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Abstract 

 
 

This is the first detailed experimental investigations of dust clusters in magnetized rf 
discharge plasma. Our experiments performed in a weakly magnetized (up to 100 G) 
inductive rf discharge show that dust cluster rotation is dependent on the number of particles 
and the magnetic field. Comparson of our experimental results with current theoretical 
models demonstrated that dust rotation is largely due to momentum impact transferred from 
the partially magnetized ions in the plasma to the dust particles.  

Particles in dust clusters were found to fluctuate predominantly in the azimuthal direction 
rather than in the radial direction. A strong correlation between the packing sequence 
probability of a cluster and the particle fluctuation was observed. A magnetic field has been 
shown to decrease the amount of particle fluctuations in a dust cluster. 

In our experiments, it was found that the radial positions of the dust particles 
self-adjusted to accommodate for the change in the ambipolar electric field. It was also found 
that dust particles can be confined by a magnetically-induced electrostatic trap. 

Furthermore, our experimental results demonstrated the possibility in manipulating dust 
particles with 3 degrees of freedom using a magnetic field as an external, controlled 
parameter. The implications of dust rotation due to a magnetic field in industrial applications, 
such as the removal of dust contamination in the manufacture of microelectronics and the 
fabrication of micro- and nano- devices in nanotechnology, are discussed. 
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Foreword 
 
 

This thesis is intended for two types of readers – those with a background of plasma 
physics who wish to understand the influence of magnetic field on the behavior and the 
dynamics of dust particles in a plasma, and those with plasma processing background who 
wish to examine the possibility of employing a magnetic field as a particle manipulation tool 
in industrial applications. 

Initially, this thesis concentrated on the topic of dust rotation in a magnetized plasma. 
Further analysis of the experimental data and computer simulations during the course of 
writing led to a number of new topics. These topics, which include the structural properties 
and fluctuations of dust clusters, have been added to the thesis for completeness. Due to the 
large amount of information, this thesis has been structured so that the topics are discussed as 
the experimental results are presented. In addition, there is frequent cross-referencing of 
topics (i.e. see Section … for …) to increase the coherence of the discussions. 

The illustrations of this thesis are all produced by the author unless stated otherwise in 
the captions. Readers will find the illustrations helpful in visualizing the underlying physics. 
Due to the illustrative approach of this thesis, a chapter devoted to the possible implications 
in industrial applications has been included. 

SI units are used, except where stated otherwise. A table which explains the constants, 
notations, and variables used throughout the thesis is available at the end for convenience. 
The notation (3.5) refers to Equation 5 of Chapter 3, which differs to the notation (3,5) for the 
packing sequence of dust clusters with 3 particles in the inner ring and 5 particles in the outer 
ring. And notation [24] refers to Reference 24 as listed in the Bibliography. 
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1. Introduction 
 
 

The purpose of this introduction is to provide some general background information on 
dusty plasma. Section 1.1 begins with the explanation of dusty plasma, its origin and 
formation, and different examples of its existence in nature, in cosmic surroundings, and in 
industrial situations. And in order to understand the importance of the research in this 
scientific area, several key features of dusty plasma will be highlighted. 

Section 1.2 discusses the possible implications from the study of dust dynamics and 
transport in industrial applications. Then by providing a chronology of conducted studies to 
date, the significance of our research relative to the international efforts in the study of dust 
dynamics under the influence of magnetic field will be illustrated. 

Section 1.3 presents a summary of the existing models used in the explanation of dust 
rotation in a magnetized plasma. The assumptions and deficiencies associated with these 
models will also be discussed. 
 After getting a general picture of the problems encountered in our current understanding 
of dust dynamics in a magnetized plasma, the purposes of our research, the basic structure of 
this thesis, and a summary of our major findings will be outlined in Section 1.4. 
 
 

1.1. Dusty Plasma 
 

1.1.1. What is dusty plasma? 
 

Plasma, the fourth state of matter after solid, liquid, and gas, consists of positively 
charged ions (denoted by symbol i) and negatively charged electrons (denoted by symbol e). 
There will also be a percentage of neutrals (denoted by symbol n) in the plasma if the 
background gas is not completely ionized. Dusty plasma (also known as complex plasma, 
colloidal plasma, or Coulomb plasma) is the result after introducing another constituent, 
namely dust (denoted by symbol d), into the plasma. 

Dust, in this context, refers to microscopic particles with all shapes and sizes ranging 
from a few nanometers up to tens of microns. Typically, dust used in laboratory research is of 
uniform size in the dispersed phase (monodisperse), spherical, and made out of dielectric 
materials. Dust particles can be introduced into the plasma via homogeneous (purely gas 
phase) or heterogeneous (particle/catalyst induced) processes [1]. In the case of homogeneous 
processes, dust particles are formed as the product from combining chemically reactive gases 
in the plasma. In the case of heterogeneous processes, dust particles are released into the 
plasma from some external source, such as particle injection, fragments chipped off by 
etching, macroscopic particles due to sputtering, etc (see Figure 1-1). Agglomeration of dust 
particles can also occur resulting in the formation of irregular structures. 

In the plasma, dust particles collect a high number of ions and electrons from their 
surroundings onto their surfaces. Since ions have a larger mass than electrons, and in typical 
discharge plasma condition the ion temperature is significantly lower than the electron 



temperature, the mobility µ of the electrons can be hundreds of times higher than that of the 
ions (i.e. µe >> µi). So typically, the electrons dominate over the ions in the electric current 
flowing towards the particle surface until electrostatic equilibrium is established with dust 
negatively charged. 
 

 
Figure 1-1 – Three methods in which dust particles can be introduced into the plasma – via 
chemical reaction of a mixture of gases (left), fragments due to etching or sputtering (center), 
and particle injection with dust shaker (right).  

 
Under different plasma conditions, dust particles can undergo photoelectron emission, 

thermionic emission, and secondary electron emission (see Figure 1-2) (see Section 1.1.3 for 
Classification of dusty plasma) [1]-[10]. Therefore, depending on the combination of 
charging processes, dust particles can be positively or negatively charged. The number of 
electrons Z on the dust surface can range from a few for nanometer sized particle up to 
thousands for micron-sized particle (Z ∝ a, where a is the dust radius). 
 

 
Figure 1-2 – Dust particles in dusty plasmas are electrically charged primarily by collection of 
plasma electrons and ions (leftmost). But depending on the plasma conditions, dust particles 
can also undergo photoemission (left), thermionic emission (right), and secondary electron 
emission (rightmost).   

 
In the gas discharge plasma, dust particles can levitate near the sheath between the bulk 

plasma and the boundary due to a balance in the vertical direction mainly between the 
gravitational force and the electric force (from the electric field within the sheath), that is: 
 

 dm g eZES=  (1.1) 

 
where md is the mass of the dust, g is the gravitational constant, e is the elementary charge 
and ES is the sheath electric field.  

The dust particles with like charges naturally repel against each other. Therefore an 
electrostatic trap with a radial confinement electric field EC is applied to inhibit these highly 
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charged dust particles from escaping. Here the electrostatic trap is normally created via the 
introduction of a shaped electrode (e.g. metal ring, metal slit, etc) or biased electrode. The 
dust particles then arrange themselves typically into single or multi-layered lattices analogous 
to atoms in a crystal. The existence of such crystals was first predicted in 1986 [11], later 
observed in the laboratory in 1994 [12]-[14]. They are now commonly known as dust crystals 
(or plasma crystals, Coulomb crystals). 

In the horizontal direction, the spatial arrangement of the particles in a dust crystal is 
governed by two competing effects, namely, the interparticle Coulomb repulsion and the 
confinement electric field [13]-[15]. The interparticle repulsion favors the formation of 
hexagonal structures which is the ground state for an infinite two-dimensional single 
component system, while the confinement electric field imposes the shape of the potential 
onto the lattice boundary. The interparticle distance d, which characterizes the spacing 
between adjacent particles in the horizontal direction, is determined by the number of dust 
particles inserted into the plasma and the plasma conditions. Typically, the interparticle 
distance is in the sub-millimeter region. 
 

 

Figure 1-3 – Due to ion wake, particles in large dust crystals (right) preferably arrange 
themselves into simple hexagonal structures (left).  

 
In the vertical direction, ions accelerated in the sheath stream downwards onto a dust 

particle producing an ion wake cone (or ion focus) with periodic local potential maxima and 
minima below the particle [16]-[18]. Since the strongest potential minimum (or ion focus) for 
negative charge is directly beneath the dust particle, particles preferably align themselves 
vertically into a straight line (see Figure 1-3). Such influence of the ion wake cone on the dust 
particles can overcome the Coulomb repulsion depending on the plasma conditions (e.g. ion 
density). As a result, the structure of multi-layered dust crystals with a considerable number 
of dust particles N are simple hexagonal if the influence of ion wake cone dominates or 
hexagonal close packed if the interparticle repulsion dominates. The interlayer distance l, 
which characterizes the spacing between adjacent particles in the vertical direction, is usually 
1.5-2 times more than the interparticle distance. 

The ion drag force, the thermophoretic force, the surface charge dipolar effect [19], and 
the shadow attraction due to anisotropic pressure of neutrals [20]-[22] can also play an 
important role in modifying the equilibrium position of the particles and the structure of a 
crystal depending on plasma conditions. The physics behind each of the forces can be 
understood easily by considering the scenario of two isolated dust particles (see Figure 1-4): 
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 Ion drag force - the ion flux flowing onto the upstream side of the particles pushes 
the particles downstream; 

 Thermophoretic force - there can exist a net transfer of momentum from the neutrals 
onto the dust surface due to a temperature gradient; 

 Surface charge dipolar effect - an electric dipole moment arise on the dielectric 
particle because of asymmetric charging by the greater ion flux density to the 
upstream side; and 

 Shadow attraction due to anisotropic pressure of neutrals - because of the presence of 
another particle, the flux of captured and scattered neutrals around a particle is not 
symmetrical resulting in a shadow attraction. 

 
Figure 1-4 – Particle position can also be influenced by the ion drag force (leftmost), the 
thermophoretic force (left), the dipolar effect (right), and the anisotropic pressure (rightmost) 
to varying extent depending on the plasma conditions.  

 
Indeed, one of the bewildering properties of these crystals is that different structures can 

be formed due to the combination of these forces. As an example, coexisting body centered 
cubic and face centered cubic structures have been observed in single dust crystal as a result 
of inhomogeneity of the background plasma conditions [12]. The structure which is more 
energetically favored will more likely be the one observed. 

Large dust crystals can have sizes corresponding to hundreds of interparticle distances in 
the horizontal plane, with up to ten or so layers in the vertical direction. Dust crystals with 
only a small number of particles (N < 100) are called dust clusters (or Coulomb clusters). 
Since the number of particles is reduced, dust clusters exhibit many unique physical 
properties not found in large crystals. In contrast to the large crystals, the particles in dust 
clusters (N < 40) tend to arrange themselves into a single layer with shell structures due to 
the cylindrical symmetry in a typical radial confinement potential. These individual shell 
structures are called cluster rings. For intermediate dust clusters (N > 40), the particles on the 
outer rim of the cluster will form concentric rings, while the inner particles form hexagonal 
lattice structure [23]-[24] (see Figure 1-5). 

The structural configurations (or packing sequences) of dust particles in a dust cluster 
can be arranged into a “periodic” table by the number of cluster rings [23]-[24]. Due to the 
relative ease in the motion analysis of the individual particle, dust clusters have been the 
subject of many theoretical and experimental studies. Some examples which have been 
reported include the investigations of particle ordering, phase transitions, and energy spectra 
[23]-[32]. Moreover, dust clusters are simple systems characterized by the strong electrostatic 
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interaction of highly charged particles within an external confinement potential analogous to 
other phenomena such as laser-cooled ions in a trap [33]-[34] and electrons in quantum dots 
[35]. 
 

 
Figure 1-5 – Images captured from the top of a small Planar-7 dust cluster (left) and an 
intermediate Planar-94 dust cluster (right).  

 

1.1.2. Examples of dusty plasma 
 

The existence of dusty plasma is not limited to the laboratory. Various forms of dusty 
plasmas can be found in nature, in our cosmic surroundings, and in industrial situations. 

In nature, dusty plasmas are formed in the path of cloud-to-ground and ball lightning 
where the surrounding atmosphere will almost always contain water droplets, dust 
particulates and pollutants. In fact, it has been proposed that ball lightning is the result of 
oxidation of silicon nanoparticles suspended in air after a lightning strike on the ground 
[36]-[37]. Noctilucent clouds, which are high atmospheric suspensions (≈ 80 to 85 km above 
sea level in the mesosphere where the temperature is below ≈ 155 K) of small charged 
ice-coated particles [38], constitute yet another example of dusty plasma (see Figure 1-6). 

In our cosmic surroundings, dust is abundant as evident from the formation of planets 
and stars. Different examples of dusty plasma appear in the forms of planetary rings, 
interstellar gases [39], space nebulae [40], cometary tails [41], and zodiacal lights [42]-[43] 
(see Figure 1-7). In fact, all matter at the beginning of our universe was in the form of dusty 
plasma. And dusty plasma remains the most common structural form of matter in the 
universe. 

In industry, there are many situations where dusty plasma can occur. For example, in the 
fabrication of microelectronics, dust particles are produced during plasma etching of silicon 
wafer or in thin film deposition using reactive gases [44]. In the former case, the dust 
particles are considered to be undesirable contamination which obliterates the fabrication 
process. In the combustion of fossil fuel and rocket solid fuel, dust is produced as a byproduct 
which is then charged by the ions from the exhaust gases. In magneto-hydrodynamics (MHD) 
power generator, dust is formed from fossil fuel combustion plasma or introduced as 
additives to enhance the conductivity of plasma jet. In Tokamak systems, any solid material 
which comes into contact with the high energy plasma would normally become vaporized and 
ionized. However, as the temperature of the outer portion of the plasma is much cooler than 
the center, dust particles which originated from the plasma erosion of the walls and the 
electrodes can survive [45]. As a result, dust is always present in the plasma inside such 
systems (see Figure 1-8). 
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1.1.3. Classification of dusty plasma 
 

Dusty plasmas can be divided into four groups according to the process by which the 
background plasma is generated, namely, ultraviolet-induced (UV-induced), nuclear-induced 
(or radioactivity-induced), thermal, and discharge (see Figure 1-9). 
 

 
Figure 1-9 – Dusty plasmas can be categorized into UV-induced, nuclear-induced, thermal, 
and discharge dusty plasmas. 

