case of a negligible background flow in the neutral gas,

the observed and relative velocity of the dust can be taken to be the same. Under these

assumptions the drag force exerted by the neutrals takes the form:

Fnd = −8
√

2π

3
rd

2mnnnvtnvd (2.22)
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Figure 2.3: Diagram of the models for the collected and orbital components of the ion drag
force acting on the dust. The quantitative modelling of these forces is still an open question
in dusty plasmas physics, but qualitatively the flow of ions into and about a dust particle
produces a net force along the direction of the electric field. For negatively-charged dust the
ion drag force will oppose the electric force.

The interaction between negatively charged dust particles and positively charged ions in

the background plasma is an effect that is quite important to dusty plasmas. Qualitatively,

this interaction is simple to describe - ions in the plasma flow preferentially along the direction

of the background electric field, and as they collide with or are scattered by the dust particles,

momentum is transferred by the interaction. The net result is that ions in the plasma push

and pull the negatively charged dust particles in the direction of the electric field (and

opposite the direction of the electric force on the dust). Actually modelling this force, on

the other hand, is considerably more complicated. A simplified model was first introduced

in Barnes (1992)[1], which breaks the ion drag into a collection component (momentum

transfer from direct collisions with ions) and an orbital component (momentum transfer

from Coulomb collisions with ions grazing or passing close to the dust particle). These

components are illustrated in Figure 2.3.

Fid = Fc + Fo (2.23)

The Barnes model for the ion drag is appropriate for making a preliminary, order-

of-magnitude estimate of the ion drag force but, like the OML charging model, requires
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several assumptions to be properly evaluated. Because of the complexity of modelling the

momentum transfer between the ions and the dust and the debate over the appropriate cross

sections, distributions, and even bounds of integration to use in calculating it, a complete

and accurate modelling of the ion drag force is still, very much, an open question in dusty

plasma physics. Numerous improvements and modifications to the Barnes model have been

made over the years, many relying on quasi-analytic functions or even purely numerical

simulation. For the work described in this dissertation we will apply the model for the orbital

force developed in Khrapak (2002)[19] and the model for the collection force developed in

Uglov (1991)[42] and Hutchinson (2003, 2004, 2006)[12][13][14]. A summary of both models

can also be found in Hall (2016)[10].

In brief: If we assume that the background ions take on a shifted Maxwellian velocity

distribution (that is, a Maxwellian with some background drift velocity):

fs(vs)d
3vs =

1√
2π

Ms

MDs

[
e−

(Ms−MDs)
2

2 − e−
(Ms+MDs)

2

2

]
dMs (2.24)

Then this distribution can be used in combination with a more complete model of the

momentum transfer, in order to derive the orbital and collisional components of the ion drag

force, which can be written as:

Fo = ni kBTi πrd
2 ln Λ G(MDi) Ê (2.25)

Fc = ni kBTi πrd
2 H(MDi) Ê (2.26)

Where ln Λ is the Coulomb Logarithm, and G and H are unitless scale functions for the

orbital and collisional fluxes (here, F (x) is the error function):

G(MDi) = 4
zi

2

MDi
2

(
F

(
MDi√

2

)
−
√

2

π
MDie

−MDi
2

2

)
(2.27)
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H(MDi) =

√
2

π
e−

MDi
2

2

(
MDi

2 + 2zi + 1

MDi

)
+ F

(
MDi√

2

)(
MDi

4 + 2MDi
2 + 2zi

(
MDi

2 − 1
)
− 1

MDi
2

)
(2.28)

2.2.3 Force Balance Models

The experimental research presented in this dissertation will employ three models for

estimating the effects (if any) of different techniques on the equilibrium charge of dust par-

ticles in the plasma. The first model is the OML charging model derived and outlined in

Section 1.1. The second is what we will refer to as the Simple Force Balance model (SFB).

In this approach we consider only the gravitational and electric forces to estimate the charge

of the dust.

Fg + Fe = 0 (2.29)

The third is what we will refer to as the Full Force Balance model (FFB), which includes

the instantaneous acceleration of the dust (if it is measurable) as well as adding the neutral

drag and ion drag forces into the equation.

md ad = Fg + Fe + Fnd + Fid (2.30)

Each model has advantages and disadvantages: The OML model takes the charging behavior

of the dust into consideration, however it makes a number of approximations for modelling

this process that may not hold for all regions of the plasma or the dust cloud. The SFB

model is the simplest to calculate (assuming a reasonable estimate of the dust mass and a

good measurement of the electric field are known), however the exclusion of the collisional

forces may not be a good approximation in some or most regions of a particular plasma. The

FFB model is the most complex to calculate, and requires the most assumptions due to the

uncertainty of the quantitative estimate of the ion drag force, but provided these additional

forces are at least of the correct order of magnitude it should provide a closer estimate of the
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dust charge in most regions of the plasma. In the cases shown in this research (outlined in

Chapters 4 and 5), it will be shown that the OML model generally represents a lower-bound

to any estimated discharge of the dust, while the SFB model represents an upper-bound.

25



Chapter 3

Experimental Apparatus and Diagnostics

In this chapter we introduce the Auburn Dusty Plasma Experiment or DPX; the ap-

paratus on which the experiments that will be described were performed. This chapter

also discusses the components, diagnostics, and analytic methods common to the two ex-

periments discussed in this dissertation. Section 3.1 presents the baseline apparatus; the

chamber, gas and vacuum components, and the plasma-generating components and power

supplies. Section 3.2 presents the physical construction of the various probes employed in

the experiments and discusses the extraction of plasma properties from the various probe

measurements. Section 3.3 presents optics - the various cameras and light sources employed

in the experiments, their calibration, and how data from the devices is processed and ana-

lyzed. Section 3.4 characterizes the different types of dust grains utilized in the experiments.

The specific configurations, elements, and instruments utilized in each experiment will be

discussed in later chapters.

3.1 The Dusty Plasma Experiment (DPX)

The experiments discussed in this dissertation were all performed on the Auburn Dusty

Plasma Experiment (DPX)(Thomas 1999[38]). This device was developed over 20 years ago

to function as an experimental apparatus for investigating the behavior of dust suspended

in low-temperature and weakly ionized plasmas.

3.1.1 Chamber Layout and Support

As seen in Figure 3.1, the basic layout of the DPX consists of a joined pair of standard

ISO-100, stainless steel, six-way cross chambers. As viewed from the ‘front’ in Figure 3.2,
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Figure 3.1: The Dusty Plasma Experiment (DPX) at Auburn University, (left) as seen
during reassembly at its new home in the MPRL center lab. (right) View of the exterior of
the primary chamber during setup of one of the experiments. A simple-but-robust apparatus,
the DPX is frequently used by the Auburn Magnetized Plasma Research Laboratory (MPRL)
for experimenting with unmagnetized and weakly-ionized dusty plasmas.

Figure 3.2: Unmodified layout of the Dusty Plasma Experiment (DPX) apparatus. The
primary chamber (left) holds the critical experimental components: The plasma generating
anode (disk), which is connected to a high voltage, current-limited power supply; the con-
fining electrode (ring), which is connected to a low voltage DC bias; and dust tray. The
secondary chamber (right) contains access to the mass flow controller and vacuum pump, as
well as access for the illumination laser.
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the chamber on the left side (the primary chamber) holds the bulk of the actual experimental

components and diagnostics; this includes the conducting electrodes which are used to form

the plasma and shape the potential structure within the device, the various diagnostic probes,

and the loaded dust tray. The primary chamber is also where the dust is injected and

suspended within the device. The right side (the secondary chamber), meanwhile, functions

as the access point for the gas inflow, the vacuum pump, and neutral pressure gauge. Kodial

glass viewports provide optical access for lasers and other light sources, while a transparent

acrylic flange provides optical access for cameras.

The connected chambers rest on top of a mount constructed of standard 80/20 aluminum

T-slot structural framing provides a stable support for the chambers. The mount is designed

to keep the experiment stable and level with the ground as well as provide mounting points

for the various cameras and light sources.

3.1.2 Gas and Pressure Regulation

As shown in Figure 3.3, Argon gas is delivered to the DPX through an MKS Instruments

G-Series GE50A mass flow controller (MFC) connected to the flange on the top of the

secondary chamber. Atmospheric gasses are pumped out of the chamber by a Kurt J Lesker

ULVAC GLD-136C rotary vacuum pump located in the base of the mount and connected

to the bottom flange of the secondary chamber. This pump can sustain a baseline vacuum

pressure of .5 mTorr. The applied voltage to the MFC is controlled using a LabView VI. At

maximum voltage applied to the MFC, and the outlet to the pump fully open, the balance

between inflow and outflow of neutral gas reliably holds the interior equilibrium operating

pressure at ∼120-125 mTorr using the argon gas. This is the gas pressure range used for all

of the experiments described in this dissertation.
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Figure 3.3: Equipment used in the gas and pressure regulation of the DPX experiment.
(left) The mass flow controller (MFC) which provides regulated flow of argon gas into the
secondary chamber. (right) The roughing pump which evacuates gas from the chamber.
The pump can sustain a baseline vacuum pressure of . 5 mTorr in the chamber. Operating
neutral pressure for the experiments described in this dissertation was ∼ 120-125 mTorr.

3.1.3 Electrodes and Power

While the specific size, shape, and configuration of plasma generating and confining

components within the primary chamber varies slightly between experimental configurations

(the specific measurements can be found in Chapters 4 and 5), the basic layout of the primary

chamber is always the same: A powered electrode above the geometric center of the primary

chamber acts as the anode/plasma source, a negatively biased ring electrode located below

the center of the chamber acts as the cathode/sink. The two electrodes create an electric field

pointing downward and radially outward away from the source at the top of the chamber.

For the negatively charged dust particles, this field creates an upward and inward electric

force which helps confine the dust. All of the interior electronics are biased relative to the

electrically grounded walls of the stainless steel vacuum chamber.

The plasma is primarily powered by a Glassman EH Series high voltage power supply

operated in current-limited mode. For the experiments described in this dissertation, the
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Figure 3.4: Electrodes used for plasma generation and dust confinement in the experiments
described in this dissertation. (left) The 2.9 cm brass disk anode and small copper confining
electrode (outer diameter, 4.8 cm, inner diameter, 3.7 cm) used for the baseline measurements
described in this chapter and the experiment described in Chapter 4. (right) The 2.8 cm
aluminium disk anode and the larger copper confining electrode (outer diameter, 8.3 cm,
inner diameter, 6.4 cm) used in the experiment described in Chapter 5.

supply was operated at 2.0-2.5 mA of current. The confining electrode is connected to an

Instek GPR-30H10D power supply operating in voltage-limited mode. The specific voltage

applied to the confining electrode varies between experimental configurations. Figure 3.4

shows the different electrodes used in the experiments described in this dissertation.

The dust itself is scattered onto a large, electrically floating aluminum disk located

beneath the confining electrode. This dust tray is held by a cylindrical delrin mount. The

dust particles are injected into the plasma by temporarily increasing the bias on the confining

electrode to generate random discharges. This ‘arcing’ kicks dust up into the plasma where

it collect charge and transports to an equilibrium position, typically located near the center

of the primary chamber.

Additional equipment was introduced and modifications to the apparatus and hardware

described here were made to accommodate the needs of the experiments outlined in Chapters

4 and 5. The specifics of these additions and alterations are outlined in those chapters.

30



Figure 3.5: Schematic diagrams of two of the probe types used in the research presented in
this dissertation. Langmuir probes (left) consist of a single, electrically biased wire. Emissive
probes (right) consist of an exposed loop of wire heated by an external power source. Both
probes can be used to measure and estimate different plasma parameters.

3.2 Plasma Diagnostics

In order to be able to estimate the effects of any of the techniques that will be explored

in this dissertation, it is necessary to be able to measure at least three key plasma parameters

within the primary chamber: The potential structure (which is necessary to estimate the

electric field), the density profile, and the temperature profile. Most of the plasma diagnostics

utilized in this research take the form of simple probes like those shown in Figure 3.5.

3.2.1 Langmuir Probes

Cylindrical Langmuir probes are a simple and robust tool for measuring plasma param-

eters and the specifics of extracting information from the probe response are well established

(Merlino 2007[24]). For the experiments described in this dissertation, Langmuir probes were

assembled using 0.3 mm thick tungsten wires insulated by alumina tubes. A length of wire 7

mm long was left exposed at the plasma-facing end of the alumina tubes, giving an effective

probe area of approximately ∼ 6.6 mm2. At the base of the alumina tubes, the tungsten

wires are joined to a copper wire using a set screw wire connector, which in turn connects

to a pin connector sized for a standard BNC feedthrough. Feedthroughs of various lengths
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Figure 3.6: Example of one of the many Langmuir probes used for measuring properties of
the background plasma during experiments, and to investigate the effects of various charge
control methods attempted in this research. The tungsten wire has a diameter of 0.3 mm
and an exposed length 7 mm. Probes are encased in alumina tubes to insulate the rest of
the wire from the plasma.

are used to give the probes stability as they are extended into or extracted from the plasma.

An example of one of these Langmuir probes can be seen in Figure 3.6. The probe wires

were provided with a DC voltage bias using an Instek GPR-30H10D power supply and the

voltage was swept using a Keithley 2400 Series Sourcemeter) which simultaneously recorded

the current collection by the probe. The Langmuir probes used in our experiments could re-

liably measure the ion saturation current, floating potential, and electron temperature of the

plasma. Since one of the goals of the research presented in this dissertation is to determine

if methods used to alter the dust temperature can be utilized in a way which minimizes the

effect on the background plasma, many of the analyses in later chapters will consider the

relative or fractional change in plasma or dust parameters:

δf ≡
∆f

f
(3.1)
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Figure 3.7: An illustration of Langmuir probe diagnostics. In the ideal I-V characteristic
(left), the ion and electron currents saturate and are easily identified. In a more realistic
trace (middle) like those seen in most MPRL RF-generated plasmas, the currents saturate
to an approximately linear trend that can be traced to the floating or space potentials to
estimate the saturation current. In lower power plasmas (right) the electron current rarely
saturates, however estimates of the floating potential, ion saturation current, and electron
temperature can still be obtained.