 
For UV-induced dusty plasma, the background plasma is the result of photoelectrons 

being emitted from the dust surface in the presence of strong ultraviolet (UV) radiation. 
Therefore, the dust particles in such plasma are positively charged. The source of the UV 
radiation can either be external or internal. In the external case, the dust particles are 
irradiated by some UV source placed outside the plasma volume (e.g. UV laser, UV lamp, 
solar radiation, etc). In the internal case, the UV source is generated by the self-radiation of 
the plasma itself (e.g. hollow cathode gas discharge, etc). Since the stars are a source of UV 
radiation, most UV-induced dusty plasmas are found in space or in the mesosphere of the 
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Earth. Planetary rings, noctilucent clouds, zodiacal lights, cometary tails are examples of UV 
induced dusty plasma. 

For nuclear-induced dusty plasma, the background plasma is primarily produced as a 
result of alpha or beta particles traveling through the ionized gas. In addition, as the energy of 
these nuclear particles is sufficient to penetrate into the dust particle, the dust particle itself 
can become radioactive, causing secondary electron emission from the dust surface after 
nuclear conversion. The number of secondary electrons ejected from each original nuclear 
particle varies from several units up to hundreds. And as a result, the dust particles can 
acquire a positive charge in nuclear-induced plasma. Dust carrying plasmas in fusion devices 
is an example of nuclear-induced dusty plasma. 

For thermal dusty plasma, the background plasma is produced from the thermal electrons 
released from the surface of the dust particles under high temperature. The high temperature 
can be achieved via laser heating or combustion of flammable gases in which the dust 
particles are introduced from the outside of the plasma, or incineration of solid fuel in which 
the dust particles are produced along with the formation of the plasma. A candle flame is an 
example of weakly ionized thermal dusty plasma containing soot particles, whereas the 
exhaust of a rocket engine is an example of thermal dusty plasma.  

For discharge dusty plasma, the background plasma is formed by glow discharge in air or 
noble gases (i.e. He, Ar, Ne, Kr, or Xe). There are two types of discharge, namely, radio 
frequency (rf) and direct current (dc). Most dusty plasma experiments performed in 
laboratory and processing plasmas used in industries are in rf discharges. The rf discharge can 
be produced using either capacitive parallel plates or inductive coils. Typically, the electron 
temperature Te of such discharge ranges from 0.5 to 8 eV and the mean plasma density ne 
ranges from 107 cm-3 to 109 cm-3. For dc discharges, dust can be suspended in regions of high 
electric fields, such as the cathode sheath, striations, or artificial electric double layers (e.g. 
anode double layers in Q-machine, magnetic discharge, variable cross-section discharge tube, 
etc). The electron temperature of such discharge ranges from 1 to 4 eV and the mean plasma 
density is approximately 109 cm-3. The dust particles in rf and dc discharge dusty plasmas will 
always be charged negatively due to the higher mobility of electrons. 
 

1.1.4. Dusty plasma research 
 

There are many features in dusty plasmas different to the classical ion-electron plasmas. 
Firstly, as the dust radius a is characteristically much smaller than the plasma Debye length 
λD given by: 
 

 2 2

1 1 1

e i

2
D D Dλ λ λ

= +  (1.2) 

 

where  

1
2

0
2i

i
D

i

kT
n e

ελ
⎛ ⎞

= ⎜
⎝ ⎠

⎟  is the ion Debye length, 
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 is the electron Debye length, 

 
k is the Boltzmann’s constant, Ti and Te are the ion and electron temperatures respectively, 
and ni and ne are the number densities for ions and electrons respectively, the dust particles 
can be treated as point particles which hold multiple charges. Together with the singly 
charged ions and electrons, the multiply charged dust particles make dusty plasma a unique 
three component plasma system as opposed to its two component classical counterpart. More 
importantly, unlike classical plasma where the charge of each component remains constant, 
the charge on the dust particles is itself a dynamical variable, which introduces many new 
phenomena such as wave damping [46]-[47]. 

Secondly, because the dust particles may carry a large fraction of the charge from the 
plasma, the condition for the quasi-neutrality of the plasma must include the effect of the dust 
particles, that is: 
 

 i en n Zn− =  (1.3) 

 
where nd is the number density for dust particles. Here the establishment of the equilibrium of 
dust charges in dusty plasma can be viewed as an analogy to the establishment of the degree 
of ionization in steady state plasma. If the dust particles are densely packed, it is possible that 
a considerable fraction of electrons are lost to the dust particles such that Znd >> ne. In other 
situations, for example in UV induced plasma, the dust particles can be charged positively by 
emitting electrons which cause the number of ions to be depleted such that Znd = -ne. So the 
presence of dust particles can essentially alter the local plasma potential profile by changing 
the local charge densities. 

Thirdly, the charge-to-mass ratio of the dust particles is very small compared to that of 
the ions and electrons. Therefore, the dynamic response of the dust particles will introduce 
many new wave phenomena at very low frequencies such as dust-acoustic waves [48]-[52] 
and dust lattice waves [53].  

Fourthly, the charged dust particles can become strongly coupled and the interaction 
energy of neighboring particles can exceed their thermal energy. This is different to most 
classical plasmas in space and laboratory which are weakly coupled. Consequently, from the 
solid state physics point of view, dusty plasma is a convenient system to study phase 
transitions and to model melting of solids in two- or three-dimensions [17]-[18] [54]-[68]. 

Lastly, though microscopic in nature, dust clusters and crystals can be easily illuminated 
with a laser and therefore observed with the naked eye (commonly aided with a microscope). 
The detailed structure of dust crystals and the motion of the individual particle are clearly 
visible. This makes dusty plasma an ideal system for the experimental study of particle 
dynamics and transport properties on the kinetic level. 

Not to forget that classical plasma physics has its limitations in accurately describing 
many real life plasma situations because, commonly and unavoidably, dust particles are also 
present. Although previously neglected for simplicity, there is a necessity of incorporating 
dust to obtain a more complete understanding of plasma. And so the accuracy in modeling 
physical phenomena, the interplay between solid particles and plasma, the ease of production 
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and visualization, along with being a perfect hybrid between plasma physics and solid state 
physics are just some of the useful features that makes the study of dusty plasma one of the 
faster growing fields of physics. The degree of interest in dusty plasma is evident from the 
number of published papers in scientific journals and conference proceedings [69]-[71]. The 
number of people studying dusty plasma is still growing with diverse topics spanning 
astrophysics, electrical engineering, environmental sciences, material sciences, and 
meteorology. Of the many groups that are actively participating in research on dusty plasma, 
the National Aeronautics and Space Administration (NASA) and the Russian Space Agency 
(RSA) are both major sponsors in the study of dusty plasma under microgravity conditions in 
space. The first experiment performed on the International Space Station (ISS) was on dusty 
plasma. Industry giants such as IBM, Sony, and Toshiba teamed together this year to 
investigate using dusty plasma to control dust in the manufacture of next generation 65nm 
and 45 nm semiconductor chips and the Playstation 3 graphic synthesizer (GS) chip [72]. 
Interestingly, dust particles in a plasma are now being implemented as a fabrication tool or a 
chemical catalyst in many industries, rather than being regarded as a contaminant which 
historically was the cause of the boom in dusty plasma physics. 
 
 

1.2. Dust Dynamics and Transport 
 

Dust particles are commonly produced during plasma processing as an undesirable 
byproduct which is notoriously detrimental to the manufacture of microelectronics. The 
challenge to remove these dust particles was one of the motivations for the study of dusty 
plasma. Early dusty plasma experiments had been concentrated on crystal formation, phase 
transitions, and particle charging mechanism [12]-[15][48][54][73]-[79]. Recently, the 
interest has shifted towards problems associated with the dynamical behavior of dust particles. 
In particular, much experimental, theoretical, and modeling effort has been devoted to 
understanding the transport of dust particles in a plasma. This includes the investigation of 
the establishment and evolution of various microscopic collective motions excited by external 
influences such as laser beams, biased electrodes [48]-[49][55][78]-[88]. Such knowledge is 
essential not only for the discovery of new dust removal techniques, but also for the 
development of fine manipulation tools for controlling individual or collective movement of 
micro- and nanoparticles for nanotechnological applications. 
 

1.2.1. Innovations from dust dynamics and transport 
 

Dust contamination is well known to be a common problem in the microelectronics 
industries, and in almost all surface processing technologies [8][72]. The phenomenon is 
prominent especially after long periods of plasma operation. Both etching and sputtering 
tools used in reactive ion etching and magnetron sputtering generate submicron dust particles 
or agglomerates in the processing plasma. Similarly, polymerizing plasma used in plasma 
enhanced chemical vacuum deposition (PEVCD) has a strong tendency to form dust particles 
within the plasma and accumulate flaky films on the walls. These particles or flakes can have 
detrimental effects on the quality, and therefore the yield of the devices being manufactured if 



deposited onto the plasma treated surfaces. Understandably, dust contamination is an 
impediment that must be overcome in order to increase the quality and efficiency of 
production. 

Electronic devices for which production can be affected by dust contamination include 
complementary metal oxide semiconductors (CMOS), charge coupled devices (CCD), image 
sensors, liquid crystal displays (LCD), plasma displays, and solar cells. By developing better 
dust removal techniques, a company can increase its production efficiency, product quality, 
and ultimately its competitiveness in the market.  

At the moment, clean room technologies using highly sophisticated air filtering systems 
are used in reducing the amount of dust in the plasma processing environment. Dust 
contamination which is generated during plasma processing is removed only after they have 
been deposited onto the plasma treated surface. Wet cleaning is the most common dust 
removal technique in which dust contamination is dissolved in solvents (e.g. sulphuric, nitric, 
or hydrofluoric acids, ammonium hydroxide, hydrogen peroxide, etc) and washed away as 
slurries [89]. However, wet cleaning is undesirable due to cost of chemical purity, safety 
hazards, storage space constraints, and environmental considerations. Moreover, with future 
miniaturization in integrated circuit design and manufacturing, the size of dust particles 
which cause defects will decreases to an extent that wet cleaning becomes ineffective or even 
problematic (see Figure 1-10). Since the size of particles which adversely affect 
semiconductor device yields and quality is approximately half that of the circuit pattern size, 
alternative cleaning methods to remove dust particles of 100 nm or less for the future 65nm 
and beyond semiconductor devices will be needed. And in the semiconductor industry, such 
need is projected to occur before 2011.  
 

 
Figure 1-10 – The major obstacle to using conventional wet cleaning method for the next 
generation 65nm and beyond semiconductor devices is that the surface tension of water and 
other cleaning liquids can collapse and destroy the extremely fine patterns on the device 
[Courtesy of Sony Semiconductor & LCD]. 

 
Dry cleaning methods such as cryogenic aerosol-based cleaning, laser cleaning, and 

nanoprobe cleaning (see Figure 1-11) are currently being investigated as potential alternatives 
to wet cleaning [89]. Such techniques avoid many of the problems associated with wet 
chemical cleaning and are easily integrated into the existing plasma processing procedures. 
Furthermore, the removal of nanoscale particles without substrate damage or physical 
alteration can be achieved. 

Irrespective of the type of dry cleaning method used, the dust removal procedures are 
performed only after the particles have been deposited onto the surface of the plasma treated 
surface. In reality, dust can also be removed during plasma operation when the particles are 
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suspended in the plasma or after plasma extinction when the particles are falling onto the 
plasma treated surface. During plasma operation, the dust particles can be removed using 
suction (e.g. electrostatic vacuum cleaner) or expulsion methods (e.g. gas injection, 
electrostatic probe, laser pulse, ion drag, etc). After plasma extinction, the dust particles can 
be circumvented away from the plasma treated surface using transportation methods (e.g. 
temperature gradient, gas flow). So in essence, the study of dust transports in a plasma 
provides potential for the discovery of dust removal techniques not yet known. 

 

 
Figure 1-11 – Some of the alternative dry cleaning methods being developed include 
cryogenic aerosol-based cleaning (left), laser cleaning (center), and nanoprobe cleaning 
(right) [Courtesy of Sony Semiconductor & LCD]. 

 
Apart from dust removal, the ability to maneuver particles in a plasma will allow precise 

positioning of particles on substrates. In micro- and nano-technology, the construction of 
novel devices using small components in a plasma can be made possible if the position and 
motion of individual particle can be accurately controlled. From our preliminary 
understanding of dusty plasma, the motion of fine particles in the plasma can be influenced 
using a number of methods which have been documented in literature. For instance, 
individual particles can be expelled from a chain or layer of particles or set into various types 
of complex motion using laser light pressure [90]-[91], electrostatic probes [92], electron or 
ion beams, etc. Particle position can be changed by modulating the applied voltage on the 
confinement electrodes [93]-[94], the gas pressure, the plasma input power, the temperature 
gradient, etc. 
 

1.2.2. Dust dynamics in a magnetic field 
 

Dust dynamics under the influence of a magnetic field in various types of dusty plasmas 
had long been studied in the last quarter of a century. For example, photos obtained by the 
spacecrafts Voyager I in 1980 and Voyager II in 1981 showed dark radial features moving in a 
perplexing manner on the B rings of Saturn (see Figure 1-12). These features which appeared 
both above and below the rings are now known as spokes and are made up of microscopic 
charged dust particles that have been levitated away from the larger bodies in the ring plane. 
Since the spokes orbit synchronously with the magnetosphere rather than in Keplerian motion 
about Saturn, the structure and the motion of the rings are believed to be influenced not 
exclusively by the gravitational field but also by the magnetic field [95]-[97]. 

Another intriguing feature about Saturn is the ever changing structure of the F rings. 
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Images obtained from the Voyager spacecrafts [96]-[98] showed a kinked and braided 
appearance and detected bright clumps in the F rings with temporal dependence ranging from 
days to months (see Figure 1-13). Previously, several studies used gravitational interactions 
with the moons or imbedded moonlets in the F rings to explain such observations. In recent 
times, the effect of the magnetic field of Saturn is being considered as a possible cause of the 
changing structure of the F rings [99]. For comparison purpose, the plasma parameters of the 
B rings, F rings, and spokes of Saturn are shown on Table 1-1. 

 
 ne (cm-3) Te (eV) Half Thickness of 

Ring (cm) 
a (µm) nd (cm-3) B (G) 

Spokes ≈ 0.1 to 102 ≈ 2 ≈ 3 × 106 ≈ 100 1 ≈ 0.2 
B rings ≈ 0.1 ≈ 2 ≈ 3 × 104 ≈ 10 to 103 6.3 × 10-7 ≈ 0.2 
F rings ≈ 10 ≈ 100 ≈ 105 ≈ 100 to 106 10-12 ≈ 0.2 

Table 1-1 – The electron density, the electron temperature, the half thickness, the dust size, 
the dust density, and the magnetic field strength at the spokes, B rings, and F rings of Saturn 
respectively [101]-[102]. 

 

 
Figure 1-12 – Dark radial features called spokes move in curious patterns on the B rings of 
Saturn. This is an image of a 35 minute sequence (top to bottom) of the change in spoke 
appearance. The marked arrow also shows the formation of a new, radially aligned spoke 
[Courtesy of Calvin J. Hamilton, Views of the Solar System]. 
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Figure 1-13 – The F rings of Saturn have a complex structure of narrow, braided, bright rings 

). In 1996, a 
numerical analysis to study the ef uthal ion flow induced by E
single dust particle in a mag sonan ma 
was reported by Nunomura et al. [103]. The numerical analysis, with the support of 
preliminary experimental results of deposited distribution of silicon dioxide particles and 
microballoons in an axial magnetic field B = 870 G, showed that the azimuthal ion drag force 
can cause the dust particle to spin out from the plasma at low neutral pressure or spiral 
inwards at high neutral pressure. 

In 1998, the first observation of dust crystal rotation using an axial magnetic field of 
variable strength B  to G. was mad a d e by Sato et al. 
[104]-[106] (see Table 1-2 for details of experimental parameters). Three-dimensional conical 
dust crystals consisting of methyl methacrylate-polymer spheres rotated with an angular 
velocity ω ≈ 0.2 rads-1 in a magnetic field B = 400 G. The direction of rotation was in the 
left-handed sense with respect to the magnetic field. An increase in either the magnetic field 
or the plasma density would result in an increase in the angular velocity. The particles in the 
upper layers were observed to rotate faster than the particles in the lower layers, resulting in a 
velocity shear in the vertical direction. More importantly, it was found that rotation would 
start only if the number density of the dust particles exceeded certain threshold. 

along which knots are visible [Courtesy of Calvin J. Hamilton, Views of the Solar System]. 
 
Also, it is well known that significant amount of dust particles is present in fusion 

devices due to flaking, blistering, and violent arcing on chamber walls. These dust particles 
are a safety hazard as they contain toxic and radioactive materials such as Tritium. Recently, 
studies showed that dust particles can acquire very high speeds due to accelerated plasma 
flow in a magnetic field and contaminate the core plasma, which ultimately lowers the 
performance of fusion devices [100]. 

In the laboratory, dust dynamics under the influence of an applied magnetic field in 
various types of discharges and conditions have been reported (see Figure 1-14

fects of the azim  × B drift on 
netized cylindrical electron cyclotron re ce (ECR) plas

 ≈ 0 400 e in c argon glow discharg
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1996 2006

1997 1998 1999 2000 2001 2002 2003 2004 2005

May 1999
2nd ICPDP, Hakone

May 2002
3rd ICPDP, Durban

Oct 1996
1st ICPDP, Goa

Jun 2005
4th ICPDP, Orléans

Jul 1996

Feb 2000
Planar Clusters (Large Particles)

Oct 2001
Planar Clusters (Small Particles)

Feb 1999
Large Crystals & Three-dimensional Clusters 

Jun 1998
Sato et al.

Nunomura et al.
Sep 1998
Lin I et al.

Oct 2000
Sato et al.

June 1999
Konopka et al.

Jun 2003
Intermediate Clusters

May 1999 Sep 2001
Yokota Kaw et al.

August 2000

May 2003
Kersten et al.

Oct 2001
Ishihara et al.

Feb 2003 Oct 2004
Ishihara et al.

Mar 2002
Shukla Hou et al.Hua et al.

 

h  chronological chart above shows th al development in the studies 
of dust rotation in magnetized plasma. The blue markers show the date at which the 
manu ts by various research groups re submitted to their respective scientific journals 
or ceedings. Th rosses indicate the time when rystals and 
clus tation experiments w rmed by our g red rk the
International Conferences on the Physics of Dusty Plasma ever held in the last decade. 

 
 

Figure 1-14 – T e e historic

scrip
 conference pro

 we
e purple c  various c

ters ro ere perfo roup. The arrows ma  four 

 Sato et al.(1998) Sato et al.(2000) 
Discharge Type Inductive dc argon discharge Inductive dc & rf argon discharge 

ne (cm-3) 107 to 108

Te (eV) 2 
Ti (eV) 0.1 

A  
Electrode - VA (V) 

± 10 10 
pplied Voltage on

- ± 15 ± 

Dust Ty  Methyl me er spheres pe thacrylate-polym
Dust D gm-3)ensity (k 1.2 × 103

a (µm  ) 5 
Z - 43 × 10

nd (cm-3) 103 to 107 103 to 104

B (G) 0 to 400 0 0 to 4000 
4000 to 

0000 
0 to 300

1
ω (rads-1) o 3 ≈ 0 to 0.5   0.5 to 0.7 0.2 ≈ 0 t ≈

Rotation Direction Left- d hande
Table 1-2 – The experiment itions, the properties of dust used, the strength of the 
app agnetic field, and the magnitude and the direction of crystal rotation in the 
ex performed by Sa l. [104][105][106][118]  

 

al cond
lied m

periments to et a -[119].
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  Lin I et al. (1998) Konopka et al. (1999) Kersten et al. (2003)

D
 

discharge 
ischarge Type Capacitive rf discharge 

Capacitive rf helium 
discharge 

Inductive rf argon

n  (cm-3) 109 5 ×108 to 5 ×109 1010
e

Te (eV) 2 2.7 to 3.7 1.5 
ni (cm-3) 2 × 105 2 × 109 1010

Ti (eV) 0.03 0.03 0.03 

Dust Type Polystyrene spheres
Melamine formaldehyde 

 Silicon dioxide spheres 
spheres 

Dust Density (kgm-3) 1.5 × 103 1.5 ×103 2.5 × 103

a (µm) 2.5 4.5 9 
Z - 25 - - 5 × 104

nd (cm-3) 6 × 102 1.3 × 102 1.3 × 102

B (G) 30 140 2 
ω (rads-1) 0.06 0.3 0.9 

Rotation Direction Left-handed Left-handed Left-handed 
Table 1-3 – The experimental conditions, the properties of dust used, the strength of the 
applied magnetic field, and the magnitude and the direction of crystal rotation in the 
experiments performed by other experimental groups [12][24][111][124]-[125]. 
 
Later in the year, Lin I et al. [12][24] made a brief mention of the slow rotation (ω ≈ 0.06 

rads

ion of the spinning 
sphe

odel 
base

-1) of an intermediate dust cluster using polystyrene particles under a weak magnetic field 
B = 30 G in a capacitive rf discharge (see Table 1-3 for details of experimental parameters). 
Lin I et al. promised to elaborate more on their experimental observations in future 
publications, but unfortunately never did. 

Subsequently, other groups have reported more cases of dust crystal rotation in the 
presence of magnetic field. At the beginning of 1999, our group began the experimental 
investigation in the rotation of large crystals (ω ≈ 0.1 rads-1 at B = 130 G.) and 
three-dimensional clusters (ω ≈ 0.1 rads-1 at B ≈ 20 G.) using melamine formaldehyde spheres 
in an inductive rf argon discharge. Although the results obtained were preliminary, this is the 
first time small cluster systems were observed experimentally to exhibit rotational behavior 
[107]-[109]. 

And not long after, Yokota rotated a UV-induced annular crystal consisting of fine 
aluminum particles about the magnetic dipole axis of a spinning magnetized miniature sphere 
with field B ≈ 0 to 50 G in order to mimic some of the mechanisms in planetary ring 
formation [101][110]. However, unlike in previous experiments, the driving mechanism 
behind the dust rotation is expected to be mostly due to the neutral frict

re rather than the magnetic field. 
Also in the same year, Konopka et al. observed rotation (ω ≈ 0.3 rads-1) of monolayer 

dust crystals formed with melamine formaldehyde spheres induced with a cylindrical 
permanent magnet of strength B = 140 G in a capacitive rf helium discharge [111] (see Table 
1-3 for details of experimental parameters). Rigid-body rotation in the left-handed sense with 
respect to the magnetic field was observed for large dust crystals and sheared rotation was 
observed for annular dust crystals. Similar to the ideas used by Nunomura et al., a m

d on the azimuthal component of ion drag force caused by ion drift in the E × B field was 
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00, our group began to investigate planar dust clusters under the influence of 
mag

ticles rotate about its axis due to the ion drift in the E × B field, thus 
gene

 B ≈ 10000 
G [1

d theory for magnetized ions and Ishihara et al. [120] who 
cons

 spheres of smaller sizes in an inductive rf 
argo

raction of dust particles in the 
resence of magnetic field. Later in the year, Kersten et al. [124]-[125] reported their 
xperiments and analysis of the rotation (ω ≈ 0.9 rads-1) of annular crystals consisting of 

G) in a rf discharge 
tails of experimental 

arameters). Also, our group initiated the investigation of intermediate cluster rotation in a 
mag

proposed by Konopka et al. to explain the observed rotation. This model can explain most 
qualitative features observed in dust rotation experiments. In addition, the model showed that 
the angular velocity of the dust particles is dependent on the radial profile of the confinement 
electric field. As a result, Konopka’s model soon gained popularity and became the prominent 
candidate for explaining dust rotation in a magnetic field. However, the model was not 
without flaws. Most importantly, despite many attempts at improvement [112]-[115], 
Konopka’s model still failed to provide a quantitative description of the dust rotation. To be 
more specific, the calculated value of the ion drag force was sometimes one to two orders 
smaller than the driving force required for the cluster rotation [109][116]. 

In 20
netic field. Because planar dust clusters are two-dimensional and have a smaller number 

of particles, their simplicity allows for easier analysis and hence a better understanding in the 
driving mechanisms for dust rotation. Later in the year, Ishihara et al. studied the precession 
of single dust particle placed in the plasma with the presence of an external magnetic field. In 
their model, the dust par

rating a magnetic dipole moment, causing it to precess in the magnetic field [117]. 
At about the same time, Sato et al. extended their dust rotation experiment to not only dc 

but also rf argon glow discharges with much stronger variable magnetic field up to
06][118]-[119] (see Table 1-2 for details of experimental parameters). The motivation 

about the use of stronger magnetic field is that the dust particles become partially magnetized 
when B > ≈ 4000 G. As well, their group managed to rotate dust crystals with particles of 
different diameters (a ≈ 0.1 to a few tens µm), but qualitatively did not observe any effect of 
particle size on the rotation. Interestingly, Sato et al. also observed the phenomenon of 
“angular velocity saturation” at B ≈ 4000 G, the value predicted in the following year by Kaw 
et al. [118] using collisional flui

idered the coupling between harmonic oscillations and the Lorentz force on the dust 
particles. 

In 2001, our group performed further experiments and detailed analysis in the rotation of 
planar dust clusters using melamine formaldehyde

n discharge. Moreover, the phenomenon of “periodic pauses” and “angular velocity 
saturation” using a very low magnetic field strength B ≈ 30 G. were reported 
[108]-[109][116][121]. 

In 2002, Shukla developed a model capable of describing dust dynamics in a 
partially-ionized nonuniform magnetoplasma, taking into account collisional interactions 
between the plasma particles, pressure gradient and electromagnetic forces [122]. 

In 2003, Hua et al. [123] observed the rotation and cont
p
e
silicon dioxide spherical particles using a permanent magnet (B = 2 
coupled with a dc magnetron sputtering device (see Table 1-3 for de
p

netic field around this time. 
Very recently in 2005, Hou et al. [126] performed some computer simulation on the 

formation and rotation of planar dust clusters in an axial magnetic field. The cluster rotation 
was found to be dependent on the particle number, the structural configuration, the discharge 
pressure, and the magnetic field strength. 
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in the future. For example, Koepke et al. [127] 
re preparing to study the dynamics of small diameter dust particles in their large volume 

“Gold-Tank” plasma using variable magnetic strength up to B 
configurations, where the dust mass is minimized, and th

iameter, and the Lorentz force are maximized, the dust particles are expected to be 

 

1.3. Current Th ion 
 

tify the cause of the dust rotation, the magnitude of 

Further experimental investigations of dust dynamics under the influence of magnetic 
field are either undergoing or will be expected 
a

≈ 1000 G. In such experimental 
e dust charge, plasma column 

d
completely magnetized. 
 

eoretical Models on Dust Rotat

The reason the magnetic field causes rotation in dust clusters and crystals is still not 
properly understood. There are many models in the literature which have attempted to explain 
this. However, before attempting to iden

the driving force acting on a particle in the azimuthal direction for rigid-body rotation, Fd
θ , 

can simply be estimated based on Epstein’s well known neutral-dust frictional force equation 
plete accommodation of neutrals) provided that the gas is at rest 
 gas flow) [128]: 

(under the assumption of com
(see Section 4.4.1 for Neutral
 

 24
3 nd nd n n TF F m n v aθ δ π ωρ= − =  (1.4) 

 
where δ ≈ 1 is the coefficient dependent on the type of scattering, mn is the mass of the 
neutrals, 

n
n

pn
kT

=  is the number density of neutrals, 

8
n

n
T

n

kTv
mπ

=  is the average therma

s the angular velocity of the crystal/cluster rotation, 
and ρ is the radius of th

In the following sec  in the explanation of dust rotation in a 
magnetize
 

1.3.1. Konopka’s model 

osed that the azimuthal component of the ion drag force 
caused by ight influence the transport of dust particles in 
a magnetic field. The ion drag force model was later adopted by Konopka et al. to explain 
dust rotation [111] and has since become the predominant explanation for dust rotation. 

In Konopka’s model, the cluster rotation is attributed to the momentum transferred from 

l velocity of neutrals, 

p and Tn are the pressure and temperature of neutrals respectively, k is the Boltzmann’s 
constant, a is the dust particle radius, ω i

e crystal/cluster. 
tions, the existing models used

d plasma will be presented. 

 
Nunomura et al. [103] first prop

 drift of the ions in the E × B field m
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the azimuthal component of ion drag force on the dust particles (see Figure 1-15 and Figure 
1-16). The magnitude of the i ated using 
the expression from Barnes et al. [129] which had been widely used in literature: 
 

on drag force in the azimuthal direction can be estim

 2 2m n 4id i i CF u b b
2

iuθ θ
ππΣ

⎛ ⎞
= + Γ⎜ ⎟

⎝ ⎠
 (1.5) 

 
The definition of the variables in (1.5) are listed as follows: mi and ni are the mass and 
number density of the ions respectively, 

2 2
i

z
T iu v uΣ ≈ +  is the mean velocity of ions, 

8 ikT
i

imTv
π

=  is the average thermal velocity of ions, 
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+

 is the axial component of the ion drift velocity, 

Ti is the temperature of ions, µ0 is the zero field mobility and α0 is a gas parameter for argon 
[130], ES is the sheath electric field, 
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 is the dust floating potential relative to the plasma, 

e is the elementary charge, Z is the number of electrons on the dust surface, ε0 is the 

permittivity of free space, 
iDλ  is the ion Debye length, 
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 is the azimuthal component of ion drift velocity, 
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 is the standard Coulomb logarithm integrated from bC to 
iDλ , 

c is the speed of light, B is the magnetic field strength, and EC is the confinement electric 
field. 