There are other advantages to using the Langmuir probes. The manner in which the

probe collects current from the surrounding plasma is not dissimilar from how the dust itself

collects charge from its environment. Chapter 4 will compare changes in the ion saturation

current collected by the probe to changes in the predicted ion current collected by dust

particles.

Langmuir probes do, however, have some disadvantages and caveats when used in low-

power, weakly-ionized discharges. In the idealized current-voltage response, the ion and

electron currents both saturate at sufficiently negative and positive voltages. While this

typically occurs in highly ionized plasmas, like those in Q-machine devices, or high-power

RF plasmas, these currents generally do not saturate in the low-power, weakly-ionized LTPs

like those presented in this research. At sufficiently negative voltages where we would expect

to see ion saturation, instead we generally see a linear increase in the ion current. At these

biases the sheath structure around the probe becomes modified and effectively increases the

collection area surrounding the probe, which increases the collected ion current collected.
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Figure 3.8: Anode glow generated by a Langmuir Probe in one of the test plasmas generated
in DPX. In high pressure plasmas (& 100 mTorr) probes biased near the plasma potential
can transition from a perturbative regime (where probe measurements can be reliably in-
terpreted) to a discharge regime where the probe itself becomes a secondary plasma source.
This necessitates the use of an emissive probe in situations where the floating potential
cannot be used as a surrogate.

The ion saturation current can still be estimated by fitting a linear function to this increasing

ion current and extrapolating it back to the floating potential (as illustrated in Figure 3.7).

Additionally, at voltages approaching or exceeding the plasma potential the power being

drawn by the probe can become comparable to the power drawn by the anode. Under these

circumstances (demonstrated in Figure 3.8) the probe itself can transition into a mode of

operation where it acts as a secondary plasma source. This can make the conventional

approaches for estimating the plasma potential unreliable. This can, in turn, make estimation

of the background electric field in low-power LTPs more challenging.

For a Maxwellian, quasi-neutral plasma the relationship between the floating and space

potential measured by a grounded Langmuir probe can be taken to be a function of electron

temperature. This function is interpreted as the relative floating potential (the floating
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potential as measured with respect to the surrounding plasma as opposed to ground):

Vf = Vs + Vr(Te) (3.2)

If the electron temperature across the plasma is approximately constant (as will be shown to

be the case in DPX), and if no other changes to the background plasma are observed, then

the floating potential may be used as a substitute for determining the background electric

field. However, if it is known or anticipated that the relationship between the floating and

plasma potential will be altered, a more reliable measurement of the plasma potential is

necessary.

3.2.2 Emissive Probes

Heated emissive probes can be a more reliable diagnostic for getting accurate measure-

ments of the plasma potential, though their construction is slightly more involved than the

simple Langmuir probes. An emissive probe was used to estimate the unperturbed plasma

potential profile and changes to the plasma potential in the experiment described in Chapter

4. The probe design was based on a setup used in (Jaiswal 2015[16]). The emissive probe

consists of a short, 0.1 mm thick loop of tungsten wire with a horseshoe-shaped segment

exposed to the plasma.

As the wire is heated by an electric current, the floating potential increases and asymp-

totes near the value of the plasma potential (as illustrated in Figure 3.9), allowing for accurate

measurements of the potential structure and the electric field. Emissive probes can be dif-

ficult to employ in high pressure plasmas as the tungsten wire has a tendency to become

oxidized at higher pressures, even when there is only trace contamination by atmospheric

gasses in the vacuum chamber (Sheehan 2011[32]). The oxidized tungsten is extremely brit-

tle and the thin probe wires frequently shatter upon re-pressurization. The probe used in
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Figure 3.9: An illustration of emissive probe diagnostics. As a heating current is applied to
the probe (here the current would increase going from left to right), the emitted electron
current, Iem, which dominates the collected ion current at lower voltages, increases substan-
tially. As the emitted electron current increases, it shifts the floating potential asymptotically
towards the plasma or space potential, while leaving the collected electron current, Ico, rel-
atively unchanged. At a sufficient heating current, the measured floating potential can be
used as a proxy for the space potential.

the experiment in Chapter 4 was designed so that the exposed wires could be quickly re-

placed between trials. Analytically there are still outstanding questions about the accuracy

of emissive probe measurements at higher pressures.

The heating current for the emissive probe was provided by an Instek GPR-3060D

power supply operating in current-limited mode. The probe voltage bias and sweeping

voltage were provided by the same Instek GPR-30H10D power supply and Keithley 2400

Series Sourcemeter used for the Langmuir probes.

3.2.3 Probe Arrays

A single Langmuir or emissive probe can frequently be limited to a narrow range of

physical positions it can reach. Probe arrays consisting of many single Langmuir probes,

arranged in some configuration, allow a wider range of positions to be accessed by probes.

Such an array was used to look for indications of spatial variation in the unperturbed plasma

conditions. The three-pronged array (dubbed the ‘pitchfork probe’), shown in Figure 3.10,

consisted of three identical, single Langmuir probes which could be connected to the Keithley
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Figure 3.10: The pitchfork probe array used for investigating spatial symmetry in the un-
perturbed DPX background plasma. The delrin mount holds three identical single Langmuir
probes which can be individually biased and swept. The array rotates about an off-center
axis allowing points within a two-dimensional slice of the plasma to be accessed.

sourcemeter and biased and swept independently. The array itself was assembled into a

smooth, delrin mount which held the individual probes at three different distances from

the axis of rotation of the array. By rotating the array about an axis, measurements of

plasma properties could be made in a two-dimensional ‘slice’ within the plasma at the center

of the chamber. In principle, three-dimensional measurements could also be obtained by

translating along and rotating about the probe axis.

3.2.4 Unperturbed Plasma Conditions

The unperturbed plasma potential, density, and temperature profiles within the DPX

are dependent on the electrode configuration and applied biases in each of the experiments

discussed in this dissertation. The specific baseline measurements are discussed in their

respective chapters, but fall within similar ranges for both experiments and can be broadly

described as follows: The electric potential of the anode is typically around 220-230 V for an
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applied current from the anode supply of 2.0-2.5 mA. This translates to generating power

around half a watt. The confining electrode is generally biased between -50 V to 0 V.

Figure 3.11 shows plots of the measurements made using the pitchfork probe array in the

unperturbed plasma. Figure 3.12 and Figure 3.13 show the results of these measurements

projected along the horizontal and vertical axes. The projections show that while there

is obviously some amount of radially oriented structure for measurements of the floating

potential, ion saturation current, and electron temperature - the radial structure is negli-

gible compared to the much more pronounced vertically oriented structure. This near-1D

symmetry in the center of the plasma justifies the use of the simpler single Langmuir and

emissive probe setups that will be used for the collection of data in the experiments de-

scribed in Chapters 4 and 5, as well as the justification of quasi-1D models described in the

computational work in Chapter 6.

The potential structure in the plasma initially falls off linearly as we move down along

the z-axis. One or two centimeters below the center of the primary chamber, as the plasma

starts to approach the confining electrode, the potential structure transitions to a more

exponential falloff. This is qualitatively consistent with a transition from the bulk plasma

closer to the anode to a presheath region surrounding the confining electrode. The ion

saturation current (and ion density) decreases linearly moving down away from the anode

before exponentially levelling off near the confining electrode. The electron temperature is

approximately constant (about 2 eV), with a slight gradient in the bulk and several outliers

very near the bottom of the pitchfork probe’s range. It is uncertain whether these outliers

indicate a sudden jump in electron temperature in the transition to the presheath region, or

if, in this region, the presence of the probe is too disruptive to the surrounding plasma to

recover reliable estimates of temperature from the probe traces.
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Figure 3.11: Measurements of the unperturbed floating potential (top-left), ion saturation
current (top-right), and electron temperature (bottom) taken using the ‘pitchfork probe’. The
shape of the markers indicates which probe made the measurement, and the color indicates
the measurement value. Projections of these measurements onto the horizontal and vertical
axes are shown in Figures 3.12 and 3.13, respectively.
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Figure 3.12: Projections of the unperturbed floating potential (top-left), ion saturation cur-
rent (top-right), and electron temperature (bottom) from Figure 3.11, projected onto the
horizontal or x-axis. These projections demonstrate the lack of significant radial variation
in the plasma parameters, at least in the regions near the center of the chamber where the
dust is suspended.

40



Figure 3.13: Projections of the unperturbed floating potential (top-left), ion saturation cur-
rent (top-right), and electron temperature (bottom) from Figure 3.11, projected onto the
vertical or z-axis. These projections show the variation in plasma parameters is oriented
along the vertical axis. This justifies the use of single axis Langmuir and emissive probes
and the modelling of the plasma as 1D in later chapters.
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Figure 3.14: A camera-eye view of the exterior of the chamber exterior. A PointGrey Flea3
camera was used in the controlled current fluctuation experiment described in Chapter 4.
The Ximea MQ042MG-CM camera (shown above) was used for taking the higher framerate
videos in the photo-discharging experiment described in Chapter 5.

3.3 Dust Diagnostics

As discussed in Chapter 1, the macroscopic time and length scales of dusty plasma dy-

namics provide experimenters with the unique opportunity of making measurements through

direct observation. This is accomplished through the analysis of still images or video cap-

tured by cameras mounted on the sides of the chamber. The cameras record the behavior of

illuminated dust particles and the images are later processed so that information about the

equilibrium position of a dust cloud or the instantaneous position, velocity, and acceleration

of individual dust particles can be obtained for use in the models described in Chapter 2.

3.3.1 Cameras

All the examination of the dust behavior in the experiments described here is based on

analyzing videos captured by a cameras mounted on the front of the primary chamber, seen

in Figure 3.14. Two cameras were used in the experiments described in this dissertation.
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Figure 3.15: Example of the coordinate system used for describing dust and plasma mea-
surements in this research. The x-axis points horizontally through the center of the two
chambers towards the right (from the camera’s perspective). The y-axis points horizontally
through the center of the primary chamber away from the camera. The z-axis points verti-
cally upward through center of the primary chamber. The box indicates the typical region
of interest for the dust particles while the cross indicates the approximate geometric center
of the plasma chamber.

The first experiment used a PointGrey Flea3 camera at 15 FPS. The second experiment used

a Ximea MQ042MG-CM camera at 100 FPS.

A 532 nm continuous-wave laser with an average optical output between 554 to 568 mW

is mounted on the side of the secondary chamber. Light from the laser is passed through

a cylindrical lens which fans the laser beam out into a plane which can illuminate two-

dimensional cross sections of the dust clouds. For the images analyzed as part of this research,

we define the following coordinates for the experiment (illustrated in Figure 3.15): The origin

is defined to be at the geometric center of the plasma chamber. The x-axis runs horizontally

through the center of the two chambers, parallel to the ground, with positive direction

pointing towards the right from the camera’s viewpoint. The y-axis runs horizontally through

the center of the primary chamber and follows the camera line of sight, with the positive

direction pointing towards the camera. The z-axis runs vertically through the center of the
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primary chamber, perpendicular to the ground, with up being the positive direction. The

dust behavior analyzed in later chapters is confined to the x-z plane illuminated by the laser.

3.3.2 Image Processing

In order for information to be extracted from the raw footage recorded during the exper-

iments, the video must go through several steps of processing. The processing is performed

in ImageJ/Fiji (Schindelin et. al. 2012[29]). Preparation of the videos for analysis consists

of first creating a calibration image using a projection of the minimum intensity of each pixel

from the length of a given video and subtracting it from the rest of the footage. Subtracting

this calibration image allows us to remove most of the illuminated background (the chamber

walls, the electrodes, etc.) from the video, leaving the dust particles as the brightest remain-

ing objects in the processed video. Brightness and contrast are adjusted to make the dust

clearer and a Gaussian filter with a smoothing radius of one pixel is applied to the video to

give the particles a more radial appearance that can be more easily identified and tracked.

Depending on the parameter of interest for a given video, one of several additional paths

may be followed: If the goal is to determine the average equilibrium position of dust in the

cloud or observe the paths traced out by particles over time, then the maximum intensity

of each pixel over the length of the video is projected into a single image. If, on the other

hand, we are interested in measuring the position of a particle over time, then measurements

consistent with Particle Tracking Velocimetry (PTV) are conducted. While there are many

particle-tracking tools available, including some built into the ImageJ/Fiji program, for

the experiments discussed in this dissertation it was decided to track our selected particles

manually. Dust particles are free to move in all three dimensions in the plasma, however only

a two-dimensional ‘slice’ of the cloud can be illuminated by the laser at any given moment;

thus, it is frequently the case that a particle may leave or enter this plane of visibility, which

can lead to misidentification by automated tracking algorithms.
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In order to convert data from the pixel coordinates of the videos to real space coordinates

within the chamber, a spatial calibration image is produced. From this image a conversion

to the real space coordinates can be generated and applied to the position data extracted

from the images.
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Chapter 4

First Approach: Modification of Existing Charging Currents

Chapter 4 discusses the first method investigated as a means of controlling dust charge

- the modification of the existing charge collection currents incident on the dust. The OML

charging model (2.13) introduced in Chapter 2 shows how the inherent collection of charge

from the surrounding plasma determines the equilibrium charge of the dust. Altering these

incident currents must, consequently, alter the equilibrium charge of the dust. If this al-

teration can be accomplished through some means which minimizes any effect on the back-

ground plasma, then this would present a simple and effective way for controlling dust

charge.

Section 1 of this chapter lays out the theoretical framework for modifying the charging

behavior: Utilizing an oscillating electric field to drive controlled fluctuations in the incident

charging currents collected by the dust. Section 2 presents alterations and additions that were

made to the baseline DPX apparatus and discusses developing a ‘proof-of-concept’ test for

the controlled current fluctuation concept. Section 3 presents the results of the experiment,

and Section 4 discusses the estimated discharge of the dust, the effects on the background

plasma, and the efficacy of controlled current fluctuations as a means of controlling dust

charge.