Note that the ion drag force in (1.5) consists of two components: collection and orbital. 
The collection component represents the momentum transfer due to ions hitting the surface of 
the dust particle while the orbital component represents the momentum exchange due to 
Coulomb collisions of the streaming ions with the dust. 



 
Figure 1-15 – Without magnetic field, the dust particles will experience only the vertical 
component of the ion drag force.  

 
 

 
Figu -16 – If an axial magnetic field is applied, the ions will be partially magnetized. As a 
result, the dust particles will experience an azimuthal component in addition to the vertical 
component of the ion drag force. According to the prevalent theory, this azimuthal component 

re 1

is believed to be the major driving mechanism for the rotation of dust clusters and crystals. 
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In Konopka’s model, the collection impact parameter is based on OML approximation 

[131] and the orbital impact parameter is assumed to have asymptotic orbit angle of 
2
π

 rad. 

And the calculation of the Coulomb logarithm for the orbital component, the interval of 

integration starts from min Cb b=  to max iDb λ=  which means that ions with impact parameter 

larger than the ion Debye length are excluded from the contribution of the momentum 
exchange with the dust particle. 
 

ion 

1.3.2. The choice of Coulomb logarithm in ion drag force estimation 
 

Several theoretical groups [112]-[115] have suggested that (1.5) might be inadequate in 
providing an accurate quantitative estimation of the ion drag force. This is because unlike 
electron-ion plasma where the interaction between species is weak and Coulomb collis

outside 
iDλ  can be neglected, particles in dusty plasma are highly charged. And a 

considerable amount of ions is deflected strongly even outside the Debye sphere. Therefore 
the Coulomb logarithm, which determines the orbital component of the ion drag force, is 
usually underestimated. 

There has been debate about how the estimated value of the Coulomb logarithm could be 
enlarged [112]-[113]. From one side of the debate, Khrapak et al. [114]-[115] proposed to 

all angle ion dust collisions with maximum cut-off larger than the 
h can be achieved by the substitution of the standard Coulomb 

garithm with a modified Coulomb logarithm Λ given by: 

additionally consider the sm
plasma Debye length, whic
lo
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2
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iD
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x b
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∞ −
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⎜Λ = 2 20 2 C

dx
b x bπ
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 (1.5). Such substitution can lead to a dramatic increase of the orbital force by a factor of up in

to 40 especially in the case of subthermal ions (i.e. 
ii Tu v<< ). From the other side of the 

debate, Piel et al. [132]-[133] argued that the electron Debye length 
eDλ  can be used as the 

m cut-off in tmaximu he standard Coulomb logarithm as justified by their analysis. 
In bo ease the 

m Γ ≈ 10 as an upper limit (i.e. 
ssuming that the maximum cut-off is much larger than the orbital impact parameter as in the 

sma). This will in turn give us an upper limit estimation of the ion 
ression from Barnes et al. [129]. 

 

th approaches, the Coulomb logarithm is enlarged which will in turn incr
calculated value of the ion drag force. For our purposes, the question of which approach 
should be used can be avoided by taking the Coulomb logarith
a
case of electron-ion pla
drag force using the exp
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Ishihara et al. [120] attempted to use coupling between the Lorentz force and harmonic 
oscillations as the explanation for the cluster rotation, predicting an angular velocity for 
cluster/crystal rotation in a weak magnetic field given by: 
  

1.3.3. Ishihara’s model 
 

d

C

d

EeZ
m ρ

∂
 21 ( 1)

2 dLaω = − Ω  where LΩ <<
∂  (1.7) 

 
where a is the normalized initial radial displacement, 

=
dL

dm
 is the dust Larmor angular freqeZB

Ω uency (or dust cyclotron angular 

frequency), 

CE
ρ

∂
∂

 is the confinement electric field gradient, 

and md is the mass of the dust particle. Note that according to Ishihara’s model, the angular 
velocity shows linearly dependency for weak magnetic field
 

K

rce which is balanced by ion momentum loss to 
eutrals in a steady state. The resulting angular velocity for rigid-body cluster/crystal rotation 

 by: 

. 

1.3.4. aw’s model 
 

Based on the ion drag force model, Kaw et al. [118] also made predictions of the angular 
velocity of dust rotation in magnetic field using collisional fluid theory. In their model, the 
dust rotation is generated by the ion drag fo
n
in a magnetic field is given
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 is the dust-ion collisional frequency [134], 
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ν π≈  is the dust-neutral collisional frequency, 

 in n inn uν σ Σ=  is the ion-neutral collisional frequency,  

inσ  is the ion-neutral collisional cross-section, 
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and 
iL

i

eB
m

Ω =  is the ion dust Larmor angular frequency (or ion cyclotron angular 

frequency). 

For comparison purpose, (1.8) can be rewritten in the form: 
 

 

 ( )2

1Kaw di CeE
m1 dn i inKaw

ξ νω
ν ρ ν

=  
ξ+

(1.9) 

 

where iL
Kaw

in

ξ
ν
Ω

=  is the dimensionless Kaw’s angular velocity saturation coefficient. For 

ξKaw

st rotation model based on ion drag force taking into 
acco

ndition of uniform pressure and 
mag

 < 1, the angular velocity of the cluster rotation is linearly dependent on the magnetic 
field strength. Angular velocity saturation is expected to occur when ξKaw = 1. And as the 
magnetic field increases further, that is ξKaw >> 1, the angular velocity is expected to be 
inversely proportional to the magnetic field strength. 
 

1.3.5. Shukla’s model 
 

Shukla [122] later developed a du
unt the coupling of ions with electrons and charged dust particle. Pressure and magnetic 

field gradients were also incorporated into his model. For comparison purpose with our 
experimental data, only the expression under the special co

netic field will be shown here. The angular frequency for rigid-body cluster/crystal 
rotation in a plasma with uniform pressure and magnetic field is given by: 
 

 21
Shukla d di C

Shukla i dn i inn m
1Zn eEξ νω

ξ ν ρ ν
=

+
 (1.10) 

 

where iLd di
Shukla

i dn in

Zn
n

νξ
ν ν

Ω
=  is the dimensionless Shukla’s angular velocity saturation 

coefficient and nd is the number density of dust particles. Using Shukla’s model, the angular 
velocity saturation is expected to occur when ξShukla = 1. 

Indeed, (1.10) in Shukla’s model has slight resemblance to (1.9) in Kaw’s model. A 
major difference is that the angular velocity of the cluster/crystal rotation is expected to show 
dependencies on the number density and the charge of the dust particles. 
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e crystal. Thus the 
mai

 
to the dynamical behavior of dust in magnetized plasma.  

The third aim for our research arises from the possibility of particle manipulation in a 
plasma using a magnetic field which has potential industrial applications. A special chapter at 
the end of this thesis is devoted to explain several ideas for using magnetic fields in such 
applications as dust removal, plasma diagnostics, and particle coating. 

This thesis has been structured into six major chapters. Apart from the first and second 
chapters which give an introduction to dust dynamics in a magnetized plasma and a 
description of our experimental apparatus, the third, fourth, and fifth chapters have been 
devoted to experimental observations of the formation, the rotation, and the fluctuation of 
dust particles in a magnetized plasma. Each of these three topics is of special interest in the 
field of dusty plasma, and the significance of our findings will be illustrated by the sixth 
chapter which explains the possible innovations in industrial applications. 

At the end, this thesis draws out several important points. First and foremost, dust 
clusters rotate in an inductive rf argon plasma under the influence of an axial magnetic field. 
The rotational direction of dust clusters in our experiment is in the left-handed sense with the 
angular velocity dependent on the number of the particles and magnetic field. And the angular 
velocity does not exhibit the linear dependency with magnetic field as observed in the 
rotation experiments of large dust crystals. Also, dust clusters exhibit features such as 
threshold magnetic field, angular velocity saturation, and periodic pauses which have not 
been observed previously.  

Secondly, large dust crystals rotate in an inductive rf argon plasma under the influence of 
an axial magnetic field. And the rotational direction of large dust crystals in our experiment is 
in the left-handed sense with the angular velocity directly proportional to the magnetic field 
strength. 

Thirdly, we compare the current theoretical models with our experimental results and 
show that the models based on ion drag forces provide the best agreement. However, under 
most experimental conditions, the models are inadequate in providing an accurate 
quantitative description of the dust rotation, especially for dust clusters. 

1.4. Aim, Outlines, and Outcomes of this Thesis 
 

There is a considerable interest in the understanding of dust dynamics in a plasma under 
the influence of magnetic field across a number of scientific disciplines. And the growth of 
this interest is likely to continue due to the possible relevance of dust dynamics in a variety of 
important industrial applications. 

With respect to the dynamics of dust in a magnetic field, dust rotation is probably the 
most visually impressive phenomenon yet least understood. At the beginning of this research, 
there were a minimal number of experiments performed on dust rotation in magnetized 
plasma. And experiments performed were focused on the rotation of larg

n aim of our research is to investigate in details the behavior of dust clusters in 
magnetized plasma, in particular, it dependencies on the magnetic field strength, number of 
particles, and size of particles. Dust clusters have been chosen because they consist of small 
number of particles which provides a simple system for the analysis and identification of the 
driving mechanisms for dust rotation. 

The second aim of our research is to study the packing sequences and fluctuations of dust 
clusters with and without the presence of a magnetic field, which will provide further insights
in
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fluctuations of dust clusters are studied both 
 The packing sequences of dust cluster are 

etermined by the interparticle interaction and the confinement potential well. And the 
acking sequence probability is correlated to the stability of dust clusters. 

d by magnetic field. In our experiment, 
dust

Fourthly, the packing sequences and the 
experimentally and by computer simulations.
d
p

Fifthly, the magnetic field has an influence on the cluster radius and its configuration due 
to a modification in the spatial profile of the number densities of electrons and ions, 
producing a change in the confinement potential profile in plasma. This opens the opportunity 
of establishing an electrostatic confinement induce

 particles can be confined over a flat unbiased electrode using magnetic field only. 
And lastly, based on our understanding of dust dynamics in magnetized plasma, magnetic 

fields can be used as a tool to control finely the position and motion of particles in a plasma. 
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pparatus: the plasma 
cham

ns by Prior et al. [90]-[91]. Except for 
the 

.1. The Plasma Chamber 
 

2. The Experimental Apparatus 
 
 

This chapter provides a detailed description of our experimental a
ber and dust particles used to form dust clusters and crystals; the magnetic coil 

configurations used to rotate the dust clusters and crystals; and the imaging technique used to 
motion-capture the trajectories of the dust particles. 

The plasma chamber used in our experiments was initially built for the investigation of 
dust crystal solidification and laser-induced oscillatio

different components inside the chamber, including the electrode and the magnetic coil, 
no changes were made to the basic structure of the chamber for our experiments. 
 
 

2

 
Figure 2-1 – The experimental apparatus used to study the dust clusters and crystals. 

 
The experiments were carried out in a stainless steel cylindrical plasma chamber with an 

internal diameter of 19.5 cm and internal height of 19.5 cm. There were four evenly spaced 
rectangular ports 5.5 cm wide and 10 cm high on each side (see Figure 2-1). Of the four, two 
adjacent ports had windows designed for observational purposes. The dust crystals were 
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observed through one port using a Panasonic WV-BP554 video camera attached to an 
Olympus SZ-series microscope and illuminated from the other observational port using an 
8mW Helium-Neon (He-Ne) laser. A 110 Ls-1 turbo-molecular vacuum pump was connected 
to one port, and a magnetically coupled dust dispenser was mounted at another. A Penning 
ionization gauge was used to measure the pressure near the pump inlet. 

The top of the chamber was sealed with a quartz plate on top of which was a planar spiral 
rf coil consisting of 8 turns of 6mm diameter copper tubing potted in araldite. A 6 cm 
diameter hole in the center of the coil allowed observation of the dust crystal from above 
using another video camera attached to a microscope similar to the one on the side window. 
Mesh wire on top of the chamber provided shielding. 

The base of the chamber had a feed-through consisting of m ltiple tungsten pins through 
a ce e it 
(see stable stainless steel mount, on top of which the confinement 
lectrode and magnetic coil were placed, was attached to the base of the chamber. 

 

u
ramic disc, which provided connections to the electrode and the magnetic coil abov
 Figure 2-2). A height adju

e

 
Figure 2-2 – The magnetic coil was positioned directly underneath the electrode mount. All 
electrical connections to the electrode and to the magnetic coil were hidden inside the 
stainless steel mount. 

 
Before each experiment, the chamber was evacuated to a pressure of approximately 10-6 

Torr. A high vacuum valve between the pump and the chamber allowed the chamber to be 
isolated from the pump during experiments. 

The gas was admitted into the vacuum chamber via an inlet port at the top of the chamber. 
The operating pressure typically ranges from 100 to 1000 mTorr. The rf coil was powered by 
a Hewlett Packard 3325A synthesizer/function generator and an A-300-RF power amplifier 
with impedance matching network. A peak-to-peak (p-p) rf voltage was applied to the rf coil 
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to p

The dust particles used in the experiments were monodisperse melamine formaldehyde 
wo different sizes of dust 

 dust particles was 6.21 ± 
.09 µm and the diameter of the smaller dust particles was 2.71 ± 0.06 µm as specified by the 

man

roduce the background plasma. Using a Langmuir probe, the plasma density ne and 
electron temperature Te were measured to be ≈ 1015 m-3 and ≈ 3 eV respectively.  

 

2.2. The Dust Particles and The Shaker 
 

polymer spheres with density of 1.5 ×103 kgm-3 (see Figure 2-3). T
particles were used in the experiments. The diameter of the larger
0

ufacturer [135]. The dust was stored inside the dust shaker. 
 

 
Figure 2-3 – Monodisperse melamine formaldehyde particles of diameter 6.21 ± 0.01 µm 
viewed under a microscope. 

 
The purpose of the dust shaker was to disperse the desired amount of dust particles 

uniformly into the plasma. The body of the shaker was made from a 1 cm long by 1 cm 
diameter stainless steel rod with a 6 mm diameter hole bored out at the center (see Figure 2-4). 
The base of the shaker was also made from stainless steel with a 400 µm hole drilled at the 
center. In addition, a copper disc with 40 µm diameter hole provided finer control of dust 
disp
 

ersion. The base could be conveniently screwed on and off for dust refills. 

 
Figure 2-4 – Melamine formaldehyde particles were stored inside a shaker. The shaker was 
mounted onto a teflon rod which was rotated to disperse the dust particles. 
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gnetically coupled mechanical arm 
hich allowed rotational and horizontal movement of the shaker. A gentle rotation of the 

magnetically coupled mechanical arm would cause the teflon rod to rotate and the shaker to 
sprinkle dust into the desired region. Afterwards, the shaker and the rod would be retracted to 
avoid obstruction to the view of the dust crystal. 
 
 

2.3. The Making of Dust Clusters and Crystals 
 

rap 
the B). 
Pho  different patterns of 
lectrically isolated regions on the electrode. 

ons on the PCB were by pins through the insulating sheet. Electrodes used in both 
the l

The dust shaker was connected by teflon rod to a ma
w

The purpose of the confinement electrode was to create an electrostatic potential to t
dust particles. The electrodes were made from conventional printed circuit board (PC
tolithography or mechanical fabrication was used to produce the

e
In the case of photolithography (see Figure 2-5), the surface of the PCB was originally 

coated with a layer of photoresist which becomes soluble when exposed to UV light. Parts of 
the PCB were covered by a patterned stencil of the electrode (usually a photographic negative) 
such that the copper area to be removed was not protected from the UV light. The exposed 
areas of photoresist were then completely dissolved by a solvent and the copper underneath 
the photoresist was revealed. The PCB was then submerged into an etching tank with strong 
acidic solution. At the end, copper on parts exposed to UV light would be etched away while 
the original pattern of the electrode remained on the PCB. The electrical connections to the 
various regi

arge and the annular dust crystal experiments were made by such methods. 
 

 
Figure 2-5 – An electrode made using photolithography: (a) PCB covered with patterned 
mask and exposed to UV light, (b) Exposed photoresist dissolved by solvent, (c) Revealed 
copper parts were etched by strong acidic solution, (d) A pattern of the original mask 
remained on the PCB, (e) The residual photoresist was removed with alcohol. 

 
In the case of mechanical fabrication, circular grooves were milled on the PCB using a 

omputer-controlled milling machine with a 0.5 mm diameter drill. The electrical connections 
 the various regions on the PCB were also by pins through the insulating sheet. Vapor 

 to provide a smooth conductive coating over the surface of 
od surface adhesion and resistance to oxidation, a gold and 

opper mixture was used. Vapor deposits in between the conductive regions of the PCB board 
wer

c
to
deposition method was then used
the PCB (see Figure 2-6). For go
c

e removed using a sharp surgical blade under a microscope. Electrodes made by this 
method were of higher quality and were used in dust cluster experiments (see Figure 2-7). 



 
Figure 2-6 – The electrode was coated with a mixture of gold and copper which was 
evaporated from the high temperature molybdenum boat. 

 

 
Figure 2-7 – A groove of an electrode viewed under a microscope. Because the pattern of the 
electrode was milled using a computer-controlled milling machine, the edge of the pattern 
was sharper than in the case of electrodes made using photolithography. 

To make different size dust crystals, different confinement electrode designs and plasma 

gnal was applied to 
e rf coil. 

For annular dust crystals, the electrode design consisted of a PCB disc of diameter 25 
mm which was etched with two concentric circular grooves of diameter 7.1 mm and 12.3 mm. 
A po ter 
and  of 

 

conditions were required. For large dust crystals, the electrode design was consisted of a PCB 
disc of diameter 25 mm which was etched with a circular groove of diameter 9.8 mm. A 
positive voltage of +6 V was applied to the center while the outer ring was grounded. As the 
plasma is always positively biased relative to the electrode, applying the positive voltage on 
the electrode will decrease the negative bias at the center. This in turn will setup a vertical 
electric field which levitates and a radial electric field which confines the dust particles. The 
pressure in the chamber was 350 mTorr and a 17.5 MHz, 400 mV p-p si
th

sitive voltage of +10 V was applied to the intermediate annular region while the cen
the outer annular regions were grounded. The pressure in the chamber was 250 mTorr
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argo  signal was applied to the rf coil. 
For small, intermediate, and three-dimensional dust clusters, the electrode design 

consisted of a 1 inch square of PCB which was etched with four concentric circular grooves 
of diameter 5 mm, 9.8 mm, 14.6 mm, and 19.4 mm etched. To create a confinement well, the 
center was powered while all other regions were grounded. The center ring was used to 
confine the dust particles in this experiment while the outer rings were made for future 
purposes. The optimum experimental condition for dust cluster formation is dependent on the 
structural configuration. Typically, a positive voltage of +10 V would be applied to the center, 
the pressure in the chamber would be approximately 100 mTorr, and a 17.5 MHz, 500 mV 
p-p signal was applied to the rf coil.  
 
 

2.4. The Magnetic Coil 
 

order to avoid obstruction of the four ports for the camera, the laser, the magnetically coupled 
ust dispenser, and the pump. 

In early large dust crystal experiments, the magnetic coil consisted of a 5.8 cm diameter 
iameter copper windings 
terial for the coil core due 

 its high permeability. The coil could generate a magnetic field strength of up to 120 G with 
a m

 system. Secondly, a considerable amount of heat was dissipated in the coil which 
reated an unnecessary temperature gradient within the system. Even though the stainless 

steel coil mount would transfer most of the heat away, a better magnet design was needed. 
 

n and a 17.5 MHz, 400 mV p-p

The magnetic coil was designed to reside inside rather than outside of the chamber in 

d
 
by 3.7 cm thick mild steel cylinder with 350 turns of 0.8 mm d
around it (see Figure 2-8). Mild steel was chosen initially as the ma
to

aximum current of 3 A. The magnetic field was measured with a magnetometer at about 
the height where crystals formed (see Figure 2-9). And the uniformity of the magnetic field 
was about ± 0.5 G cm-2. However, the surface of the magnetic core gradually oxidized which 
led to outgassing (i.e. the release of gases and vapors from the surface of material which 
introduces contamination into the system and limits the ultimate pressure achievable) in the 
vacuum
c

 
Figure 2-8 – The core of the magnetic coil used in large dust crystal experiments was made 
out of mild steel. Electrical connections to the electrode were hidden from the plasma by 
running through the core center. 



 

 
Figure 2-9 – The uniformity of the magnetic field produced by the original coil at maximum 
current of 3 A was measured with a magnetometer 5mm above the mild steel core (near the 
height where crystals were formed). 

 
 
 In later dust cluster experiments, the magnetic coil consisted of a 15 cm diameter by 1.5 
cm thick nickel plated steel core with 4200 turns of 0.5 mm copper windings around it (see 
Figure 2-10). The coil could generate a magnetic field strength of up to 100 G with a 
maximum current of 3 A. Although the resistance of the coil was due to both an increase in 
the wire length and a decrease in the wire thickness, the temperature rise was halved due to 
the greater size of the core. In addition, the magnetic field was uniform over a larger area ≈ ± 
0.12 G cm-2.due to the larger diameter of the coil (see Figure 2-11).  
 
 

 

Figure 2-10 – The core of the magnetic coil used in dust cluster experiments was made out of 
nickel plated steel. Electrical connections to the electrode were hidden from the plasma by 

nning through the core center. 
 

ru
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Figure 2-11 – The uniformity of the magnetic field produced by the larger coil at 2 A was 
measured with a magnetometer 5mm above the nickel plated steel core (near the height 
where clusters were formed). 

.5. The Particle Imaging and Tracking system 

For imaging purpose, the dust crystal formed above the confinement electrode was 
illum

 
 

2
 

inated by a height adjustable polarized 8 mW He-Ne laser. Due to the narrow width of 
the laser beam (up to several times the interparticle distance), only a limited number of 
particles could be illuminated. So for large crystal experiments, a half-cylindrical perspex 
lens was placed in front of the laser to spread the beam into a horizontal sheet (see Figure 
2-12). 
 

 

Figure 2-12 – The laser beam was expanded into a ho ght sheet in order to illuminate 
large dust crys

 
The ust crystals can be obser scope by the 

naked eye or with the use of a video camera operating at 50 frames per second (fps), with an 
expo the 
reduction in its illumination intensity. The intensity was sufficient for observation purpose, 

rizontal li
tals. 

motion of the particles in d ved through a micro

sure time of 0.008 s. A disadvantage in increasing the beam width of the laser was 
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 for computer analysis. The video output was, 
gnal filter to increase the contrast of the images. 

The processed images were then recorded on videotapes. 
For analysis, the recorded images were transferred to a computer using a video capture 

card (see Figure 2-13). For large dust crystal and some early dust cluster experiments, a 
National Instruments PCI-1408 IMAQ acquisition board was used to capture the images from 
the recorded videos. For later dust cluster experiments, a Pinnacle Studio DC10plus 32-bit 
PCI board was used. 

The motion of the dust particles was tracked using available computer software, which 
determined the x- and y-coordinates of the dust particles and stored them as individual text 
files (in .dat format) for each frame of the video. A macro (single computer instruction that 
results in a series of instructions in machine language) was written in Microsoft Excel™ 
which then processed the text files into a single data file (in .xls format) (see Section 8.1 for 
Appendix I – Macro Used in Data Reorganization). 

 

but the level of contrast created difficulty
therefore, passed through a sinc-function si

 
Figure 2-13 – The dust particles were illuminated by a He-Ne laser and observed through a 
microscope by the naked eye or with the use of a video camera. The recorded images were 
transferred to a computer using a video capture card 
 
Typically in the Microsoft Excel™ data (see Figure 2-14), the first column is time. Then 

every two columns after the first column are the x- and y-coordinates of the individual dust 
particle in a cluster. The number of columns depends on the number of particles in the cluster 
(e.g es 
capt
 

. 6 x 2 =12 columns for Planar-6). The number of rows depends on the number of fram
ured (e.g. 6 x 60 x 2 = 720 rows for 6 minutes of image sequence captured at 2 fps). 



 

Figure 2-1 rdinates of 6 particles in a dust clusters as a 4 – The data file of the x- and y-coo
function of time. In this case, the motion of the particles was tracked at 2 fps. Knowing the 

ter of the confinement electr
rdinates measured in pixels to m

diame ode, calibration was done to convert the x- and 
y-coo eters. 
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3. 
 

The formation of dust clusters and crystals is one of the most general and basic 
phenomena in dusty plasmas. Two-dimensional clusters consisting of a finite number of 
charged particles confined by an external potential are of particular interest as they are 
classical analog to ion traps [33]-[34] and quantum dots [35]. This chapter is separated into 
four sections. Section 3.1 and Section 3.2 describes the experiments and the computer 
simulation on the formation, structural configurations and properties of planar dust clusters. 
Two different sizes of dust particles were used in the experiment. Section 3.3 describes the 
formation of particle strings, three-dimensional clusters, and large dust crystals. Section 3.4 
describes the confinement of dust particles in a plasma using a magnetic field solely.  

 
 

3.1. Planar Dust Clusters in Experiments 
 

3.1.1. Summary of experimental conditions 
 

Dust clusters with different numbers of particles in a horizontal plane were formed. In 
particular, Planar-2 (two particles in a horizontal plane) to Planar-16 dust clusters were 
form -12 
dust or 
conv st 
clusters had been summarized in Table 3-1. 

Planar Dust Clusters 

Structures of Dust Clusters and Crystals 

 

ed using large dust particles, hereafter referred to as L-Planar, and Planar-2 to Planar
 clusters were formed using small dust particles, hereafter referred to as S-Planar. F
enience, the experimental conditions used in the formation of L-Planar and S-Planar du

 

 L-Planar Clusters S-Planar Clusters 
Discharge Type Inductive rf argon discharge 

ne (cm-3) 109

Te (eV) 3 
Ti (eV) 0.025 

Applied Voltage on Electrode - VA (V) + 10 
Dust Type Melamine formaldehyde polymer spheres 

Dust Density (kgm-3) 1.2 × 103

a (µm) 3.105 1.395 
Z ≈ 7 × 104 ≈ 3 × 104

nd (m-3) ≈ 2 × 1010 to 3 × 1010 ≈ 3 × 1010 to 1 × 1011

p (mTorr) 100 
Applied Voltage on rf Coil 500 mV at 17.5 MHz 

B (G) 0 to 90 
Table 3-1 – Summary of the experimental conditions used in formation of planar dust clusters. 
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3.1.2. L-Planar and S-Planar clusters 

 
Figure 3-1 – Structural configurations and cluster radius of dust clusters formed in our rotation 
experiments. The diameter of the dust particles is 6.21 µm for L-Planar clusters and 2.79 µm 
for S-Planar dust clusters. 
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The structural configurations and the cluster radii (see Section 3.1.3 for Cluster radius 
and radial distance) for the planar dust clusters investigated in the experiments are shown in 
Figure 3-1. The packing sequences (the number of particles in each ring, starting with the 
innermost ring) of the dust cluster approximately agree with that observed and predicted by I 
et al. [24], Bedanov et al. [23], and Schweigert et al. [30]. 

Planar dust clusters are two-dimensional systems with small number of particles. Due to 
their simplicity, much detailed analysis can be performed on such systems. Considering the 
dust particles as point source of mass, the coordinates of the geometrical centre (xcm, ycm) of 
the planar dust clusters at time t is given by:Equation Chapter 3 Section 1 
 

 
1

( )
( )

N

j
j

cm

x t
x t

N
==

∑
, 

1
( )

( )

N

j
j

cm

y t
y t

N
==

∑
 (3.1) 

 
where xj and yj are the geometric coordinates of the jth dust particle, and N is the number of 
dust particles in the clusters. Incidentally, the geometrical center is also the center of mass for 
plan
 

.1.3. Cluster radius and radial distance 

The cluster radius ρ at time t is given by: 
 

ar dust clusters. 

3
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where  2 2( ) ( )j j cm j cmR x x y y= − + −  is the radial distance (the distance between the jth 

dust

ld was increased stepwise by 15 G for every 60 seconds up 
to 9

Figure 3-4 and Figure 3-5 shows the time averaged cluster radius dependence on the 
magnetic field strength for L-Planar and S-Planar clusters respectively. As shown, the time 
aver nar 
and S-Planar clusters. The change in cluster radius is due to the modification of confinement 

 particles in the outer ring and the center of mass) and N’ is the number of particles in the 
outer ring (see Figure 3-2). 

Figure 3-3 shows the time evolution of cluster radius for different L-Planar and S-Planar 
cluster systems as the magnetic fie

0 G. An increase in magnetic field would lead to an immediate decrease in the cluster 
radius for both L-Planar and S-Planar clusters (some small delay due to manual adjustment of 
applied current to the magnetic coil). Also, S-Planar clusters have higher amount of 
fluctuations in the radius than L-Planar clusters (see Chapter 5 for Fluctuations of Planar Dust 
Clusters). Note that the magnetic field might not have necessarily changed precisely every 60 
seconds. Therefore, the time at which the magnetic field changed was found by looking at the 
change of steps in Figure 3-3. 

aged cluster radius decreased as the magnetic field strength increased for both L-Pla
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electric field by magnetic field (see Section 3.4.2 for The effect of axial magnetic field on 
confinement electric field). 
 

 
Figure 3-2 – The cluster radius is the average distance between the dust particles in the outer 
ring and the center of mass. 

 
 

 
Figure 3-3 – Radius of L-Planar (left) and S-Planar (right) clusters plotted against time. Here 
the magnetic field was increased stepwise by 15 G every 60 seconds. Due to the larger 
fluctuations of the S-Planar clusters, the step response of the cluster radius is not as 
apparent. 