4.1 Controlled Current Fluctuation

As discussed in Section 2.1, there are many ways that the inherent ion and electron

currents collected by the dust can be altered: Changing the plasma density, temperature,

the physical properties of the dust, etc. However, all of these conventional approaches to

altering the inherent charging currents require making substantial changes to either the
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dust or the background plasma. Since our goal is to avoid making steady-state changes to

the plasma, let us consider this question: Can we produce a time-dependent change in the

plasma conditions and charging behavior; a fluctuation in charging currents which can lead

to a time-averaged change in the dust charge without inducing a time-average change in the

background plasma?

4.1.1 Theoretical Motivation

The perturbative coupling between plasma and dust conditions (Shukla 2002, p.61 [33]),

and the discrete nature of the charging process (Cui (1994)[3], Goree (1999)[8]) mean that

fluctuations in the charging currents are an inherent characteristic of dusty plasmas, and a

few detailed theoretical and computational studies have looked at the role that these natural

fluctuations may play in the behavior of dust waves (Jana, 1993[17]) and crystals (Vaulina,

1999[43]). However, these types of naturally occurring fluctuations in charging currents are

extremely small under the conditions used for most dusty plasma experiments (high densities,

low temperatures, microparticles as opposed to nanoparticles, etc.), certainly far too small

to observe their effects directly, let alone measurably alter the equilibrium charge of the

dust. While inherent fluctuations in the charging currents are not large enough to produce

the effects we desire, artificial fluctuations may be.

As was also discussed in Section 2.1, different distribution functions in the plasma species

will generate different forms for the charging currents; that is to say, the dust will charge

differently in a non-Maxwellian system like a spatially inhomogeneous beam or a magnetized

plasma, then it will in a Maxwellian bulk plasma. This is also true of time-dependent

distribution functions; the dissipating afterglow of a plasma after the source has been shut

off, for example. The shifted Maxwellian distribution discussed briefly in the derivation

of the ion drag force in Section 2.2 serves as the source of inspiration for the approach

we will take here: If the mobility-limited drift produced by the steady-state electric field

produces a change in the velocity distribution of the plasma species, then the drift produced

47



by an oscillating electric field will produce an oscillating change in the distribution. For

parameters like the ion drag, which depend on the direction of the drift motion, the effects

of any oscillation or fluctuation in the drift on a short enough time-scale should not affect the

time-averaged dynamics of the dust, provided the drift is spatially uniform. However, the

scalar charging currents collected by the dust are independent of the direction of whatever

drift intersects the dust, and fluctuations may be able to produce a time-averaged change in

the dust charge.

We previously stated in Section 2.1 that for ions and electrons with a thermal speed,

vts =
√
kBTs / ms, we could describe their motion in terms of a thermal Mach number,

Ms = vs/vts. From these definition we defined the the velocity-dependent collection cross

sections for the electrons and ions:

σed = πrd
2

(
1− 2

ze

Me
2

)
(4.1)

σid = πrd
2

(
1 + 2

zi

Mi
2

)
(4.2)

We further defined the collection currents incident on the dust as:

Isd = 〈qs ns vs σsd〉 =

∫
qs ns vs σsd fs(vs) d

3vs (4.3)

In the derivation of the ion drag in Section 2.2, we stated that for plasma species

mobility-limited in a weakly ionized plasma with collision frequency νsn = vts /λsn, we could

define a thermal mach number for the drift:

MDs =
Tn
Ts

(
qs E

σsn Pn

)
(4.4)

And derive a distribution function for a shifted Maxwellian
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2

2

]
dMs (4.5)

The combination of this new form of the distribution function with the derivation of the

charging currents above forms the theoretical basis of our new charging model.

4.1.2 Charging in a Weak Electric Field

Combining the OML cross sections with this shifted Maxwellian is challenging. However,

a series expansion of the result of the integration can yield analytic expressions for the

currents in a ‘weak-field’ limit where the kinetic energy of the mobility-limited particles is

small compared to the magnitude of the electric potential energy of the charges as they

approach the dust’s surface.

1

2
msvDs

2 � qsφd (4.6)

To see if this limit is reasonable, a quick ‘back of the envelope’ estimate of the conditions

which satisfy the weak-field limit can be found by assuming that the electrostatic potential

energy of the particles approaching the dust surface is of-order the electron thermal energy,

kBTe, or in other words that zs ∼ Te /Ts. This yields the limiting condition:

1

2

Ts
Te
MDs

2 � 1 (4.7)

Or, rearranging this:

MDs
2 � 2

Te
Ts

(4.8)

Using our definition of the thermal Mach number for the drift from (4.4) gives us a limit for

the weak electric field:

E2 � 2

(
TeTs

Tn
2

)(
σsnPn

e

)2

(4.9)
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Which, for our low-temperature plasma conditions: Te ∼2 eV and Ti ∼ Tn ∼0.025 eV puts

the limit of a ‘weak’ electric field at ∼12-13 V/cm for the electrons and ∼5-6 V/cm for

the ions. While this weak-field limit may not necessarily be satisfied for the drifts in the

background plasma produced by the strong steady-state electric field (which, incidentally,

may account for some of the discrepancies in estimated dust charges in the OML model),

it should certainly be satisfied for the time-dependent drift that would be generated by a

weaker, oscillating electric field.

In the limiting case of the weak-field, the integration of the OML cross sections with

the shifted Maxwellian distribution yields these expressions for the charging currents:

I ′ed =

(
1 +

MDe
2

6
(2 ze + 1)

)
Ied (4.10)

I ′id =

(
1 +

MDi
2

6

(
zi − 1

zi + 1

))
Iid (4.11)

where the ‘un-primed’ currents are the original OML currents derived with the standard

Maxwellian distribution in Section 2.1. The conditions satisfying this weak-field limit also

imply that for the electrons, MDe � 1 and ze ∼ 1, and for the ions, MDi � 1 and zi � 1.

Given these conditions we can further simplify these expressions for the currents to:

I ′ed ≈ Ied (4.12)

I ′id ≈
(

1 +
MDi

2

6

)
Iid (4.13)

For the plasma and dust conditions we expect for our experiment, this modification to

the charging behavior suggests that any perturbation to background drifts in the plasma will

predominantly affect the ion current. The presence of a background shift, implicitly, must

reduce the net negative charge of the dust.
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4.1.3 Oscillating Electric Field

Consider an electric field with a steady-state component, EDC , and time-dependent

component, EAC , with a sinusoidal form, oscillating at an angular frequency, ωAC , which

falls within the regime:

ωpd � ωAC � νin � ωpi (4.14)

where ωpd is the dust-plasma frequency, νin is the ion-neutral collision rate, and ωpi is the

ion-plasma frequency. For ωpd � ωAC , the inertia of the dust particles is too large for the

dust to respond directly to the oscillation of the electric field, and the signal should also not

produce the kinds of steady-state wake effects seen in the polarity-switching experiments on

PK4 experiment on the International Space Station (Thomas, 2018[39]). For ωAC � νin, we

can still treat the ions as mobility-limited and use the same form for the drift motion defined

above (2.24), but now with an oscillating drift:

MDi(t) = MDC +MAC sin (ωACt) = (µi/vti) (EDC + EAC sin (ωACt)) (4.15)

Finally, for ωAC � ωpi, the electric field is effectively steady-state on the timescale of the

ion response, and we can use the same distribution function shown in (4.5) and the same

ion currents derived for the case of a constant drift shown in (4.13), but now using this new

form for the drift.

Any perturbations to the charging behavior produced by a weak, steady-state field are

already factored in to determining the dust’s equilibrium charge. The addition of another,

weaker, oscillating electric field will not produce a time-averaged change in the net ion drift,

nor should it directly lead to a change in net force balance on the dust particles. However,

it will still lead to a net increase in the time-averaged ion current collected by the dust:

δI = 〈∆I/Io〉 ≈MAC
2/12 ∝ EAC

2 (4.16)
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If we assume that:

EAC ∝ VAC (4.17)

Then it follows that the relative change in ion current, δI should scale like the applied AC

voltage squared.

δI ∝ VAC
2 (4.18)

Based on this estimate, an oscillating drift with MAC ≈ 1.1 should increase the incident ion

current onto the dust by about 10%, enough to produce a measurable reduction in the dust

charge.

The goal of the experiment described in this chapter was to test the validity of this

model, and to determine whether oscillating electric fields could be used to reduce the dust

charge without radically altering the background plasma. The model presented in this section

makes four predictions about the response of dust clouds and Langmuir probe measurements

to an oscillating electric field in the described frequency regime:

First, because the collection of current by the Langmuir probe functions in a similar

matter to current collected by the dust, we should see a comparable change in the ion current

collected by the probe. Second, an increase in collected ions by the dust should produce

a noticeable decrease in its net negative charge (its floating potential); this reduction in

floating potential (with respect to the space potential) should, similarly, be reflected in the

Langmuir probe measurements. Third, if the net negative charge of the dust is reduced, the

equilibrium position of the dust cloud must alter in response to this change, moving to a

lower vertical position where the electric field is stronger. Fourth, if this method does not

alter the background plasma conditions, we should see no change in the Langmuir probe

measurements of the space potential or the electron temperature profiles in the plasma.
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Figure 4.1: Layout of the DPX apparatus for the controlled current fluctuations experiment.
The same electrodes and power supplies were utilized, but a function generator amplified by
a bi-polar operating amplifier (BOP) produced an oscillating electric field in the plasma.

4.2 Experimental Configuration

As shown in Figure 4.1, the layout out of the experimental apparatus for the controlled

current fluctuation experiment was largely similar to the unmodified layout described in

Section 3.1, though some minor adjustments and additions were made.

4.2.1 Layout of Primary Chamber

The same 2.9 cm solid brass disk anode and the same copper confining electrode (outer

diameter, 4.8 cm, inner diameter, 3.7 cm) that were used in the unmodified apparatus were

employed, powered by the same supplies. The anode and confining electrode were located

approximately 3.0 cm above and below the geometric center of the chamber, respectively. 2

mA was applied to the anode, producing a bias of ∼ 220-225 V, and the confining electrode

was biased to -50 V.

With the pitchfork probe measurements confirming that the plasma profiles within the

region of the chamber where the dust is suspended are predominantly one-dimensional, the

pitchfork probe array was replaced with single axis Langmuir and emissive probes, inserted
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Figure 4.2: The unperturbed profiles for the space potential and floating potential (top-left),
the ion current, (top-right), and electron temperature (bottom). The red and blue data
points in the potential plot indicate the space and floating potential, respectively. The black
lines in each plot indicate the analytic functions used to approximate the profiles (the data
and fitted functions from the perturbed plasma profiles follow the same structure).
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through the center of the dust tray. The chamber was thoroughly cleansed of any residual

dust from previous testing before the plasma conditions were measured. Figure 4.2 shows

the unperturbed vertical profiles for the space and floating potentials, the ion saturation

current, and the electron temperature. The results of these unperturbed measurements are

comparable to the vertical projections of the unperturbed plasma measured by the pitchfork

probe shown in Figure 3.13.

The potential structure starts out mostly linear (implying a constant electric field) in the

bulk plasma near the anode, falling off (indicating an increasing electric field) as the plasma

transitions into the presheath region. The ion current (and, implicitly, the ion density) falls

off linearly in the bulk and exponentially in the presheath (the estimated ion density in the

bulk was calculated to be ni ∼ 1015 m−3). The electron temperature is roughly constant

in the bulk and appears to vary as we transition into the presheath, but given the large

increase in uncertainty in the temperature measurements this may be the result of electron

current behavior being more sensitive to disruption by the probe in the sheath region. One-

dimensional analytic functions are used to fit the unperturbed and perturbed profiles for the

purposes of analyzing the dust behavior.

4.2.2 Generating the Oscillating Field

The oscillating electric field is generated by superimposing an AC voltage signal on

top of the DC voltage bias applied to the confining electrode which traps the dust. The

base AC signal is produced by an HP 33120A signal generator. The generator was used to

produce output signals with an peak-to-peak voltage of 10 Vpp at frequencies between 10 kHz

and 50 kHz. These signals were further amplified by a KEPCO 72-3M bi-polar operational

amplifier (BOP). Amplification by the BOP is frequency-dependent, with 10 Vpp from the

signal generator corresponding to 35.4 VAC at 10 kHz and 7.76 VAC at 50 kHz. The signal

generator and amplifier can be seen in Figure 4.3.
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Figure 4.3: For the controlled current fluctuation experiment, an HP 33120A signal generator
(left) was used to generate sinusoidal voltage signals which were then amplified by a KEPCO
72-3M bi-polar operational amplifier or BOP (right). These amplified, oscillating voltages
were superimposed onto the existing DC bias on the confining electrode.

The amplified signals are superimposed on the DC voltage bias applied to the confining

electrode. It is this signal which is used to influence the dust in this experiment. While the

AC voltage applied to the confining electrode is not insignificant compared to the voltage

difference between the electrodes, the actual power drawn by the confining electrode at

maximum signal amplitude was measured to be between (∼5-10 mW); which is negligible

compared to the power typically drawn by the plasma source (∼500-600 mW). The output

from the BOP was run in series with the Instek GPR-30H10D power supply which powers

the confining electrode to superimpose it onto the existing DC bias used to confine the dust.

4.2.3 Dust Parameters

The dust particles used in this experiment were 2 µm diameter silica microspheres.

The particles have an average mass density of ρd = 2200 kg/m3, with an average mass of

md ∼ 9.2 × 10−14 kg which are dispersed onto the dust tray before being mounted in the
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chamber. The particles are injected into the plasma by drawing an arc from the confining

electrode. The clouds formed by the dust are stable, maintaining consistent size, shape, and

position for experimental runs lasting several hours.

For the purposes of describing the response of the dust clouds to the applied AC signals,

the qualitative or quantitative changes in the observed clouds will be described in terms of the

size, shape, and particle dynamics observed, as well as in terms of the equilibrium position of

the dust cloud - which we will define here as the bottom edge of the illuminated cross-section

of the dust cloud.

4.3 Results

Because probes are inherently disruptive to dusty plasmas (Thomas 2004[37]), the dust

and plasma measurements are performed separately. For this experiment the dust measure-

ments are considered first.

4.3.1 Dust Response

After a suitable and stable cloud was generated, various AC signals were applied to the

confining electrode and the response of the cloud was recorded for analysis. As the applied

signal amplitude increased the following changes were observed: The equilibrium position of

the dust progressively decreased vertically, moving closer to the confining electrode, where the

steady-state electric field is stronger; the inter-particle spacing between dust grains decreased

and the cloud generally decreased in size (however, this was occasionally complicated by the

influx of dust from other regions of the plasma); and significantly increased circulation was

observed within the cloud cross-section.

The montage of images in Figure 4.4 shows the response of the same dust cloud to a

range of AC amplitudes at 10 kHz. Each figures shows a summation of 5 seconds at 15

frames per second. The decrease in the dust cloud’s equilibrium position is clearly visible.

The decrease in the size and shape of the cloud is also observable, as is the appearance of
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Figure 4.4: Response of a dust cloud to signals with a range of applied voltages at 10 kHz.
Each image shows a summation of 5 seconds at 15 frames per second. As the amplitude
increases the equilibrium position of the cloud decreases, moving closer to the confining
electrode. The cloud can also be observed decreasing in size and evidence of circulation in
the cloud can also be seen in the rightmost images (the streaks produced by particle motion
over the summation period).

Figure 4.5: The response of the dust’s equilibrium position to a range of AC frequencies and
voltages. The equilibrium position decreases vertically, up to ∼ 0.3 cm below its original
position. The strength of the electric field increases as the dust drops and our force balance
models would interpret this drop in equilibrium position as a reduction in dust charge.

58



circulation in the cloud (indicated by the streaks from moving particles in the rightmost

image). While this particular trial is not used in the final analysis (this trial lacked the

critical emissive probe), the images here are indicative of behavior seen in other trials.

Figure 4.5 shows the response of the equilibrium position of the dust (defined here as

the bottom of the dust cloud) in response to increasing the applied AC voltage at 10, 20,

30, 40, and 50 kHz. The dust’s equilibrium position decreases vertically in response to the

increasing AC signal, up to an observed maximum of ∼ 0.3 cm below its original position,

approximately a third of the cloud’s diameter. Since the vertical electric field magnitude

increases lower in the plasma, the Simple and Full Force Balance models would qualitatively

interpret this drop in equilibrium position as a reduction in dust charge. The displacement

of the dust cloud from its equilibrium position scales like the amplitude of the signal squared

and is consistent across the various frequencies up until amplitudes exceeding ∼ 50VAC , at

which point there appears to be some deviation in the dust response.

4.3.2 Probe Response

The applied signals also had effects detected by the emissive and Langmuir probes

inserted into the plasma. Figure 4.6 shows the changes in vertical projections of the space

and floating potentials, the ion current, and electron temperatures measured by the probes

in response to several applied signal amplitudes. The potentials both maintain their general

structure, but increases in both the space potential and especially floating potential with

respect to ground were seen, with the effect being more pronounced closer to the source of

the signal. The ion current collected by the probe, likewise, increased (as was predicted),

but this change, too, was not uniform. The electron temperature exhibited no consistent

response to the applied signals.

To better see the changes, the perturbed results of the measurements in Figure 4.6 were

plotted against the unperturbed measurements to produce a kind of correlation plot for each

plasma parameter. The results of this can be seen in Figure 4.7. The horizontal and vertical
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Figure 4.6: Vertical projections of space and floating potentials (top), ion current (bottom-
left), and electron temperature (bottom-right) showing the response to the AC signal at
several selected applied voltages.
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Figure 4.7: The data from Figure 4.6, plotted against the unperturbed measurements from
the same positions. The black line running diagonally across each plot shows a line of
perfect correlation (ρ = 1). As with the data from the previous plot, significant deviation
from the unperturbed values can be seen in the space potential (top-left), floating potential
(top-right), ion current (bottom-left), while there is less of a clear trend in the data for the
electron temperature (bottom-right). Since we are more interested in relative changes than
absolute changes, the ion current is plotted on a log-log scale to make the changes clearer.
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Figure 4.8: The relative floating potential (Vf−Vs) that would be measured on the Langmuir
probe, interpolated at the dust’s equilibrium position. As the AC voltage increases the
relative floating potential at the dust’s position, which should, in principle, be analogous to
the dust charge, becomes less negative.

axes of each plot cover the same ranges on each plot, and the thick, black line running

diagonally across the middle of each graph indicates a line of perfect correlation (ρ = 1).

As with the data from the previous plot, noticeable deviation from the unperturbed values

can be seen in the space potential, floating potential, and ion current, while there is less of

a clear trend in the data for the electron temperature (bottom-right). Despite the changes,

the results remain highly correlated with coefficients of ρ = 0.9166 for the space potential,

ρ = 0.9638 for the ion current, ρ = 0.9801 for the space potential, and the lowest, ρ = 0.7976

for the electron temperature.

Of particular interest to us is not the value of the potentials with respect to ground, but

the relative floating potential (Vf−Vs) at the position which the dust particles move to. The

results of Figure 4.8 show the relative floating potential at the dust’s initial position to be

approximately -6 V (for a spherical dust particle with a radius of 1 µm this would correspond
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Figure 4.9: The relative change in dust charge (δQ = ∆Qd / Qd,0) versus the applied signal
amplitude-squared. The force balance models estimated a maximum reduction of ∼ 15%.

to a surface charge of Qd ∼ 4100 electron charges). As the signal amplitude increases, the

magnitude of the relative floating potential is reduced to about -5.2 V (Qd ∼ 3600 electron

charges). This represents a reduction in relative floating potential of about 15%. These

results and the effects on the current are discussed further in the next section.

4.4 Discussion

Our ‘proof-of-concept’ experiment had two objectives: First, to determine whether the

application of an oscillating electric field to the plasma could produce a controlled fluctuation

in charging currents, increasing the collected ion current and decreasing the net negative

charge. The second was to determine whether this decrease in dust charge could be generated

with negligible effects on the plasma.
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4.4.1 Estimated Discharge

Qualitatively, the observation of the decrease in dust position shown in Figure 4.5 and

the reduction of the magnitude of the relative floating potential shown in Figure 4.8 support

the conclusion that there has been a reduction in the dust charge.

The discharge of the dust particles was estimated using the three models outlined in

Chapter 3: The orbital motion-limited (OML) charging model which balances the estimated

charging currents to find a floating surface potential, and the simple (SFB) and full force

balance (FFB) models which balance the estimated forces acting on the particles. The

calculated discharges versus signal amplitude are shown in Figure 4.9. No distinguishable

definitive change in charge was calculated using the OML model, but the SFB and FFB

models both estimated a dust discharge on the order of ∼ 15% in response to the increasing

amplitude.

4.4.2 Effects on Plasma

The effects of the AC signals on the measurements made by the probe are relatively

straightforward to see - as the results of Figures 4.6 and 4.7 show, the collected ion current

is increased, the relative floating potential is reduced, and there is a negligible effect on

the electron temperature. These changes are more clearly seen in Figure 4.10, which shows

the relative difference (in terms of percentages) of the relative floating potential at the dust

cloud’s new equilibrium position, and the relative difference in the ion current and electron

temperature at the dust’s original position, all versus the applied signal amplitude. As

predicted by our model, we see a negligible change in temperature, an increase in ion current

that scales like the amplitude-squared, and a corresponding decrease in relative floating

potential. However, interpreting these results to determine the effects on the background

plasma are less clear cut. The change in the space potential with respect to ground is

negligible, but the changes are not uniform across the length of the plasma, which means

while the potential itself is not changing significantly, the resulting background electric field
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Figure 4.10: The relative difference in floating potential (δV , top) measured at the new
equilibrium position of the dust cloud, and the ion current (δI , bottom-left) and electron
temperature (δT , bottom-right) measured at the dust cloud’s original equilibrium position.
As predicted by our models in Section 4.1, the ion current increases like the signal amplitude-
squared, the magnitude of the relative floating potential decreases, and the electron temper-
ature is effectively unchanged.
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is. We estimate that the electric field at the final equilibrium position of the dust is reduced by

somewhere between 5-10%. While this reduction in the background electric field is accounted

for in the calculations for the discharge of dust particles, it means we cannot ignore that there

are non-negligible changes being made to the background plasma conditions in response to

the application of the AC signals.

Determining the effects on the plasma is also complicated by analysis of the ion current.

While the response of the current follows the predictions made by our model, the Langmuir

probe diagnostics used cannot be used to determine whether or how much of this change is

due to a change in the ion distribution or due to an increase in ion density. While the small

increase in total power represented by the AC signal suggests it is unlikely that there is a

significant increase in ion density, it cannot be conclusively ruled out at this time with the

data and diagnostics available.

4.4.3 Efficacy of Controlled Current Fluctuation

The ‘proof-of-concept’ test for the controlled current fluctuation concept had two goals:

to determine whether the application of an oscillating field could produce a net increase in

the ion current collected by the dust and reduce the net charge and equilibrium position,

and to do so with a negligible change to the background plasma.

While it can be said with certainty that the application of the AC signals was successful

in producing a change in the equilibrium properties of the dust, and while the calculated

changes in the dust charge and floating potentials (seen in Figure 4.11) both support the

conclusion that there was a reduction in dust charge correlated with an increase in collected

current, we cannot conclusively say whether the increase in current is due to the controlled

current fluctuations we attempted to produce, or a change in background ion density.

We also must concede that this method did not succeed at minimizing its effects on the

background plasma. While we were able to confirm that there was a negligible response by

the electron temperature profile to the AC signal, the same cannot be said of the potential
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Figure 4.11: The change in relative floating potential at the dust’s position, (left) and the
estimated relative dust discharge (right) versus the relative change in ion current at the
dust’s original position.

profile of the plasma. At a minimum there was a non-negligible change in the background

electric field.

There is a great deal about this concept worth following up on. Further refinement of

the technique may succeed at minimizing the perturbation of the plasma, and the addition

of other diagnostics could answer some of the outstanding questions raised by the results

outlined in this chapter; for example, laser-induced fluorescence (LIF) could, in principle, be

used to directly measure the response of the ion velocity distribution function to the signal,

and look for evidence of the oscillating drift predicted by our model. However, it was decided

at this point that alternative methods of altering the dust charge should be investigated.

67



Chapter 5

Second Approach: Introduction of New Charging Currents

Chapter 5 discusses the second approach for controlling dust charge explored as a part

of the research presented in this dissertation: The introduction of new sources of charging

or discharging currents to the system. While the modification of existing charging currents

explored in the research described in Chapter 4 showed promising indications of altering the

dust charge, there was also evidence of significant changes to the background plasma con-

ditions which could not be ignored. Modifying the existing charging currents is non-trivial,

difficult to optimize, and is ultimately not-ideal as a means of controlling dust behavior.

Introducing a new charging current external to the plasma should, in principle, allow for

better control by the experimenter and may present more options for optimizing in order to

maximize the effect on the dust while minimizing the effect on the plasma.

Section 1 of this chapter discusses the concept of photo-discharging, inducing a pho-

toelectric current by exposing the dust to UV light. Section 2 presents modifications and

additions made to the DPX apparatus and examines the development of a ‘proof-of-concept’

test for photo-discharging. Section 3 presents the results of the experiment, and Section

4 discusses the estimated discharge of the dust, the effects of the UV on the background

plasma, and the efficacy of photo-discharging as a means of controlling dust charge. The

results of this research were originally published in the Journal of Plasma Physics (McKinlay

2021[23]). This chapter follows and summarizes the results of that work and presents some

of the key figures and plots.
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5.1 Photo-Discharging

When illuminated by light with a photon energy, Ep, which exceeds the work work

function, W , binding the electrons to the material’s surface, that material will emit a pho-

toelectric current or photocurrent of electrons. Photocurrents are not an unfamiliar concept

in dusty plamas; indeed, photocurrents from starlight represent the dominant charging pro-

cess of dust particles in the extremely low density plasmas of interplanetary and interstellar

space (Spitzer 1941[36]; Goertz 1989[7]), and a handful of experiments have demonstrated

the charging of dust using artificial photocurrents in plasmas duplicating these kind of ex-

tremely low density conditions (Sickafoose et al. 2000[35]). In these environments, where the

extremely low plasma density results in negligible electron and ion collection by the dust, the

photocurrent will cause the dust to charge positively. The equilibrium charge or potential

of the dust is effectively determined by the balance between incoming light and the material

work function:

e φd = Ep − W (5.1)

In high pressure, low temperature plasmas (like those found in laboratory or processing

plasma apparatus), charging behavior transitions from an energy-dominated regime, to a

flux-dominated regime. The higher plasma density results in much larger collections of ions

and electrons by the dust particles, and its equilibrium charge is determined by the floating

current condition which (in the presence of a large photocurrent) takes the form:

Ied + Iid + Ipe = 0 (5.2)

Where Ied and Iid are the collected electron and ion currents outlined in (2.5) and (2.6),

and Ipe is the is the photocurrent. For the negatively charged dust particles found in the

laboratory experiments described in our research, it can be safely assumed that any emitted

photoelectrons will escape from the influence of the emitting dust particle. Then, for a

spherical dust particle comprised of a material with a photoelectron or quantum yield, Yp,
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which is illuminated by a light source with some instantaneous intensity, Sp, and absorbed

by the dust particles with some efficiency of order unity, Qab ∼ 1, we can estimate the

discharging photocurrent as (Shukla & Mamun 2002[33]):

Ipe = e

(
Sp

Ep

)
Ypπrd

2 (5.3)

In principle, photocurrents represent an ideal method for controlling the charge of dust

particles: They are a source of discharging current originating from outside the plasma en-

vironment, depend only on the energy and intensity of the light source and the material

properties of the dust material, and these parameters can be tuned to minimize the effects

on the background plasma. The application of photocurrents as a method for deliberately

discharging negatively charged dust particles in high pressure, low temperature plasmas,

like those found in laboratory and processing plasmas has long been proposed by theorists

(Rosenberg, Mendis, & Sheehan 1996[27]), but never demonstrated in any practical experi-

ment, prior to the research presented here.