 



 
Figure 3-4 – The time averaged cluster radius of L-Planar clusters decreased when the 
magnetic field strength was increased. 

 

 
Figure 3-5 – The time averaged cluster radius of S-Planar clusters decreased when the 

c field strength was increased. 
 
Figure 3-6 shows the time averaged cluster radius dependence on the number of particles 

Planar-6, -7 and -8, 
which consisted of a single ring with one dust particle at the centre, experienced only a slight 
increase in the cluster radius as the number of particles increased. Double ring clusters such 
as L-Planar-10, -11 and -12 experienced almost no change in the cluster radius. And as more 

magneti

for L-Planar clusters. The increase in the radius of single ring clusters like L-Planar-2, -3, and 
-4 was large and apparent. “One-and-a-half ring” clusters such as L-
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articles were introduced, the size (and the cluster radius) of the dust clusters became more 
dependent on the number of rings rather than the number of particles. Similar trend in the 
time averaged cluster radius dependence on the number of particles is expected for S-Planar 
clusters but was not apparent in Figure 3-7 due to the lack of data. 
 

p

 
Figure 3-6 – The time averaged cluster radius of L-Planar clusters increased as the number 
of particles increased. But as more particles are introduced, the cluster radius becomes more 
dependent on the number of rings rather than the number of particles. 

 

 
Figure 3-7 – The time averaged cluster radius of S-Planar clusters increased as the number 
of particles increased. 
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Dust clusters are recognized as achieving consistent packing sequences after sufficient 
sett ng time. Such a packing sequence ch

mmetry of the confinement potential as the particles establish themselves in concentric 

gy). Dust clusters could also alternate between different packing 
quences with the movement (or structural transition) of an inner particle to the outer ring or 

vice-versa. Such packing sequences are called excited sta
the cluster will quickly switch back to its ground state. 

However, there are instances where some clusters seemed more open to structural 

In our experiments, only one stable configuration was observed for dust clusters with 2 to 
4 p ticles. The dust particles in other L-Plan

to one particular ground state configuration especially when the magnetic field was high. 
However, when the magnetic field was absent or low, some L-Planar and S-Planar have 

r-5, two stable c r
observed with packing sequences (5) and (1,4) (see Figure 3-8). Similarly, L-Planar-12, 
S-Planar-8, -9, -10, and -12 each have two metastable states.  
 

3.1.4. Metastable states 
 

li aracterized by the approximate cylindrical 
sy
rings is called a ground state which corresponds to the global minimum cluster energy (see 
Section 3.2.2 for Cluster ener
se

tes and are normally short-lived as 

changes. That is, some clusters can remain in two or more stable configurations. Such stable 
configurations are called metastable states and had been observed previously in other 
numerical experiments [23][30].  

ar ar and S-Planar clusters arranged themselves 
in

metastable states. For example, in the case of S-Plana onfigu ations had been 

 
Figure 3-8 – The packing sequences of metastable states in some S-Planar cluster systems 
are shown. 
 
To gain further insight into cluster system with metastable states, the radial distances 

can 2 
over a 50-seconds interval when the magnetic field was at 15G. Initially, the S-Planar-12 (3,9) 
ystem had three particles in the inner ring and nine particles in the outer ring. However, at 

26th second, a particle in the outer ring moved into the inner ring and changed the cluster into 

s 
be monitored over a period of time. Figure 3-9 shows the radial distances for S-Planar-1

s
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 Later at 34th second, a particle from the 
rticle moved from the outer ring into the 

ner ring. Similar structural transitions in L-Planar-12 occurred at several other times during 
the 6

a L-Planar-12 (4,8) configuration (see Figure 3-10).
inner ring moved into the outer ring while another pa
in

0 seconds of rotation at 15G. 
 

 
Figure 3-9 – at 15G, structural transformation between the During the rotation of L-Planar-12 
metastable states (3,9) and (4,8) was observed. At times, a particle from the inner ring will 
move to the outer ring or vice-versa (as highlighted by the red arrows). 

 

 
Figure 3-10 – Metastable states of L-Planar-12 observed at low magnetic field strength of 
15G. (Left) At 26th second, L-Planar-12 arranged itself into packing sequence (3,9). (Right) At 
34th second, L-Planar-12 arranged itself into packing sequence (4,8). 
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3.2.
 

th 
diffe er 
Sim s of mass 
and 

 Frictional force 
time steps to determine the evolution of the dust particles. At 
sition and velocity of each particle is calculated based on the 

rce vector at its current position and velocity. Depending on the choice of the time step and 
the 

s. 

r can be approximated by an ellipse with semi-minor 
axis 

 Planar Dust Clusters in Computer Simulation 

A computer simulation was setup to model the formation of planar dust clusters wi
rent number of dust particles (see Section 8.2 for Appendix II – Routines for Comput

ulations). The computer model we use represents each particle as point source
charge. The particles start randomly arranged around the potential well. Four forces are 

then employed to govern the movement of each particle. They are: 
 Coulomb (Debye) repulsion, 
 Potential well confinement, 
 Small stochastic force, and 

Our model used discrete 
each step in time, the new po
fo

dissipation constant, an appropriate time was set to end the simulation once the particles 
to settle down into their equilibrium position. 

The trajectory of the particles was recorded and stored in multi-dimensional matrix 
format. The eccentricity, inter-ring twist, packing sequence probability, and cluster energy 
were then analyzed. All results derived are from computer simulations of coulomb clusters. 
All the coding was done in Matlab and has been included in the appendix. 

Three different algorithms were tested to see which algorithm performed best. These 
were: 

 Euler method, 
 Beeman method, and 
 Verlet method 

All three methods were used to run a trial simulation, each starting with the same initial 
conditions. Two factors were taken into account in determining the best algorithm. They are: 

 Run time 
 Accuracy 

We saw extremely close agreement between all three methods which indicates their 
proximate equal accuracy of calculation. Comparing the run times of each method we found 
the following Euler algorithm is 2 orders faster than those of Beeman and Verlet. Therefore 
the Euler algorithm was chosen to perform our simulation

Note that the units of measurement used have been scaled up (see Section 3.2.2 for 
Cluster energy and Section 8.2.7 for Subroutine – rescale) to prevent the calculation of 
extremely small values. Once the analysis has been completed the values are rescaled to SI 
units using a scaling law that we have derived. 
 

3.2.1. Cluster eccentricity and inter-ring twist 
 

The outer ring of a planar dust cluste
a, and semi-major axis b (see Figure 3-11). We define the cluster eccentricity eC as: 
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For a perfectly circular cluster, the cluster eccentricity is zero. The cluster eccentricity 

rovides a macroscopic description of the particle geometry in a cluster. 
 
p

 
Figure 3-11 – For a perfectly circular dust cluster, its cluster eccentricity is zero. For an 
elliptical dust cluster, its eccentricity can have value in between zero to one.  

 
Next, we consider the inter-ring rotation in a planar dust cluster. We define the primary 

inter-ring twist Θ of a planar dust cluster as the average of the differences in angular positions 
between every particle on the innermost ring with its closest anti-clockwise neighboring 
particle in outermost ring (see Figure 3-12), that is: 
 

 

Innermost Ring Particles 

Closest Anti-clockwise Neighboring Particle in Outermost Ring

Number of Innermost Ring Particles

i
i

θ θ−
Θ =

∑
 (3.4) 

 
In a similar manner, the definition of the inter-ring twist can be extended to other cluster 
system with multiple rings (e.g. secondary inter-ring twist of the second outermost ring, etc). 
In contrast with cluster eccentricity, the inter-ring twist provides a microscopic description of 
the particle geometry in a cluster. 
 

 

Figure 3-12 – The above diagram shows Planar-8 cluster with (right) and without inter-ring 
twist (left).  
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In our computer simulation, only the primary inter-ring twist of double ring clusters was 
considered (see Section 8.2.9 for Subroutine – inter-ring twist). So for simplicity, we will 
refer this as simply inter-ring twist. 
 

3.2.2. Cluster energy 
 

Planar clusters are two-dimensional system. Therefore all dust particles can be 
considered as carrying equal negative charge (due to the balance of gravitational and 
electrostatic force in the vertical direction mg = eZES). For a two dimensional cluster system 
with N particles of equal charges, the jth particle will have Coulomb potential energy due to 
its neighboring particles: 
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In addition, while sitting on a parabolic potential well, the jth particle will have confinement 
potential energy: 
 

 j  (3.6) 

 
where α is an arbitrary constant dependent on the gradient of the potential well (the potential 
energy at the origin is taken as zero). Therefore, the total potential energy of each particle in a 
dust cluster or the cluster energy is given by: 
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For convenience, we introduce the following units: 
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=  for the energy. Our results will be given in these units from 

now on and (3.7) can be rewritten in the simple form: 
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whi

 is 
give

ch no longer depends explicitly on the value of Z or α. 
If the potential well is not circular but has some eccentricity eP, then cluster energy
n by:  
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Note that although the eccentricity of the confinement potential eP is different to the cluster 
eccentricity eC. A perfectly circular potential well can just as well produce elliptical dust 
clusters (see Figure 3-13). Although, the eccentricity of the confinement potential is expected 
to have some influence on the cluster eccentricity (see Section 3.2.4 for Packing sequences). 
 

α
⎛ ⎞

= + = + +⎜ ⎟ ∑  (3.9)

 

Figure 3-13 – Even in a perfectly circular potential well, the Planar-10 (2, 8) cluster is 

 
At the start of the simulation, each of the N particles will be positioned randomly around 

the potential well using a Gaussian distribution for generating both the x- and y-coordinates. 
This simulates the random placement of particles around a target area by particle injection. 
Depending on the position of the particle, each will experience a different force vector. This 
force vector is calculated for each particle from four different contributing forces, namely: 
confinement force FC, interparticle force FIP, neutral drag force Fnd, and stochastic force FS. 

The interparticle force which the jth particle experience is given by: 
 

 

elliptical. 
 

3.2.3. Our model for computer simulations  
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Moreover, the confinement force that the parabolic potential well exerts on the jth 

particle in the x- and y-direction is given by: 
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And the neutral frictional force is given by: 
 

j jnd dF uκ= −  (3.13) 

whe

n was implemented 
into

 
re κ = (4/3)mnnnvTπa2 is the dissipation coefficient and ud is the dust drift velocity. The 

neutral drag force models the frictional dissipation of the dust particles in the system, which 
is necessary in order for the particles to settle down into their equilibrium position. In our 
simulations, the dissipation coefficient was varied from 0.1 to 10 sNm-1. 

In addition, a stochastic force that fluctuates randomly (with Gaussian statistical 
distribution) in its magnitude of projections along both x- and y-directio

 the model. A scalar coefficient was used to control the distribution width. In polar 
coordinates system, the occurrences of stochastic force are expected to have no preference in 
direction but otherwise in magnitude. Figure 3-14 shows the frequency of occurrence of 
stochastic force of specific magnitude and direction tabulated over many simulations. And as 
expected, the occurrence of stochastic force is about the same for all angles. The magnitude 
of stochastic force follow the Poisson distribution P(nb) given by: 
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whe for 
the o  discrete and random. 
 

re nb is the bin number and λ is the data mean. The Poisson distribution is expected 
ccurrences of data which are

 
Figure 3-14 – Frequency of occurrence of stochastic force was plotted as a function of
magnitude (blue solid line) and as a function of direction (red solid line). The range was 
divided into 20 equal bins, 

 

where the frequency of occurrence was calculated within each bin. 
As expected, the occurrences of stochastic force have no preference in the direction. The 
magnitude of stochastic force appeared to have a Poisson’s distribution (dashed line). 
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ropriate time was set to end the simulation 
once the particles to settle down into their equilibrium position. 
 

3.2.

By running thousands of simulations using different numbers of particles (see Section 
8.2.5 for Subroutine – packing sequence), the frequency of occurrence in the packing 
sequence was obtained for various planar cluster systems. The packing sequence probability 
was then calculated by normalizing the frequency of occurrence to 1. Figure 3-15 shows the 
packing sequence probability for planar cluster systems with 2 to 15 particles. A plot of the 
packing sequence probability versus the number of particles is also available later in the 
comparison of total instability coefficient (see Section 5.2.4 for Total instability coefficient 
versus number of particles). 

Our results show that planar cluster systems with less than 5 particles can have one and 
only one possible packing sequence which corresponds to its ground state. For planar cluster 
systems with 6 to 17 particles, the trend in packing sequence probability with the number of 
particles seems to be periodic. That is, for planar cluster systems with odd number of particles, 
there exists a predominant configuration with packing sequence probability greater than 94%. 
For planar cluster systems with even number of particles, there exist two metastable states 
with packing sequence probability greater than 10%. In particular, the two metastable states 
of Planar-10, -12, and -14 have very close packing sequence probability. Planar cluster 
systems with more than 17 particles have an additional ring in their configuration which 
allows them to form multiple metastable states. And the trend in packing sequence probability 
with the number of particles becomes more complicated. 

he eccentricity of the confinement potential is expected to have some influence on the 
shap ure 
3-17 -11 
clus ging from 0 
(circular) to 0.4 (elliptical). Note that higher values of confinement potential eccentricity will 
cause our code to incorrectly identify different packing sequences, thereby producing 
erroneous data. As shown, an increase in the confinement potential eccentricity will increase 
the packing sequence probability in favor of cluster configurations with lower degree of 
symmetry (i.e. elliptical configuration). 

Taking Planar-8 as an example, the packing sequence probability of (2,6), which is more 
elliptical than (1,7) due to the two inner particles stretching the outer ring in one direction, 
increases as the eccentricity of the confinement potential increases. And for Planar-5, the 
packing sequence probability of (5), which is easier to fit in an elliptical potential well than 
(1,4), also increases as the eccentricity of the confinement potential increases. As a matter of 
fact, judging from the metastable states observed in our experiment particularly with Planar-5 
(1,4), our confinement potential can be qualitatively deduced to be quite circular. 

 
 

The code for our modeling was written in MATLAB which computes the time steps in 
the evolution of the dust particles based on the force vector at its current position and velocity 
(see Section 8.2.1 for Main routine – planar cluster simulation). Depending on the choice of 
the time step and the dissipation constant, an app

4. Packing sequences 
 

T
e of the dust clusters and hence their packing sequence probability. Figure 3-16, Fig
, and Figure 3-18 shows the packing sequence probability of Planar-5, -8, and 
ters respectively as a function of eccentricity of confinement potential ran



 
Figure 3-15 – The diagram above shows some of the packing sequences obtained from our 
computer simulations for different planar cluster systems. The number on the bottom of the 
packing sequence is the packing sequence probability. Also the more probable a particular 
packing sequence is, the whiter its diagram will be. 
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Figure 3-16 – Packing sequence probability versus potential eccentricity for Planar-5 cluster. 