5.2 Experimental Configuration

For the purposes of this experiment several adjustments and additions to the baseline

apparatus described in Chapter 3 were made.

5.2.1 Layout of Primary Chamber

As shown in Figure 5.1, the configuration of the primary chamber for the photo-

discharging experiment involved a few changes to the basic hardware and the addition of

some new components; however the basic underlying layout is similar to that shown in Chap-

ters 3 and 4. The brass anode from the previous experiments was replaced with a new, solid

aluminum disk, 2.8 cm in diameter and 1.0 cm tall. The edge and top of the new anode was

covered with a thin delrin cap to ensure that plasma generation was confined to the circular
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Figure 5.1: Layout of the DPX apparatus for the photo-discharging experiment. A new
aluminum anode and a larger confining electrode were added. A window port was added to
the left side of the primary chamber to allow access for the UV source, which was connected
to a function generator in order to pulse the source.

face facing the center of the chamber. This anode was mounted to the top of the chamber

using a threaded aluminum rod connected to the Glassman power supply. A larger, copper

confining electrode, with an outer diameter of 8.3 cm and an inner diameter of 6.4 cm was

used to encourage the formation of lower density dust clouds in the plasma. The confining

electrode was biased to 0 V.

5.2.2 Optimization

In developing a ‘proof-of-concept’ test for applying photo-discharging to dust, the de-

scriptions of the dust charging behavior from Section 5.1 provided some constraints and

guidelines for optimizing the experiment to produce the greatest discharge possible while

minimizing the effect on the plasma.

The physics of photoelectric charging give us an upper and lower limit for the photon

energy of the UV source used in the experiment. In order to minimize the impact on the

plasma, it is necessary to avoid generating photocurrents via the exposure of the chamber

walls, instruments, and other components of the experimental apparatus to the light source.
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For this reason the photon energy of the source must be below the work function of any of

the materials in the apparatus (∼ 4 − 5 eV for most of the materials in our experiment).

This gives us a practical photon energy range for selecting our UV source:

Wdust � Ep � Wapparatus (5.4)

However, this limit severely shortens the list of viable dust materials. Virtually all conven-

tional dust materials like silica or MF are ruled out due to their high work functions and

poor quantum yields (Kimura 2016[20]).

Furthermore, the new floating potential condition from (5.2) gives us a second optimiza-

tion condition:

Ipe ∼ Ied, Iid (5.5)

In order to have a measurable effect on the equilibrium charge of the dust particles, the

induced photocurrent must be comparable to the existing electron and ion currents incident

on the dust. Given the estimated discharging current from (5.3), this requires that we find

a material which maximizes our quantum yield, and finding a UV source which maximizes

our intensity while also satisfying the energy optimization condition above.

Eventually, it was determined that the best choice of dust material for the photo-

discharging experiment was lanthanum hexaboride or LaB6. This ceramic material has a

work function of about ∼ 2.7 eV (Torgasin et al. 2017[41]) and an extremely high emissivity

(LaB6 is frequently used as a base or coating for hot cathodes). This choice of material satis-

fies the two optimization conditions for our experiment, though there are some disadvantages

in the choice.

Figure 5.2 shows the LaB6 dust used in our photo-discharging experiment as viewed

using a scanning electron microscope (SEM). Unlike the highly uniform and monodisperse

samples of silica used in the controlled current fluctuation experiment described in Chapter

4, the LaB6 dust is highly polydisperse and irregularly shaped - having an appearance more
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Figure 5.2: Sample of the lanthanum hexaboride dust, as seen under a scanning electron
microscope (SEM) 2000X magnification. Unlike the uniform, monodisperse silica micro-
spheres used in the controlled current fluctuation experiment, the LaB6 dust used for the
photo-discharging experiment is highly irregular, with an almost gravel-like appearance, and
highly polydisperse, coming in a distribution of sizes.

closely resembling gravel than uniform microspheres. Despite much searching, no provider

of monodisperse LaB6 could be located, and it is uncertain whether spherical LaB6 dust can

be practically produced. The dust samples in the experiment ultimately had to be sieved

manually, through the use of a Gilson GA-6 sonic sifter using a series of electroformed test

sieves to work the samples from raw powder down to a smaller range of particle sizes that

could reliably be suspended in the plasma. Figure 5.3 shows a histogram of the dust sizes

found in the various SEM data taken for our LaB6 samples. In order to estimate what

we will describe as a characteristic ‘cross-length’ (Ld) of the dust, two lines were measured

across the image of each particle in the image - one along the longest axis of the dust particle,

and one perpendicular to it. The mean cross-length was determined to be 10.77 µm with a

standard deviation of 5.42 µm.

For the UV source, various analog discharge lamps were originally tried for the photo-

discharging experiment, all producing filtered light in the near UV range. It was ultimately

determined, however, that while these discharge lamps produced photons of sufficient energy
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Figure 5.3: A histogram of the dust samples shown in Figure 5.2, showing the probability
distribution of dust sizes. The mean cross-length was found to be 10.77 µm with a standard
deviation of 5.42 µm.

to produce a photocurrent, they could not produce sufficient intensities to induce a detectable

discharge. A more powerful solid-state source, a Solis 365-C high powered microscopy LED

with an optical output of ∼ 4W , was ultimately selected.

The solid-state source had several advantages apart from the significantly higher inten-

sity: The intensity at a given applied voltage is extremely reproducible, and can be changed

much quicker than an analog source. Most importantly to our experiment, the UV source

could be pulsed through the use of a function generator, allowing us to produce short, re-

producible ‘shots’ of UV in the dust portion of the experiment.

5.3 Results

Different measurements were performed to determine the effects of the high-intensity UV

pulse on the properties of the background plasma as well as to determine. In this chapter, we

will first consider the effects on the plasma. Probe measurements of the background plasma

parameters and the positions of dust particles are made using particle tracking velocimetry
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(PTV) with and without the application of the UV pulse. These measurements will show

that the UV has little impact on background plasma, but produces a clear and reproducible

effect on the suspended dust particles in the experiment. These results will be used in the

following section to estimate the discharge of the dust particles.

5.3.1 Probe Measurements

A simple cylindrical Langmuir probe was inserted through a hole in the dust tray and

plasma parameters were measured along a vertical line through the center of the chamber

(with some minor deviation in the horizontal direction based on the orientation of the probe).

The extent of the 2D slice accessed by the Langmuir probe (which is within the same plane

illuminated by the laser in the dust experiments) spanned ∼0.5 cm across and ∼6 cm high.

As with the analysis in the controlled current fluctuation experiment described in Chap-

ter 4, since the motion of the probe is limited to the vertical axis and we cannot measure

the plasma parameters at the precise equilibrium positions of every dust particle seen in

our experiment, empirical models were, again, fitted to our data for the floating potential,

ion density, and electron temperature in order to interpolate measurements of temperature,

density, and electric field strength at the position of the dust particles.

The vertical projections of the unperturbed floating potential, ion saturation current,

and electron temperature shown in Figure 5.4 exhibit the same broad structures as the

unperturbed profiles shown in Chapters 3 and 4. The red and blue data points indicate

(respectively) the probe measurements made with the UV source turned off and with the

the source on and pulsing at a frequency of 1 Hz with a duty cycle of 50% (0.5 s on, 0.5

s off), while the black curve indicates the empirical function used to fit the data and used

for the analysis of the dust behavior in the following section. The integration time for the

measurements made using the Keithley was several seconds for each bias voltage in the

sweep, so the effects (if any) of the UV source would have been averaged over several pulses.

The figures suggest that unlike the experimental results from Chapter 4, there is a negligible

75



Figure 5.4: Vertical (the previously defined z axis) projections of the floating potential (left),
ion current (middle), and electron temperature (right) measurements made by the Langmuir
probe, with and without the UV source on. The origin corresponds to the geometric center
of the vacuum chamber. The thick black vertical lines indicate the maximum vertical extent
of the various dust clouds formed during the different injections in this experiment. The
light blue curves show the different functions used for fitting the plasma parameters.
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Figure 5.5: Examples of dust clouds without the UV source activated (left), and with the
UV source (right), pulsing at 1 Hz using a 50% duty cycle (0.5 s on, 0.5 s off). Each image
in the figure shows the summation of 100 frames or 1 s of video footage (one pulse). The
response of the dust to the UV can be divided into periodic-like and chaotic-like behaviors.

change in these background probe measurements in response to the UV pulse. These results

are discussed more extensively in Section 5.4.

5.3.2 The Effect on the Dust

The particular size and shape of the unperturbed dust clouds varied with each dust

injection; however, in general, in the absence of the UV pulse, the 2D cross section of the

dust clouds illuminated by the laser appeared to take on roughly elliptical or triangular

shape, indicating an ellipsoidal or conical cloud. The cross section of the main dust clouds

were typically 0.5 - 1.0 cm across, with a number density around 109m−3. The bottom edge

of the clouds was generally located at or just below the geometric center of the chamber.

Many isolated dust grains were also typically found within the potential trap formed by the

confining electrode; near, but still clearly separated from the main cloud.

The images in Figure 5.5 show the response of the dust to the UV pulse. Both images

represent a summation over 100 frames of video at 100 fps (the behavior of the dust over
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one pulse). The image on the left shows the dust with the UV source turned off, and

the image on the right shows the motion of the same set of dust particles over the course

of a single UV pulse at 1 Hz with a duty cycle of 50% (0.5 s on, 0.5 s off). In general,

the behavior of the dust can be broken into three, qualitatively distinguishable types or

classifications of particle motion. When the UV source is turned off, the dust particles

undergo small, random motion about a given equilibrium position, which we characterize as

stochastic motion. This behavior is likely due to fluctuations in the local plasma parameters

and electrostatic interactions between neighboring particles.

When the UV source is turned on and begins pulsing, the behavior can be described

as either periodic (exhibiting large, quasi-periodic displacement in-sync with the UV pulse,

followed by a gradual return to the dust particle’s approximate original position, consistent

with a kind of relaxation-like motion) or chaotic (exhibiting large, quasi-random displace-

ments when the UV pulse is on and making their way back to their approximate original

equilibrium position when the pulse if off. Particles undergoing periodic motion will settle

into a cyclic pattern between two equilibrium points, which can be brought closer together

or pushed further apart by modifying the frequency or duty cycle of the pulse so that the

dust has more or less time between the UV being on or off.

Particles exhibiting chaotic behavior are highly sensitive to the location and motion of

the dust prior to the UV turning back on during each pulse. As a qualitative observation

(which will be expanded on in the computational work described in Chapter 6), it has been

observed in multiple trials that particles which exhibit smaller stochastic motions when the

UV is turned off tend more towards periodic behavior when the UV is on, while particles that

exhibit larger stochastic motions when the UV is turned off trend towards chaotic behavior

when the UV is on. Figure 5.6 shows displacement data for examples of the stochastic,

periodic, and chaotic behavior taken from several different trials.

The vertical displacement of the dust particles in response to the UV pulse appears to

be strongly dependent on the intensity of the UV source; when the UV intensity is turned
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Figure 5.6: Measurements of particle displacement for 1 s without the UV source on (top)
and over the course of a single, 1 s UV cycle (bottom). Dust motion can be divided into
three types: Stochastic motion (top) characterized by small, random displacements without
the UV pulse (the inset shows the displacement magnified); Periodic motion (bottom-left),
distinguished by large, quasi-periodic displacements in response to the UV pulse; and Chaotic
motion (bottom-right), characterized by large, quasi-random displacements in response to the
UV pulse.
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down, the scale of both the periodic-like and chaotic-like motion is much smaller than when

the UV intensity is higher. The horizontal motion of the particles was observed to be

independent of the direction of the UV source (which would seem to rule out any kind of

radiation pressure effect). Particles in many trials were observed traveling towards and away

from the UV source. In one especially photogenic trial (shown in Figure 5.7) the particle

was observed being ejected from the right side of the cloud and travelling away from the UV

source, and then a few moments later another particle (or possibly the same particle) was

observed reentering from the right and travelling towards the UV source while simultaneously

exhibiting drops in its vertical position consistent with the periodic-like motion described

above. Examples like this would indicate that any horizontal motion the particles exhibit

is not due to any direct effect of the UV (like radiation pressure), but are rather the result

of indirect effects like changes in the instantaneous forces or interactions with neighboring

particles in the cloud.

In addition to the motion described above there is also motion in and out of the plane

of the laser sheet. This plane is only a few millimeters thick, which means that particles

which are displaced far enough along the viewing axis can ‘appear’ or ‘disappear’ from view

over the course of a trial. This can considerably complicate the analysis of the particle

motion; particle tracking velocimetry can be especially difficult over long periods (especially

for particles exhibiting chaotic-like motion in response the the UV pulses) as there is nothing

to conclusively indicate whether a particle observed leaving the plane of illumination and a

particle observed entering the plane of illumination later in the footage are the same particle

or not.

For the purposes of the analysis for this ‘proof-of-concept’ experiment, it was decided

to locate an ‘ideal’ example of dust motion; a particle was identified near the edges of one

cloud which remained within the plane illuminated by the laser for the entire duration of

two recording sessions (with and without the UV). Figure 5.8 shows the particle’s behavior

with and without the UV. Without the UV, the test particle exhibited minimal stochastic
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Figure 5.7: A particularly photogenic example of the dust responding the the UV pulses.
The arrow indicates the direction of the particle’s horizontal motion. UV illumination is
from the left side in each image. A particle is ejected from the cloud (left) and travels
away from the UV source (0.3 s elapsed). A short moment later (0.4 s), another particle (or
potentially the same particle) reenters the cloud (right) travelling towards the UV source and
exhibiting periodic drops in its vertical position in sync with the UV pulses (3.7 s elapsed).
This example not only illustrates the dust’s reaction to the UV, but because it also shows
that the particles do not exhibit a preference for travelling away from the UV source when
it is active, radiation pressure can be reasonably eliminated as an explanation for the effects
observed in this experiment.
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Figure 5.8: The ‘ideal’ test particle selected for the analysis conducted in this chapter (cir-
cled). When the UV pulse is turned off (left), the particle exhibits minimal stochastic
motion. When the pulse is turned on (right), the test particle exhibits extremely regular
periodic motion. Each image is a sum of ∼ 2000 frames (∼20 s of video), covering 19 pulses.
The top-right inset in each image shows the particle’s motion magnified.

motion for a period of ∼20 s. When the UV was pulsed, the ideal particle underwent highly

periodic motion, following a nearly-identical path with each pulse over ∼20 s. The selection

of this ideal example meant that the results of 19 total shots could be overlaid in order to

get an average for the particle’s motion over a pulse. The ideal particle’s motion is shown

in Figure 5.9.

5.4 Discussion

Our ‘proof-of-concept’ experiment had two objectives: First, to determine whether a

UV source could produce a measurable discharge of the dust. Second, to determine whether

this discharge could be accomplished with minimal effect on the plasma.
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Figure 5.9: The ideal particle’s horizontal (top) and vertical position (bottom) over time,
both without the UV source on (left) and with the UV source pulsing (right) at a frequency
of 1 Hz and a duty cycle of 50% (0.5 s on, 0.5 s off). The ∼20 s worth of data from each
video is divided into 1 s segments which are superimposed to illustrate the periodicity (or
lack of periodicity) of the dust’s motion with and without the UV. Without the UV, the
particle exhibits only some minor fluctuation in the horizontal direction. With the UV, the
particle exhibits periodic-like motion in sync with the pulse.
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5.4.1 Minimal Plasma Perturbations

As the previously indicated by Figure 5.4, unlike the experimental results from Chapter

4 there is a negligible change in these background probe measurements in response to the

UV pulse. Figure 5.10 shows the results for each plasma parameter with the 1 Hz UV pulses

on plotted against the results with the source off. The results are extremely correlated, with

coefficients of r = 0.9997 for the floating potential, r = 0.9999 for the ion current, and r =

0.9716 for the electron temperature. The average relative changes in the floating potential,

ion current, and electron temperature were, respectively, δV ∼ 0.16%, δI ∼ 1.6%, δT ∼ 1.3%.

Based on these measurements, it is reasonable to conclude that exposure to the pulsed UV

has a minimal perturbing effect on the background plasma.

While the results above are promising, it was also decided to measure the effects, if any,

of constant exposure to the UV on the background plasma. Figure 5.11 shows the relative

change in the ion current, δI , as measured by the Langmuir probe, positioned at the center

of the chamber and held at a particular bias voltage while exposed to constant UV. The

black lines indicate the UV source being turned on and off. The response is similarly small

compared to the pulsed UV results, appears to saturate after several minutes of exposure,

and dissipates quickly once the UV is turned off. It is unclear at this time whether this

effect is an actual change in plasma conditions or some kind of charging effect on the probe

related to the UV exposure. However, it should be noted that no measurable current was

detected by the probe when exposed to UV in a vacuum, so we are confident that this is not

a photoelectric current on the probe itself.

5.4.2 Determining Dust Discharge

As in the analysis of Chapter 4, the discharge of the dust was estimated using three

methods - the orbital motion-limited charging (OML), simple force balance (SFB) and full

force balance (FFB) models. For the purposes of using the models outlined in Chapter 2,

the particle is assumed to be a sphere with a radius rd = Ld/2 ± σd/2 where Ld and σd
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Figure 5.10: The measurements for the floating potential (top-left), ion current (top-middle),
and electron temperature (bottom) measurements with and without the UV source pulsing,
plotted against one another. As in Figure 4.7, the ion current is plotted on a log-log scale.
The thick black line indicates a perfect correlation, ρ = 1. All three Langmuir probe measure-
ments demonstrate nearly perfect correlation to one another, and any change or deviation
observed in the probe measurements is negligible (δV , δI , δT ∼ 1− 2%).
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Figure 5.11: Relative difference in ion current, δI , measured by the Langmuir probe at a
fixed bias voltage in response to long-term constant UV exposure. The black lines indicate
when the UV source was turned on and turned off. Even with constant, maximum-intensity
UV exposure over a period of 12 minutes, the relative difference in collected current was
< 1.5%. The change also drops off exponentially once exposure is terminated.
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Figure 5.12: Relative difference in the dust charge, δQ, calculated using the orbital motion-
limited charging (OML), simple force balance (SFB), and full force balance (FFB) methods
described in Chapter 2. The different estimation methods produced three different discharge
estimates: OML ∼ 2%, SFB ∼ 50%, and OML ∼ 30%. Note that the asymmetry in the
discharging and recharging processes.
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are the mean cross-length and deviation in cross-length found from the SEM data. Using

these figures and based on the OML model the unperturbed dust charge of the ideal particle

was estimated to be Qd ∼ 17000 ± 8500 electron charges (the large error arising from the

polydisperse nature of the LaB6 particles). Given this large uncertainty in estimating the

absolute charge, it was extremely beneficial to employ the relative change in charge as we

did in Chapter 4, effectively removing dust size as a consideration in our models.

Figure 5.12 shows the relative discharge over the course of a pulse, using the position

versus time data from Figure 5.9. The maximum discharge of the models varies from model

to model (as expected), however they generally follow the same trend: When the UV pulse

is on, the charge decreases exponentially, asymptoting to some maximum discharge. When

the UV is turned off, the dust appears to gradually recharge, asymptotically returning to

its original value. The exponential shapes of the charge difference during these two periods

are qualitatively similar to what one would expect to see for a discharging and recharging

capacitor. The maximum discharges were estimated to be ∼ 2% for the OML charging

model, ∼ 50% for the SFB model, and ∼ 30% for the FFB model.

5.4.3 Efficacy of Photo-discharging

Whereas the results of the controlled current fluctuation experiment in Chapter 4 were

impacted by inconclusive probe results, the results of the photo-discharging experiment are

clearer: A high-intensity UV source can produce a measurable discharge of particles in

a dusty plasma, and there is abundant evidence that careful tuning of the experimental

parameters can allow this discharge to be accomplished with no measurable alteration of the

background plasma.
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Chapter 6

The Effect of Particle Geometry on Photo-Discharging

One of the interesting research questions that emerged from the photo-discharging ex-

periment described in Chapter 5 was the different behaviors displayed by different dust grains

in response to the UV source. While some particles, like the ideal test particle selected for

the analysis in that chapter, exhibited clear, highly periodic changes in position in response

to the UV pulses, others exhibited chaotic and unpredictable changes in displacement and

motion. Both types of behavior are correlated to exposure to the UV source, and since the

pulses themselves are identical it is reasonable to infer that one or more properties of the

dust particles themselves are responsible for the different behaviors. This chapter examines

one possible explanation for this behavior and explores the question through computational

simulation of dust charging. Section 1 introduces a hypothesis on the effect that the ge-

ometry of the dust particles, specifically with regards to asymmetry, has on the charging

behavior. Section 2 outlines the construction and assumptions of the computational model

used in the study. Section 3 examines the results of the simulations. Section 4 discusses

the implications of these simulations and outlines possible experimental research that could

followup this work.

6.1 Theory

The hypothesis examined in this chapter is that the geometry of the dust particles them-

selves is responsible for the tendency for some particles to respond to the UV pulses with

periodic behavior while others respond with more chaotic behavior. Unlike the controlled

current fluctuation experiment described in Chapter 4, which used highly monodisperse
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Figure 6.1: Simple illustration of the geometry hypothesis: A perfectly or nearly spherical
particle (left) will have half of its surface area illuminated when the UV source is on, and
the projected areas of the illuminated region remains constant regardless of the particle’s
orientation. For an ellipsoidal particle (right), which has some asymmetry, half of the surface
is still illuminated, but the projected area of the illuminated region changes depending on
the orientation of the particle (the dotted lines here show the particle’s roll, pitch, and yaw
axes). If the photocurrent, and therefore the scale of the photo-discharge, is proportional to
the projected area, then the discharge is now a function of the particle’s orientation.

microspheres, the photo-discharging experiment described in Chapter 5 used a highly poly-

disperse sample of particles with a wide range of irregular convex (and even concave) shapes,

as shown in the SEM images in Figure 5.2.

Unlike the inherent charging currents which the dust collects from the surrounding

plasmas, the photoelectric current which discharges the dust is directional - electrons are

only discharged from the illuminated side of the dust, which is exposed to the UV photons.

The total electric charge discharged from the illuminated parts of the dust is dependent on

the projected area of the particle along the light’s line of sight. As illustrated in Figure

6.1, for highly symmetric dust particles (like the silica microspheres), this projected area is a

constant; each pulse should, in principle, produce an identical discharge each time. However,

if the particles have some degree of asymmetry, then as the particles rotate about their various

principal axes as they translate within the plasma, the projected area illuminated by the UV

will change. This implies that the photoelectric current is now a function of the orientation

of the individual particle, and that the discharge produced will change from pulse to pulse.
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If the projected area along any given vector are varying with time, this would further

imply that any forces dependent on such projections are also functions of time: The neutral

drag force is generally taken to be proportional to the area projected along the direction of the

particle’s instantaneous velocity, and the ion drag force is generally taken to be proportional

to the area projected along the direction of the local ion flow in the plasma (the direction of

the local electric field), as well as depending on the instantaneous charge of the dust.

Thus, for any irregularly-shaped dust particle, their dynamics in response to the UV

pulses is highly nonlinear and extremely sensitive to the specifics of the particle’s geometry

and initial conditions. This nonlinearity could explain the complex and chaotic behaviors

observed in the photo-discharging experiment. To explore this hypothesis, a simple, single

rigid body simulation was developed to explore the potential effects of particle asymmetry.

6.2 Computational Model

In this section we discuss and justify the primary conditions and models imposed for

the simulation, beginning with the geometry of the simulated particles:

6.2.1 Conditions, Assumptions, and Approximations

In principle, we could try to simulate virtually any number of irregular particle shapes,

even shapes as complicated as the actual particles seen in the SEM images in Chapter 5.

However, allowing too many degrees of freedom in the particles’ geometry could quickly

send us plummeting down a rabbit hole of computational complexity; concave particles,

in particular, would be virtually impossible to model without considering the effects of

self-shadowing by the particle and integrating some type of ray-tracing process into the

simulation. For this reason, we impose:

Condition 6.1 Let the simulated particles be ellipsoids of uniform density.

Modelling the simulated particles as uniform ellipsoids is a compromise between too

much complexity and too little; each particle has three degrees of freedom, its axial lengths,
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Figure 6.2: An example of how the appearance of ellipsoids can be connected to values in the
κ-space. Here we can assume that the spheroids are symmetric about the rz axis (κxy = 0).
Negative values for κzx indicate squashing along the rz axis (oblate spheroids), while positive
values indicate stretching (prolate spheroids). The scale of r in these is taken to be arbitrary.

with the geometry of the particle ultimately being describable in terms of the amount of

compression or elongation along these principal axes. We will, at this point, introduce a

variable that we will describe as a ‘shape parameter’, κij, which we will define as:

κij = ln

(
ri
rj

)
(6.1)

Where ri and rj represent any pair of axial lengths of a particular ellipsoidal particle. This

choice of coordinates comes with two distinct advantages: The first advantage is that we

can now very easily interpret the shape of a particle based on these κ values: A point

located at the origin of this ‘κ-space’ is a perfect sphere, any points located along any of the

three κ axes is defined as a spheroid (an ellipsoid for which two of the three axial lengths

are equal), with positive values of κ indicating stretched or prolate spheroids and negative

values indicating squashed or oblate spheroids (as illustrated in Figure 6.2); and any off-axis

points represent triaxial or scalene ellipsoids. The farther one moves on-axis in the positive

or negative direction, the more rod-like or disk-like (respectively) the particles become; the

farther away from the origin and the farther off-axis a particle lies, the more asymmetric its

shape.
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Figure 6.3: A visualization of where the simulated particles lie in real-space (with their axial
lengths measured in microns). The color of the points is related to the periodicity of each
particle’s motion. This is elaborated on in Section 6.3, but in brief - bluer points correspond
to more periodic particle motion, redder to more chaotic motion. Looking up along the
rx = ry = rz line (right), we can already see indications that more symmetric particles yield
more periodic motion.
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Figure 6.4: The same data from Figure 6.3 transformed into the κ-space. Information
about the real-space dimensions of the particles are lost, but information about the shape is
preserved and the data is condensed into a plane.

Second, as an additional feature of this coordinate system, one can take advantage of

the inherent relationship between the different ratios of our three axial lengths:

rx
ry

ry
rz

rz
rx

= 1 (6.2)

As a consequence of this geometric condition, we see that the logarithmic shape parameters

themselves must obey the relationship:

κxy + κyz + κzx = 0 (6.3)

Which describes a plane in κ-space, centered at the origin (the difference between the

real-space that the particles live in, and the κ-space we have created is shown in Figures 6.3

and 6.4). This implies that there is there is some principal axis we can rotate our κ-space

to align with which will project all of our data into a symmetric, two-dimensional space.
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Figure 6.5: Visual depiction of the simulated examples of the spherical (top-left), prolate,
(top-right), oblate (bottom-left), and scalene (bottom-right) ellipsoid dust particles described
in Table 6.1, as ”viewed” from the position of the camera in the experiments described in
Chapters 4 and 5. In each image, the illumination of the UV source originates from the left.
The purple and dark gray coloring indicate the surface of each particle which is illuminated
and in shadow (respectively) at its pictured orientation.

This rotation will make the data discussed later in this chapter much simpler to display and

interpret.