 
Figure 3-17 – Packing sequence probability versus potential eccentricity for Planar-8 cluster. 

 
Figure 3-18 – Packing sequence probability versus potential eccentricity for Planar-11 cluster. 
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 the different planar 
ependence on the number 

f particles for planar cluster systems. The trend obtained from our simulations is in good 

In addition to the packing sequence probability, the cluster radius of
clusters was also calculated. Figure 3-19 shows the cluster radius d
o
agreement with the values measured in experiment. 

 

 
F  versus number of partic periment and 
simulation. ster radii from simulation have been normaliz st the cluster radius 

3.2.5. Inter-ring twist spectrum 
 

Although computer simulations of planar cluster systems had been performed previously 
by other research groups [23][30][31][136], only little attention 7] had been given to the 
inter-ring twist of these structures. In this section, the inter twist spectrum of two 
packing sequences in a Planar- mely, (3,7) 

(3,7), the twist angle can range from 2π/21 to 4π/21 rad. 
For packing sequence (2,8), the twist angle can 

Firs a erfectly circular Planar-10 cluster system in our model. The 
particles in such cluster system are distributed into the inner and outer ring with eccentricity 
eC = 0. The relationship between the cluster energy of such sy  function of inter-ring 
twist was derived for packing sequence (3,7) and (2,8) (see Section 8.2.6
cluster energ ted in Figure 3-20 and Fig -21 respectively. For packing sequence 
(3,7), rgy occurs at Θ = 2π/21 rad. For packing sequence (2,8), the 
minimum cluster energy occurs at Θ = π/8 rad. Theoretically, these twist angles are favored 
mos rgies 
until they reach a stable equilibrium. 

igure 3-19 – Cluster radius les obtained from ex
The clu ed again

of Planar-2 measured from experiment. 
 

[13
-ring 

and (2,8), are investigated. 10 cluster system na
Note that for the packing sequence 

range from 0 to π/4 rad.  
tly, we consider  p

stem as a
 for Subroutine – 

y) and plot ure 3
 the minimum cluster ene

t as the particles which are dynamical will continue to twist from higher cluster ene



 
Figure 3-20 – The cluster energy versus inter-ring twist for packing sequence (3,7) (eC = 0). 
The structural configurations of the packing sequence with inter-ring twist 2π/21 and 3π/21 
are drawn along with the plot. 

 
Figure 3-21 – The cluster energy versus inter-ring twist for packing sequence (2,8) (eC = 0). 
The structural configurations of the packing sequence with inter-ring twist 0 and π/8 are 
drawn along with the plot. 

 
Next, from our computer simulations of planar-10 (see Section 8.2.5 for Subroutine – 

packing sequence), the frequency of occurrence in the inter-ring twist (see Section 8.2.9 for 
Subroutine – inter-ring twist) was obtained for different values of dissipation coefficient κ. 
After normalization, Figure 3-22 and Figure 3-23 shows the inter-ring twist spectrum for 
packing sequences (3,7) and (2,8) respectively.  
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Figure 3-22 – One predominant peak was observed at 2π/21 rad in the inter-ring twist 

1 kgs-1, and the blue line corresponds to all values of κ.  

 

spectrum of Planar-10 with packing sequence (3,7). The red line corresponds to κ = 1.0 kgs-1, 
the green line corresponds to κ = 0.

 

 

Figure 3-23 – Two peaks were observed at 0 and π/8 rad in the inter-ring twist spectrum of 
Planar-10 with packing sequence (2,8). The red line corresponds to κ = 1.0 kgs-1, the green 
line corresponds to κ = 0.1 kgs-1, and the blue line corresponds to all values of κ.  
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For packing sequence (3,7), the inter-ring twist spectrum shows a very distinct peak at Θ 
= 2π/21 rad as expected from our model for all values of dissipation coefficients. The peak Θ 
= 2π/21 rad is sharper and more symmetrical as the dissipation coefficient becomes smaller 
(i.e. lower neutral pressure). A small peak appeared at Θ = 3π/21 rad as well. We believe the 
small peak at Θ = 3π/21 is a metastable state which appears when dissipation coefficient is 
high. For packing sequences (2,8), the inter-ring twist spectrum showed two distinct peaks at 
Θ = 0 and π/8 rad within a broad spectrum. Moreover, the maximum peak of the spectrum is 
at Θ = 0 especially when the dissipation coefficient becomes smaller. 

The occurrence of 2 stable states for packing sequence (2, 8) with one of them at Θ = 0 
contradicts our energy-twist relationship obtained in Figure 3-21. Apparently, the 
contradiction arises from the assumption of zero eccentricity in the Planar-10 cluster system 
which appears to provide an inaccurate description of the interparticle interaction and cluster 
energy (see Section 3.2.7 for Energy and inter-ring twist relation). Therefore the effect of 
ecce of 
clus nd energy). 

ntricity on the inter-ring twist will be investigated (see Section 3.2.7 for Influence 
ter eccentricity on inter-ring twist a

 

3.2.6. Energy and inter-ring twist relation 
 

 
Figure 3-24 – The cluster energy dependence on the inter-ring twist obtained from 
simulations (top) was opposite to that expected if the Planar-10 (2,8) cluster was assumed to 
be perfectly circular (bottom). 
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Based on the energy-twist relation that was derived for a perfectly circular planar-10 
cluster system, and the inter-ring twist spectrum, one can see the favorable twist angle 
corresponds to maximum cluster energy, which seems to be in contradiction with the fact that 
system seeks the minimum energy state. Figure 3-24 shows the energy (see Section 8.2.6 for 
Subroutine – cluster energy) of cluster with packing sequence (2,8) obtained from our 
simulations as a function of inter-ring twist. The resultant energy-twist relation is completely 
opposite to the trend obtained for a perfectly circular planar-10 cluster system.  In fact,  Θ = 
0 corresponds to the minimum cluster energy which explains the peak found in the packing 
sequence (2,8) inter-ring twist spectrum. This is shown in the next section that the cluster 
adjusts its twist angle to accommodate for the change in eccentricity. 
 

3.2.7. Influence of cluster eccentricity on inter-ring twist and energy 
 

It is indisputable that the simplistic model based on a perfectly circular Planar-10 cluster 
system does not describe the interparticle interaction and cluster energy accurately. The only 
way ist 
is b  this change of cluster eccentricity, the 
particles are able to compensate for the additional energy caused by the inter-shell rotation by 
further reducing their radial distance as much as possible. Therefore the favorable inter-ring 
twist changes from π/8 rad for a circular cluster to 0 for an elliptical cluster. Since the 
particles in a planar cluster system are dynamical, they will seek inter-ring twist 
corresponding to the minimum cluster energy. 

 This explanation is further confirmed by Figure 3-25 which shows the cluster 
eccentricity as a function of inter-ring twist for the packing sequence (2,8). An increase in the 
inter-ring twist corresponds to a decrease in the cluster eccentricity. The cluster eccentricity 
dependence on inter-ring twist can be approximated by the empirical relation: 
 

  (3.15) 

 

 to minimize energy for a given configuration without compromising the inter-ring tw
y changing the cluster eccentricity. Through

20.72 0.05 0.64Ce = − Θ + Θ +

 
Figure 3-25 – Cluster eccentricity versus inter-ring twist. The equation for the line of best fit is 
shown with the data. 
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 zero twist angle corresponds to the preferred cluster 
ccentricity, which explains the Θ = 0 peak in the inter-ring twist spectrum for packing 

sequence (2,8). 
  

As show in Figure 3-26, the cluster energy decreases with cluster eccentricity. This is in 
agreement with the fact that clusters with some eccentricity is more favorable (eC ≈ 0.64). 
Supplement to Figure 3-25, the
e

 
Figure 3-26 – In general, the cluster energy decreases as the cluster eccentricity increases. 
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3.3. Other Types of Dust Clusters and Crystals 
 

3.3.1. Summary of experimental conditions 
 

The experimental conditions used in the formation of other types of dust clusters, circular 
crystals, and annular crystals had been summarized in Table 3-2 and Table 3-3. 
 

Other Types of Dust Clusters 

 
Particle Strings & 

Three-dimensional Clusters 
Intermediate Clusters 

Discharge Type Inductive rf argon discharge 
ne (cm-3) 109

Te (eV) 3 
Ti (eV) 0.025 

Applied Voltage on Electrode - VA (V) + 8 to 13 + 0 to 25 
Dust Type Melamine formaldehyde polymer spheres 

Dust Density (kgm-3) 1.2 × 103

a (µm) 3.105 
Z  ≈ 7 × 104

nd (m ) ≈ 2 × 10  to 3 × 10 ≈ 1 × 10-3 10 10 10

p (mTorr) 100 
Applied Voltage on rf Coil 500 mV at 17.5 MHz 

B (G) 0 to 90 
Table 3-2 – Summary of experimental conditions used in the formation of other clusters.  

 
Dust Crystals 

 Large Crystals Annular Crystals 
Discharge Type Inductive rf argon discharge 

ne (cm-3) 109

Te (eV) 3 
Ti (eV) 0.025 

Applied Voltage on Electrode - VA (V) + 6 + 10 
Dust Type Melamine formaldehyde polymer spheres 

Dust Density (kgm-3) 1.2 × 103

a (µm) 3.105 
Z ≈ 7 × 104

nd (m-3) ≈ 5 × 1010 ≈ 1 × 1011

p (mTorr) 350 250 
Applied Voltage on rf Coil 400 mV at 17.5 MHz 

B (G) 130 
Table 3-3 – Summary of the experimental conditions used in the formation of dust crystals. 
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3.3.2. Particle strings and three-dimensional clusters 
 

The applied voltage on the confinement electrode was set at + 10 V. Large dust particles 
were dispersed into the plasma sheath above the circular electrode. One-dimensional particle 
strings and three-dimensional clusters were formed ≈ 5 mm above the confinement electrode. 
The structural configurations of particle strings and three-dimensional clusters investigated in 
our experiments are drawn in Figure 3-27. 
 

 
Figure 3-27 – Drawn structural configurations of the particle strings and three-dimensional 
dust clusters formed in our rotation experiments using 6.21 µm diameter melamine 
formaldehyde spheres. 

 

3.3.3. Large crystals and annular crystals 
 

Approximately a thousand dust particles were dispersed into the plasma sheath, forming 
a large crystal with two layers ≈ 5 mm above the circular electrode (see Figure 3-28). The 
diameter of the crystal was about the same size as that of the confinement electrode, which 
was ≈ 10 mm in diameter. The top layer of the crystal was consisted of a combination of 
hexa

 At 
times, dust particle might exchange position with their neighboring particles. 

In the case of annular crystal, similarly about a thousand dust particles were disperse
into the plasma sheath. However, due to the annular s
annular crystal with two layers of particles w

igure 3-29). The inner and outer diameters of the annular crystal were ≈ 6 mm and ≈ 12 mm 
respectively. In other words, the width of the annular crystal was ≈ 3 mm with an interparticle 
separation of 0.22 mm. The top layer of the crystal was consisted of a combination of 

gonal and pentagonal structures. The interparticle distance was about 0.27 mm. Within 
the large crystal, the dust particles display small random fluctuations around its position.

d 
hape of the confinement potential, an 

as formed ≈ 5 mm above the electrode (see 
F



hexagonal and pentagonal structures. When the magnetic field was off, the particles in the 
annular crystal exhibited random fluctuations similar to those observed in large crystals. 
 

 
Figure 3-28 – Looking over the top, the large crystal consisted of more than a thousand 
particles dispersed into two layers. 

 

 
Figure 3-29 – egion of electrostatic confinement, an annular  Due to the shape of the annular r
crystal with a central void was formed.  

 
 83



3.4. Magnetically Induced Confinement of Particles 
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3.4.1. Confinement electric field 

confinement electric force in the horizontal direction. If the charge of the 
articles is assumed to be approximately constant in such low magnetic field regime, then a 

decrease in the cluster radius is an evidenc
confinement electric field. 
 

 
Dust particles are at equilibrium position due to the balance of the interparticle repulsion 

and the radial 
p

e of an increase in the magnitude of the 

 
Figure 3-30 – Knowing the cluster radius and dust charge, the confinement electric field can 
be calculated using simple geometry. 

 
At equilibrium, the force acting on the charged particle due to the confinement potential 

 balanced by the net force due to the neighboring particles. Utilizing the simple geometry of 
tric field EC at cluster radius ρ is 

iven by: 
 

 

is
single ring cluster (see Figure 3-30), the confinement elec
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where N is the number of particles in the cluste
ne-and-a-half ring cluster, the confinement electric field is given by: 
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here N’ is the number of particles in the outer ring. For multi-ring clusters, similar formulae 
n principle, but would be considerably more complicated due to inter-ring 

twist (see Section 3.2.1 for Cluster eccentricity 
Knowing the cluster radius and estimating the dust charge as Z ≈ 7 × 103 for large 

all particles using plasma conditions from probe 
easurements and the orbit motion limited (OML) approximation to calculate the dust charge 

[90], the confinement electric field was calculated and plotted as a function of magnetic field 
(see Figure 3-31 and Figure 3-32). 
 

w
could be obtained i

and inter-ring twist). 

particles and Z ≈ 3.1 × 103 for sm
m

 
Figure 3-31 – The confinement electric field obtained from L-Planar clusters increased with 
magnetic field. 

 

 
Figure 3-32 –The confinement electric field obtained from S-Planar clusters increased in 
magnitude with increasing magnetic field strength. 
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From the figures, evidently the confinement electric field is modified by the magnetic 
field. Moreover, the magnitude of the confinement electric field increased monotonically with 
the magnetic field in the manner: 
 

 1( , ) k
CE B Bρ ∝ ,  (3.18) 

 
where k1 is some arbitrary constant. From the figures, k1 ≈ 0.5 to 1.  

Visualizing the same data from another point of view, Figure 3-33 and Figure 3-34 shows 
the confinement electric field plotted as a function of cluster radius at different magnetic field 
settings. Assuming the center of mass of the cluster is aligned with the center of confinement 
potential, the two figures will map out the radial profile of the electric field. 