Table 6.1 shows how the results of several different ellipsoids - a simulated sphere, a

prolate spheroid of aspect ratio 2, an oblate ellipsoid of aspect ratio 2, and a scalene ellipsoid

are projected into this κ-space. Figure 6.5 shows a visual depiction of the four simulated

dust particles generated using the r and κ values described in Table 6.1. This illustrates

some of the different geometries that result from the different stretchings and flattenings

along each principal axis, as well as showing how the UV source (the images can be thought

95



of as being ‘viewed’ from the same camera position as the experiment, therefore the light is

coming from the left side of the image) illuminates the dust.

Description of Dust Shapes in κ-Space

Description of Ellipsoid rx ry rz κxy κyz κzx
Sphere 5.835 5.835 5.835 0 0 0
Prolate 4.764 2.382 2.382 + ln 2 0 − ln 2
Oblate 1.945 3.890 3.890 − ln 2 0 + ln 2
Scalene 1.273 2.547 5.093 − ln 2 − ln 2 +2 ln 2

Table 6.1: Examples of four simulated ellipsoids in physical space (axial lengths, rx, ry, and
rz, given in µm) and κ-space. In this formalism, we can consider 0 to indicate symmetry
along an axis. Positive κ values indicate stretching along an axis while negative values imply
squashing along that axis. Motion and phase space data for these four particular particles
are examined in detail in later figures.

The behaviors we are attempting to simulate with this model are already nonlinear

enough without taking fully three-dimensional dynamics into consideration. Therefore, for

the purposes of this simulation we impose:

Condition 6.2 Let all translational motion and forces be confined to the vertical

axis.

The decision to model this system as quasi-1D is not completely without basis supported

by experimental results: We know that the potential, density, and temperature profiles in the

plasma, at least in the central region where the dust is located, are predominantly oriented

along the vertical axis. In principle, if we had a truly isolated particle in a large enough

chamber that the horizontal gradients in the plasma parameters could be minimized, it is

not unreasonable to infer that we would be able to limit the particle dynamics largely to a

single axis.

This choice in symmetry also affects our modelling of the simple and collisional forces.

In order to keep all of our particles in the same simulated region, the range of initial positions

for the dust is limited to a range comparable to where we find the dust in our experiments,

and an equilibrium charge is selected such that the simple force balance model is satisfied at
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the particle’s initial position (the introduction of the drag forces will modify its equilibrium

slightly, but the particle will at least start near equilibrium).

We will use a simplified variation of the Epstein neutral drag model:

Fnd ∼ −ρn Az vtn,av v (6.4)

And a simplified version of the Hutchinson-Khrapak model will be used for the ion drag:

Fid ∼ ρi Az vti,av vdi (H + G ln Λ) (6.5)

Here ρn and ρi are the local mass densities of neutrals and ions in the plasma, Az represents

the projected area of the particle along the z-axis, and vts,av is the average thermal speed

for a Maxwellian distribution of neutrals or ions, vts,av =
√

8 /π vts =
√

8kBTs /πms.

The functions G, H, and ln Λ are as defined in (2.27) and (2.28) and are calculated using

the radius of the equivalent sphere. These models are not a perfect physical replication of

the forces that will be imparted on the dust, particularly for the ion drag, but they should

produce forces that are of the correct order-of-magnitude, which will suffice for the goals of

this computational research.

As discussed in Section 2.1, the charging behavior of the dust is incredibly complicated.

The purpose of this computational research is not to test the specifics of a charging model,

only to investigate the role that geometric asymmetry could play in determining the dynamic

behavior of the dust when photo-discharging is introduced. Therefore, we will impose:

Condition 6.3 Let the discharge on the illuminated side of the dust be uniform,

and proportional to the projected area along the light axis.

It is already understood and accepted that the magnitude of a photoelectric current is

dependent on the area illuminated by a light source. Therefore, for this simulation, we will

assume that the fractional discharge of the illuminated side of the dust can be described as
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follows:

δQ = IUV (t)

(
1 − 2

Ax

Stot

)
(6.6)

Where Ax is the projected area along the light axis, Stot is the total surface area of the

ellipsoid, and IUV (t) is some function that describes the instantaneous intensity of the UV.

For the purposes of the simulation, IUV simply ranges from 0 (off) to 1 (on) and obeys an RC-

like transition as it turns on or off with a gradient of 0.1 seconds. This is to let the simulation

ease into the discharge and prevent the computational overshooting that may result from a

sudden, discontinuous change, as well as to try and replicate the kind of discharging behavior

seen in the experiment (see Figure 5.12).

If we assume that the unperturbed charge density on the dust surface is uniform, and

that the discharging is uniform across the illuminated surface, then we can model the charge

on the illuminated side of the dust as:

Q1 = δQ
Qd,0

2
(6.7)

And the charge on the unilluminated side of the dust as:

Q2 =
Qd,0

2
(6.8)

Thus, the instantaneous total charge of the dust, Qd is:

Qd,tot = Q1 + Q2 (6.9)

Note that this discharge produces difference in charge between the illuminated and unillu-

minated sides, this discharging behavior produces an electric dipole moment in the dust:

pd = (Q1 − Q2) d (6.10)
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Where d is the displacement vector between the modelled locations of Q1 and Q2. For the

sake of computational simplicity, we will model the charge on each side of the particle as

being located at the centroid of each surface (the average position of all of the points facing

towards or away from the UV source).

The creation of this dipole moment by the discharging is of special significance, because

a dipole in an electric field will experience a torque:

τE = pd × E (6.11)

In our theoretical hypothesis, and in our computational model, it is the dipole moment

produced by the asymmetric discharge of the dust particle, and the resulting torque applied

by the electric field which alters the orientation of the dust during the pulses and produces the

changing projected areas that lead to chaotic behavior. In order to simplify the description

of the dust’s rotation we, finally, impose:

Condition 6.4 Let the rotational motion of the dust generated by the dipole

torque from the electric field be mobility-limited by interactions with neutrals.

This condition is imposed to simplify calculation of the particle’s rotation and to limit any

numerical instabilities. Starting from the simplified form of the Epstein drag for a low-

velocity particle in a dilute gas we invoked in (6.4), we can define the differential torque

exerted by the neutrals over the surface as

dτnd = (rs × dFnd) = −ρnvtn,av (rs × v) dS (6.12)

Where dS implies an integration over the dust’s surface. Furthermore we will impose a

‘no-slip’ condition to the particle’s rotation:

v = Ω× rs (6.13)
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The imposition of this no-slip condition forces the flow of neutrals to be parallel to the dust

surface and, therefore, normal to rs. From this condition, we can show that:

rs × v = rs × (Ω× rs) = Ω (rs · rs) + rs (Ω · rs) = Ωrs
2 (6.14)

The torque exerted by the neutrals, then, can be expressed as a surface integral, which we

can convert to a discrete sum for our simulation:

τnd = −
∫∫

ρn vtn,av Ω rs
2 dS = −

∑
i

ρn vtn,avΩrs
2∆Si (6.15)

If the points are randomly and evenly distributed then we can describe the torque in terms

of local plasma parameters, the total surface area, Stot, and some numerically integrated

sum, Σrs
2, which can be calculated when the particle is generated by the simulation (note,

that since rs only describes points along the dust surface it is not represent the same kind

of integration/sum that would describe the particle’s moment of inertia).

τnd = −ρn Stot vtn,av Σrs
2 Ω (6.16)

Now, assuming the torque applied on our dust dipole is mobility-limited by the torque exerted

by the neutrals, our particle is in a state of dynamic rotational equilibrium:

τnd = −τE (6.17)

−ρn Stot vtn,av Σrs
2 Ω = −pd × E (6.18)

And we can derive an expression for the angular velocity of the dust due to the dipole effect:

ΩE =
pd × E

ρn Stot vtn,av Σrs2
(6.19)
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There should, in principle, be some other term corresponding to the balance between the

neutral and ion drag, but in the interests of keeping our model focused on the larger goal,

we will just assume there is some inherent background rotation that this dipole twisting

is overlaid on. The background rotation will be randomly generated for each particle and

should average to zero with sufficient simulation statistics.

6.2.2 Simulation Procedure

The functional code is written and processed using Wolfram Mathematica[15]). The

simulation runs through the following procedure: First, on initialization, a series of initial

values are selected. A list of several thousand randomized axial lengths and initial positions,

orientations, velocities, and angular velocities was generated for these simulations to draw

from, along with several dozen special cases such as perfect spheres or spheroids to ensure

that these cases were included in the simulation. Relevant dust parameters are calculated

from the parameter list; the surface area, moment of inertia tensor,
∑
rs

2, etc., and a uniform

distribution of 500 points is generated to represent the surface of the dust particle for the

purposes of determining the illuminated surfaces.

As the iterative phase of the simulation begins, the current real-space positions of each

of the 500 points comprising the dust surface are used to calculate the surface normal vectors

n̂ of each position on the dust surface. A simple inner product is taken with the x̂ vector (the

direction of the light source) and each point is evaluated to determine if it is facing toward

(x̂ · n̂ < 0) or away (x̂ · n̂ ≤ 0) from the UV source. The centroid or average position of all

of the points contained in each half of the dust surface are calculated at this stage, as is the

projected area of the ellipsoid along the x and z axes. At this stage the new instantaneous

charges of each half, the dipole moment, and the net charge are also calculated, based on the

dust’s orientation, projected areas, and the instantaneous intensity of the simulated source.

Next, the relevant secondary parameters - the local ion density, electric field strength,

and other various plasma parameters relevant for the calculation of the forces on the dust -
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are calculated. At this stage the forces and torques on the particle are calculated from the

present dust and plasma parameters. The linear acceleration is used to calculate the dust’s

instantaneous displacement and velocity via the kinematic equations, and the instantaneous

angular velocity and angular displacement are determined.

At the conclusion of each step of the iterative process, the properties of interest (the

position, velocity, projected areas, charge, orientation, etc.) are added to arrays and fed

back into the next stage of the iteration.

6.3 Analyzing Simulation Results

The simulation outputs a great deal of data, but for the purposes of our discussion here,

the properties of interest are the particle’s position and velocity over time. Looking at the

position of the particle over the length of many overlapping pulses (as we did in Figures

5.9) as well as the paths that the particles take through the vz vs z phase space over many

pulses, we can qualitatively judge the behavior of different particles to be more periodic or

more chaotic. Figure 6.6 shows the resulting position versus pulse time results for each of

the four simulated particles, and Figure 6.7 shows their orbits through phase space.

Qualitatively, looking at these figures we can make a broad correlation between sym-

metry and and periodicity of a particle’s motion over time. Extremely symmetric particles

like the sphere, exhibit virtually no deviation in their position vs time or velocity vs position

behavior, and travel through nearly identical paths on each pulse. Prolate spheroids appear

to undergo relatively periodic motion, while oblate spheroids and scalene ellipsoids appear

to undergo varying degrees of chaotic motion.

Quantitatively, we can describe the regularity of each particle’s motion by looking at

the area, A, that the particle sweeps out through phase space on each orbit (each UV pulse).

Here we define δA as the standard deviation in the phase space area over the course of 19
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Figure 6.6: The position versus time data for the simulated particles shown in Figure 6.5,
over the course of 19 simulated pulses.
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Figure 6.7: Phase space plots of the position and velocity data extracted from Figure 6.6,
over the course of 19 simulated pulses. The color indicating the pulse number. The spheri-
cal particle undergoes super-periodic motion with almost no deviation, the prolate particle
experiences periodic motion, while the oblate and scalene particles exhibit various degrees
of chaotic motion
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pulses worth of particle-data over the mean phase space area over the same dataset.

δA =
σA
µA

(6.20)

Measuring the δA value of the four simulated examples yields the results shown in Table 6.2:

Four particles, of course, is not a sufficiently large enough sample to draw any real conclusions

Deviation in Phase Space

Case δA
Sphere (sim.) 0.0013
Prolate (sim.) 0.0744
Oblate (sim.) 0.4550
Scalene (sim.) 0.5270

Table 6.2: The periodicity of the behavior of the simulated particles is quantified in terms
of a deviation in phase space area, defined as δA = σA / µA, where µA is the average phase
space area and σA is the standard deviation.

from. In order to fully understand the effects of the geometry on the dust dynamics, a total

of 2500 particles were simulated and their results processed to produce the results seen in

Figure 6.8. The figure shows the calculated δA, averaged over small interrogation regions, of

all 2500 particles. As discussed in Section 6.1, the projection of the simulated data into the

logarithmic κ-space collapses the data into a plane, which can be preferentially rotated into

a 2D projection, which has been done for the figure. The positive κxy, κyz, and κzx axes in

this space indicate the direction along which simulated prolate spheroids appear, with the

particles becoming more and more elongated as one follows along any of these three axes.

In the opposite direction, then, are the oblate spheroids, and in betwixt these intersecting

lines fall the scalene ellipsoids. Taking the inverse of δA defines, effectively, a signal-to-noise

ratio (SNR), essentially a description of how ”noisy” the orbits of the dust in phase space

are. Figure 6.9 shows this signal-to-noise ratio, plotting the results of − ln δA instead of δA

in the same projection of κ-space.
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Figure 6.8: The κ-space projection of the deviation in the phase space areas of the simulated
dust particles (δA = σA / µA). Each square indicates an average of δA values within some
interrogation region. Bluer squares indicate periodic behavior, while redder squares indicate
chaotic behavior. Black squares near the outskirts of data indicate ‘super-chaotic’ behavior.
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Figure 6.9: The κ-space projection of the deviation in the phase space areas of the dust
particles (SNR = − ln δA). Each square indicates an average of δA values within some
interrogation region. Bluer squares indicate periodic behavior, while redder squares indicate
chaotic behavior. Black squares near the outskirts of data indicate ‘super-chaotic’ behavior.
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Between the results of Figures 6.8 and 6.9, we can identify four qualitatively distinct

behavioral regions within the data which can be roughly differentiated in terms of their

respective deviations in phase space area. Here, we describe these dynamic regions as:

Super-periodic, Quasi-periodic, Quasi-chaotic, and Super-chaotic. Super-periodic behavior

describes orbits in phase space with almost no deviation from the average, each orbit sweeps

out a nearly identical path through phase space (values of δA approaching 0, and typically

less than e−2.5 ∼ 0.08). Quasi-periodic behavior describes dust motion that is predominantly

periodic, but has some noticeable deviation (values of δA which are much less than 1, typically

less than e−1.5 ∼ 0.22). Chaotic behavior describes dust motion that has transitioned into

more random displacements and whose paths through phase space will become closed (values

of δA approaching, but still less than ∼ 1). Super-chaotic behavior describes those particles

whose dynamics have transitioned into a regime that is essentially more ‘noise’ than ‘signal’,

their orbits through phase space frequently loop back in on themselves, often many times

in a single orbit, and they rarely return to the same equilibrium position between pulses

(values of δA exceeding ∼ 1). These approximate regions are listed in Table 6.3.

Description of Dust Behavior

Super-periodic ln δA < −2.5
Quasi-Periodic −2.5 < ln δA < −1.5
Quasi-Chaotic −1.5 < ln δA < 0
Super-chaotic ln δA > 0

Table 6.3: Broad description of the periodicity of different dust behaviors in terms of ln δA.
These ranges should be taken to be very approximate.

6.4 Discussion

If we examine where these regions actually fall on our map of κ-space, we see an in-

teresting correlation: The super-periodic region is concentrated exclusively in the center of

our κ-space, where the spherical or near-spherical particles reside. Quasi-periodic behavior

is predominantly limited to cases very close to the principal axes where the prolate and
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oblate spheroids reside, with more more periodic behavior appearing to favor prolates over

oblates. The quasi-chaotic region is occupied by flatter oblates, longer prolates, and notice-

ably scalene ellipsoids (again, periodicity seems to favor prolates). The super-chaotic region

appears to exist far from the center, typically with magnitudes of κ of 2-3 or greater. These

computational results would appear to imply a strong correlation between particle geometry

and periodic versus chaotic behavior.

These results can also be contrasted with experimental data from the photo-discharging

experiment in Chapter 5. Figure 6.10 shows the position versus time and phase space data for

two experimental particles, one exhibiting periodic-like behavior and one exhibiting chaotic-

like behavior. A calculation of δA (Table 6.4) places the qualitatively periodic particle into

what we have quantitatively defined as the super-periodic region, and the chaotic particle

into the quasi-chaotic region.

Deviation in Phase Space

Case δA
Periodic (exp.) 0.0299
Chaotic (exp.) 0.3220

Table 6.4: The periodicity of the behavior of the experimental dust particles.

A certain level of caution should be taken when comparing the results of these simula-

tions to our experimental data. As the SEM data in Figure 5.2 shows, few (if any), of these

particles are what could be considered ellipsoidal. Many have sharp edges and concavities

that would require a considerably more complex simulation in order to model. However

we can, at least, draw a qualitative result from these simulations that supports our initial

hypothesis: If the amount of surface charge removed from the illuminated side of the dust

is proportional to the projected area, then a consequence of that assumption is that more

symmetric particles will undergo more symmetric ‘orbits’ and more asymmetric particles will

undergo more chaotic orbits.
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Figure 6.10: Position (top) and phase space plots (bottom) for real experimental examples
from the photo-discharging experiment in Chapter 5.
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Having only been experimentally validated within the last 18 months, there is still a

great deal which is not understood about the dust dynamics observed under the effect of

photo-discharging. However, this computational work offers some valuable insight to the

role that the shape and monodispersivity of dust particles may play in determining these

dynamics. These results may also help to inform future experimental results as well as

theoretical and computational followups.
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Chapter 7

Summary and Future Work

In the beginning of this work, the concept of a dusty plasma was introduced and their

growing presence and influence in plasma physics and the applications of plasma technology

was examined. We discussed the practical challenges posed by the inability to actively

influence this most fundamental property of dusty plasma systems, and posited on what

it would and could mean if we could start to exert some directed control over the charging

behavior of the dust. We set for ourselves the ambitious goal of developing methods to control

the charging behavior of the dust, and also insisted that these methods must minimize any

impact on the background plasma. Two methods were investigated through experimental

research - an attempt to alter the inherent charging currents through controlled fluctuations

and the introduction of new charging currents using the photoelectric effect.

7.1 Controlling Dust Charge

While the attempts to use fluctuations in the ion current to control the dust charge

was able to produce some interesting results, and while there was indeed strong evidence

that the method succeeded in reducing the dust charge, the analysis of the effects on the

plasma were ultimately inconclusive. The implications of the changes in the space potential

are still unclear - is it merely an artifact picked up by the uncompensated Langmuir probe,

or is there a change in the background conditions? While we believe that this method still

has great potential as a mechanism for controlling dust behavior, it still has a great deal of

investigation and refinement that must be pursued first.

The results and implications of the photo-discharging experiment are extremely promis-

ing; the attempt to use of photocurrents to generate measurable and significant discharge
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in the dust was an irrefutable success. Not only did the experiment demonstrate a massive

and easily reproducible discharge of the dust particles in the plasma, but it was able to

demonstrate that careful tuning of the experimental parameters could allow the discharge

to be accomplished with little to no effect on the background plasma.

The significant discharge, the clear lack of effect on the plasma, and the relative ease with

which the apparatus can be modified to accommodate other experiments and apparatuses

makes photo-discharging the clear favorite for future research pursuits into controlling dust

charge and has already lead to the intriguing computational work discussed in Chapter 6.

Photo-discharging not only offers the practical opportunity to control dust charge, but a

wealth of new curiosities and physical effects to study.

7.2 Next Steps

Future continuations of this computational research might explore more complex models

and geometry. The dipole model used in the simulation may be too much of an oversimplifi-

cation, and more rigorous charge distribution models could be developed and included. The

behavior of irregular geometries with more sharply defined faces and edges or concave shapes

that can produce shadowing effects would require significantly more complicated modelling,

but would be of interest in understanding the response of the dust to photo-discharging.

On the experimental front, photo-discharging clearly holds the most promise for future

developments in manipulating dust charge; both because of the very clear discharge and be-

cause of the minimal effects on the background plasma. One can easily picture a multitude of

interesting and exciting follow-up experiments: The intensity of the UV could be modulated

to ‘tune’ the frequency of dust waves; the discharging could be applied to a dust crystal to

induce an instantaneous change in phase by reducing the dust coupling parameter (a dusty

plasma ‘death-ray’); it could be applied to a dust void to examine the changes in void size

and shape; or introduced into a magnetized plasma experiment to look at the effects on

induced dust structures or the combination of directional plasma currents and discharging.
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The first and most pressing follow-up proposed here is a broader study of the effects

of the UV on conventional dust materials: Preliminary tests conducted at the time of this

dissertation’s publication indicate that silica dust particles also exhibit a response to the

high intensity UV light. This suggests that the photon energy required for particle discharge

may be well below the conventional work function of the dust material, and instead closer to

the dust’s equilibrium surface potential, the electron temperature, or some other energy or

aggregate term. This may open up the possibility of applying photo-discharging to a wide

range of common dust materials instead of being restricted to specialized materials like LaB6.

As discussed, other dust materials like silica are significantly easier to find in monodisperse,

geometrically uniform samples, which would help to enable some of the more interesting

experimental follow-up ideas listed above. The use of monodisperse microsphere samples

also offers the possibility of experimentally validating the computational work outlined in

Chapter 6.

Practical applications of this photo-discharging technique are also of significant interest;

with high-intensity UV LEDs becoming more affordable, the concept of deploying an entire

array of photo-discharging light sources inside something like a processing plasma apparatus

is entirely feasible. One could quite easily test the efficacy of such an array at removing dust

from the plasma environment and improving fabricated device yields.

External, independent control over the dust charging processes is a concept that has

long been discussed and debated, and has now, finally, been demonstrated under practical

experimental conditions. The realization of this technique, and other techniques for con-

trolling dust behavior that it may inspire, opens up a tantalizing treasure trove of practical

applications, novel experiments, new puzzles to solve, and new questions to ask.

Let’s get started.
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Appendix A

Supplementary Theoretical Materials

This appendix discusses the derivation of the shifted-Maxwellian distribution shown in

(2.24) and (4.5) and the derivation of the modified currents in (4.12) and (4.13).

A.1 Distribution Function

Let there be some plasma species, s, which is Maxwellian in its co-moving frame with a

thermal velocity, vts
2 = kB Ts/ms. In the lab frame, assume that there is some drift velocity,

vDs, oriented along the z-axis of the system. Take the non-normalized velocity distribution

function of this species to have the form:

f(vs,x, vs,x, vs,x)d3vs = A exp

(
−
(
vs,x

2 + vs,y
2 + (vs,z − vDs)

2)
2 vts2

)
dvs,x dvs,y dvs,z (A.1)

Define the velocities in spherical coordinates as usual:

vs,x = vs sin θ cosφ (A.2)

vs,y = vs sin θ sinφ (A.3)

vs,z = vs cos θ (A.4)

The distribution function can then be written in spherical coordinates as:

f(vs, θ, φ)d3vs = A exp

(
−
(
vs

2 sin2 θ + (vs cos θ − vDs)
2)

2 vts2

)
vs

2 sin θ dvs dθ dφ (A.5)
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Make the substitution cos θ = w, sin θ dθ = −dw, sin2 θ = (1− w2):

vs
2 sin2 θ + (vs cos θ − vDs)

2 = vs
2(1− w2) + (wvs − vDs)

2 = vs
2 − 2 w vs vDs + vDs

2 (A.6)

Make the substitution vs/vts = Ms and vDs/vts = MDs. The expression reduces to:

f(Ms, w, φ)d3Ms = −A exp

(
−1

2

(
Ms

2 − 2 w Ms MDs +MDs
2
))

Ms
2 dMs dw dφ (A.7)

Integrate over all angular values, φ from 0 to 2π, and w from 1 to -1:

f(Ms)dMs =
2πA

MDs

[
exp

(
−(Ms +MDs)

2

2

)
− exp

(
−(Ms −MDs)

2

2

)]
Ms dMs (A.8)

Integrating Ms from 0 to ∞ yields:

(2π)3/2A = 1 (A.9)

A = (2π)−3/2 (A.10)

Substituting the normalization constant back into (A.8) gives a final form for the shifted

Maxwellian distribution:

fs
′(vs)d

3vs =
1√
2π

Ms

MDs

[
e−

(Ms−MDs)
2

2 − e−
(Ms+MDs)

2

2

]
dMs (A.11)

In contrast to the unshifted Maxwellian distribution function:

fs(vs) d
3vs =

√
2

π
Ms

2 e−
Ms

2

2 dMs (A.12)
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A.2 Currents

As defined in (2.7), let the current collect by the dust for a given plasma species be:

Isd = 〈qs ns vs σsd〉 =

∫
qs ns vs σsd fs(vs) d

3vs (A.13)

To simplify the integration and the series expansion that follows in this section, let us make

the following substitutions: Xs
2 = Ms

2/2 zs and XDs
2 = MDs

2/2 zs. This changes the

expressions for the collisional cross sections, (2.5) and (2.6):

σed = πrd
2

(
1− 2

ze

Me
2

)
= πrd

2
(
1−Xe

−2) (A.14)

σid = πrd
2

(
1 + 2

zi

Mi
2

)
= πrd

2
(
1 +Xi

−2) (A.15)

The distribution function for the unshifted Maxwellian becomes:

fs(vs) d
3vs =

4 zs
3/2

√
π

Xs
2 e−zsXs

2

dXs (A.16)

The expression for the collected currents becomes:

Isd =

∫
qs ns vts

√
2zs Xs σsd fs(Xs) dXs (A.17)

This expression for the electrons is integrated over the bounds Xe = 1 to Xe = ∞, and

the expression for the ions is integrated over the bounds Xi = 0 to Xi = ∞. This yields

expressions from (2.9) and (2.10):

Ied = −
√

8π e ne vte rd
2 e−ze (A.18)

Iid = +
√

8π e ni vti rd
2 (1 + zi) (A.19)
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Meanwhile, the distribution function for the shifted Maxwellian becomes:

fs
′(vs) d

3vs =

√
zs
π

Xs

XDs

(
e−zs(Xs−XDs)

2

− e−zs(Xs+XDs)
2
)
dXs (A.20)

This shifted Maxwellian can be expanded about XDs under the weak-field limit discussed in

Section 4.1.2. Expanding to second-order yields the expression:

fs
′(vs) d

3vs ≈
4 zs

3/2

√
π

Xs
2 e−zsXs

2 (
1 + zs Xs

2
(
2 zs Xs

2 − 1
))

dXs (A.21)

Integrating with the same bounds and cross-sections yields the perturbed currents:

I ′ed = −
√

8π e ne vte rd
2 e−ze

(
1 +

1

3
z XDe

2

)
(A.22)

I ′id = +
√

8π e ni vti rd
2 (1 + zi)

(
1 +

1

3
z XDi

2

(
zi − 1

zi + 1

))
(A.23)

Substituting for XDs and using the unperturbed current solutions gives us (4.10) and (4.11):

I ′ed =

(
1 +

MDe
2

6
(2ze + 1)

)
Ied (A.24)

I ′id =

(
1 +

MDi
2

6

(
zi − 1

zi + 1

))
Iid (A.25)

Finally, recalling that the conditions satisfying the weak-field limit imply that MDe � 1,

ze ∼ 1, MDi � 1, and zi � 1 reduces the expressions for the currents to their final forms:

I ′ed ≈ Ied (A.26)

I ′id ≈
(

1 +
MDi

2

6

)
Iid (A.27)
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Appendix B

Simulation Code

This appendix includes a version of the simulation code described in Chapter 6. The

code was originally written for Wolfram Mathematica, however the underlying modelling

could be adapted to other programming languages.

124



125



126



127