From first look, the confinement electric fields experienced by L-Planar and S-Planar 
clusters are quite similar. This result is expected since the confinement electric field is 
inherent to the experimental apparatus and independent of the particle size. However, the 
slight difference between the levitation height of L-Planar and S-Planar cluster might give 
small discrepancies in the radial profiles of confinement electric field. Since the electric 
confinement potential ΦC is given by: 
 

 

0B ≥

0
( , ) ( , )C CB E B d

ρ
ρ ρ ρ′ ′−∫  (3.19) 

 
the  ρ) 
corr ion 

CE .18), the confinement electric field is expected to take the form: 

Φ =

linear dependency of confinement electric field over its radial profile (i.e. EC ∝
esponds to a parabolic electric potential (i.e. ΦC ∝ ρ2). Using the boundary condit

,0) 0B =  and (3(

 

 1
2 3( , ) ( )CE B k B kkρ ρ= + , 0B ≥  (3.20) 

 
where k2 and k3 are some arbitrary constants, k1 ≈ 0.5 to 1. 

t 

It is not possible to find the arbitrary constants k2 and k3 analytically without knowing k1 
exactly. But as an example, if we assume k1 = 1 (i.e. EC ∝ B), then by plotting the slopes of 

Figure 3-33 and Figure 3-34 (i.e. confinement electric field gradien CdE
dρ

) as a function of 

magnetic field (see Figure 3-35), the confinement electric field dependence could be 
approximated by the empirical relation: 
 

 ( , ) (4190 174589)CE B Bρ ρ= − + , 0B ≥  (3.21) 

 ( , ) (2754 342043)CE B Bρ ρ= − + ,  (3.22) 

 
at the levitation height of L-Planar and S-Planar clusters respectively. 

0B ≥



 
Figure 3-33 – The radial profile of the confinement electric field mapped out using L-Planar 
clusters is linear. The lines of linear regression are shown along with the experimental data. 

 

 
Figure 3-34 – The radial profile of the confinement electric field mapped out using S-Planar 
clusters is expected to be linear but the experimental data showed otherwise. The lines of 
linear regression are shown along with the experimental data. 
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Figure 3-35 – The arbitrary constants k2 and k3 can be obtained from the δEC/δρ versus B  
graph. The equations and the lines of linear regression are shown along with the 
experimental data. 

.4.2. The effect of axial magnetic field on confinement electric field 
 

bipolar 
diffusion, thus causes a change in the spatial profile of the number density of electrons and 
ions. 

To understand this effect, we can estimate the Larmor frequency (or cyclotron frequency) 
fL and the Larmor radius (or cyclotron radius) RL of a charged particle in a magnetic field: 

 

 

 

3

In our experiments, the increase in the magnitude of the confinement electric field due to 
the presence of magnetic field is demonstrated by the decrease in the cluster radius. As a 
matter of fact, the height of the dust particles has also been observed to self-adjust to 
accommodate for the change in the sheath electric field in the presence of magnetic field. 
Apparently, the modification in the electric field by the magnetic field is not unique to our 
system only. This effect is common in any magnetized discharges [138][139] and had also 
been observed in the experiments performed by Konopka et al. [111], Hua et al. [123], and 
Kersten et al. [124]-[125]. The modification of the electric fields by the magnetic field is 
presumably due to the magnetization of electrons in the plasma which affects the am

2 2
L

L
eZBf

mπ π
Ω

= =  (3.23) 

 L
L

u muR
eZB

⊥ ⊥

= =
Ω  (3.24) 
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where  is the drift velocity orthogonal to the magnetic field. For our experimental 

conditions (B ≈ 0.01 T, Td ≈ Ti ≈ 0.025 eV and Te ≈ 3 eV, ≈ 2.4 × 10-4 ms-1 for large dust 

particles and ≈ 7.8 × 10-4 ms-1 for small dust particles, ≈ 400 ms-1, ≈ 1.2 × 106 

ms-1), the Larmor frequency and Larmor radius for large dust particles, small dust particles, 
ions, and electrons are shown in Table 3-4. Considering the fact that the diameter of our 
magnetic coil is approximately 10 cm, the dust particles are unmagnetized, the ions are 
partially magnetized, and the electrons are highly magnetized in our system. 
 
 Larmor Frequency  Larmor Radius 

u⊥

dTv

dTv
iTv  

eTv  

Large Dust (Z ≈ 7.0 × 103) ≈ 9 × 10-6 s-1 4 m 
Small Dust (Z ≈ 3.1 × 103) ≈ 5 × 10-5 s-1 3 m 

Ion 4 × 103 s-1 2 × 10-2 m 
Electron 3 × 108 s-1 7 × 10-4 m 

Table 3-4 – The Larmor frequency and Larmor radius of large dust particle, small dust particle, 
ions, and electrons in a magnetic field of 0.01 T are tabulated above. 

 
Because the electrons are magnetized, the diffusion coefficient of the electrons is 

expected to decrease in a magnetic field. Since the ratio of electron Larmor frequency to 
electron-neutral collisional frequency (n  ≈ 1021 m3 σ  = 8 × 10-20 m2 [143]) is about 3.75, 
ther ic 
field

n , ne

efore the motion of the electrons is restrained near the center of the coil by the magnet
. And for ions (σ  = 8 × 10-19 m2 [143] and u  ≈ 850 ms-1), this ratio is ni Σ about 0.006. 

Therefore, the diffusion of ions are not affected by the magnetic field. In other words, with 
the introduction of magnetic field, the plasma will change from ion-limited ambipolar 
diffusion to electron-limited ambipolar diffusion [142], which will in turn change the 
ambipolar radial electric field. 

This conclusion can further be confirmed by considering the continuity and 
mobility-diffusion equations of steady state gas discharge [139] in cylindrical coordinates, 

assuming cylindrical symmetry (i.e. 0
θ
∂

=
∂

): 

 

 
z

S
z

ρ ρ

ρ ρ
∂Ψ Ψ ∂Ψ

∇⋅Ψ = + + =
∂ ∂  (3.25) 

 C
nD neEρ µ
ρ

∂
Ψ = −

∂
m  (3.26) 

 z
S

nD neE
z

µ∂
Ψ = −

∂
m  (3.27) 

 
where Ψ is the flux, n is the number density, S is the source term, D is the diffusion 
coefficient, and µ is the mobility. The minus sign in the equation corresponds to electrons 

hereas the plus sign corresponds to ions. As an approximation, we assume the sheath 
electric field is in the form: 
w
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 1SE k z=  (3.28) 

 
and the confinement electric field is in the form (see Section 3.4.1 for Confinement electric 
field): 
 

 2 3( )CE k B k ρ= +  (3.29) 

 
where k1, k2, and k3 are arbitrary constants. Substituting (3.29) into (3.26) and (3.28) into 
(3.27), we get: 
 

2 3( )nD ne k B kρ µ ρ
ρ

∂
Ψ = − +

∂
m  (3.30) 

 1
z nD ne

z
µ k z∂

Ψ = −
∂

m  (3.31) 

 
And substituting (3.30) and (3.31) into (3.25), we get: 
 

 
2 2

2 3 12 2

1 (2 2 )n n nD ne k B k k S
z

µ
ρ ρ ρ

⎛ ⎞∂ ∂ ∂
− + + + +⎜ ⎟∂ ∂ ∂⎝ ⎠

m =  (3.32) 

 
Using the Einstein relations D=µkT, we get from (3.32): 
 

 
2 2

2 2

1 (n n n nef B S)
z kT kTρ ρ ρ µ

⎛ ⎞∂ ∂ ∂
+ + = −⎜ ⎟∂ ∂ ∂⎝ ⎠

m  (3.33) 

 
where f(B) = 2k2B + 2k3 + k1 is a linear function of B for . Note that (3.33) is actually 
separable, that is: 
 

0B ≥

 ( , ) ( ) ( )
( )

Sn z N M z
ef B

ρ ρ
µ

= m  (3.34) 

 
where N(ρ) and M(z) are arbitrary functions which satisfy: 

 

 
2

42

1 ( )( )N N ef Bk N 0∂ ∂
kTρ ρ ρ

+ + ± =  (3.35) ∂ ∂

 
2M∂

42z
0k M− =  (3.36) ∂



where k4 is an arbitrary constant. The radial symmetry of the number density of electrons and 
ions gives the boundary condition: 
 

 
0

0n

ρρ =

∂
=

∂
 (3.37) 

 
to solve (3.35). For k4 > 0 (i.e. k4 = λ2, λ > 0), we get: 
 

 2
0 5 6

( )( , ) ( )( sin( ) cos( ))
( )kT ef B

ef B Sn z J k z k zρ λ ρ λ λ
µ

= ± + m  (3.38) 

 
for k4 = 0, we get: 

 0 5 6
( )( , ) ( )( )

( )
ef B Sn z J k z k

kT ef B
ρ ρ

µ
= ± + m

 
for k
 

 (3.39) 

4 < 0 (i.e. k4 = -λ2, λ > 0), we get: 

2
0 5 6

( )( , ) ( )( )z zef B Sn z J k e k eλ λρ λ ρ −= − ± + m   ( )kT ef Bµ (3.40) 

 
whe 5

zeroth o
 

re k , k6 and λ are arbitrary constants and J0 is the Bessel function of the first kind and the 
rder. Also the boundary condition: 

0
z

n
z →∞

∂
 =

∂
 (3.41) 

 
will give us nontrivial solution from (3.39) and (3.40) only and can be summarized as: 
 

 2
6 0

( )( , ) ( )
( )

zef B Sn z k J e
kT ef B

λρ λ ρ
µ

−= − ± m  (3.42) 

 
Most interestingly, due to the Bessel function, the maximum number density of electrons will 
always occur at the center of the system (i.e. ρ = 0) provided that ef(B)>λ2kTe. And as the 
magnetic field increases (i.e. f(B) increases), the number density of the electrons will further 
increase and be restricted near the center of the system (see Figure 3-36). As the ions are 
almost unmagnetized under our range of magnetic fields, the radial profile of the number 
density will remain unchanged. Therefore, an increase in the number density of electrons will 
locally decrease the confinement potential at the center of the system (see Figure 3-37). This 
is expected from the Poisson’s equation: 
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 2 ( )i e
e n n∇ Φ = − −  
0ε (3.43) 

 

 
Figure 3-36 – Sketch of the radial profile of 
always occur at the center of the system

the electron number density. The maximum will 
. 

 

 
Figure 3-37 – er density of the electrons increases near the  Due to magnetic field, the numb
center of the system. As a result, the confinement potential will have a local minimum at the 
center of the coil. 
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3.4.3. Intermediate clusters and magnetic confinement of dust particles 
 

The magnetic field modifies the spatial profiles of electrons and ions, producing a change 
in the confinement potential profile in plasma. This effect suggests the possibility of dust 
confinement using magnetic field only. 

In our experiment, two particular intermediate clusters L-Planar-100 and L-Planar-50 
were studied. For L-Planar-100, dust particles were confined in an electrostatic potential 
setup by a biased confinement electrode. For L-Planar-50, the confinement of dust particles 
was achieved over an unbiased electrode using magnetic field only. 

In the case of L-Planar-100, large dust particles were dispersed into the plasma sheath 
above the circular electrode with applied voltage + 15 V. A monolayer intermediate cluster 
with approximately a hundred particles was formed ≈ 5 mm above the confinement electrode.  
The diameter of L-Planar-100 was ≈ 4 mm with interparticle distance ≈ 0.45 mm (see Figure 
3-38). The dust particles arranged themselves into a combination of hexagonal and 
pentagonal structures near the center of the cluster, while maintaining concentric rings near 
the outer rim. 

 

  
Figure 3-38 – Looking from the top, the images of L-Planar-100 (left) and L-Planar-50 (right) 
intermediate dust clusters were captured. The shift of L-Planar-50 away from the center of 
electrode is due to the misalignment of magnetic field. 
 
When the magnetic field was switched on, L-Planar-100 was observed to undergo 

rotation in the left-handed sense with respect to the magnetic field. The details of the 
rotational behavior of L-Planar-100 will be discussed later (see Section 4.2.1 for Rotation of 
intermediate clusters). Similar to small dust clusters, the cluster radius of L-Planar-100 
decreased as magnetic field strength increased from 0 to 100 G (see Figure 3-39). The 
decrease in cluster radius of L-Planar-100 is due to the increase in the magnitude of the 
ambipolar radial electric field induced by magnetic field (see Section 3.4.2 for The effect of 
axia

fterwards, the applied voltage on the confinement electrode was gradually decreased to 
+ 10

l magnetic field on confinement electric field). 
A
 V while the magnetic field strength was maintained at 90 G. And correspondingly, the 

cluster radius of L-Planar-100, which was still rotating in the presence of magnetic field, 
increased. Figure 3-40 shows the time averaged cluster radius increases as the applied voltage 
on the confinement electrode decreases, which is due to the decrease in the magnitude of the 
confinement electric field. 



 
Figure 3-39 – The time averaged cluster radius of L-Planar-100 (VA = + 15 V) and 
L-Planar-50 (VA = 0 V) clusters decreases when the magnetic field strength was increased. 
 

 
Figure 3-40 - The time averaged cluster radius of L-Planar-100 cluster increased as the 
applied voltage on the confinement electrode decreased (B = 90 G). 
 
As the applied voltage on the confinement electrode was further reduced below + 10 V, 

dust particles began to escape from the electrostatic potential well. And by the time the 
applied voltage on the confinement electrode reached 0 V, about half of the particles have 
escaped and Planar-50 was formed (see Figure 3-38). To our knowledge, this is the first time 
dust particles have ever been confined in the laboratory over a flat, unbiased electrode using 
mag

he 
magnetic field strength could be reduced up to 30 G after which all particles of L-Planar-50 

netic field only. 
The diameter of L-Planar-50 was ≈ 4 mm with interparticle distance ≈ 0.52 mm. T
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aged cluster radius dependence on the magnetic field strength for 
 on Figure 3-39. The time averaged cluster radius decreased as 

e magnetic field strength increased. 

see Section 3.4.4 
r Superposition of electrostatic potentials and translational force). 

 

3.4.4. Superposition of electrostatic potentials and translational force 
 

The confinement potential within our magnetized plasma is the result of the 
perposition of the electrostatic potentials induced by the biased electrode and the magnetic 

etry
net r

a chamber (diameter = 19.5 cm), the biased 
elec

t cluster (diameter = 5mm), a slight 0.1% shift (or 0.15 mm) of 
agnetic coil away from the center of the system will translate to a 3% shift of the dust 

cluster from the center of the biased electro
nsitive to the symmetry of the electrostatic potential in which they are confined in.  

would escape. The time aver
L-Planar-50 at 0 V is shown
th

Note that in Figure 3-38, L-Planar-50 was not positioned at the center of the electrode. 
The shift of L-Planar-50 away from the center is due to a slight misalignment of the biased 
electrode and the magnetic coil which will be discussed in the next section (
fo

su
coil. Therefore the symm  of the confinement potential is largely affected by the positions 
of the electrode and mag elative to the plasma production source. In our experiment, care 
was taken in the axial alignment of the plasm

trode (diameter = 5 mm), and the magnetic coil (diameter = 15 cm). But due to the 
relative small scale of the dus
m

de. Understandably, dust clusters are highly 
se

 

 
Figure 3-41 – The position of the particles in the outermost ring of L-Planar-100 with respect to 
the center of the biased electrode (VA = +15V) at different magnetic field strength. 
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Figure 3-41 and Figure 3-42 shows the positions of the particles in the outermost ring of 
L-Planar-100 relative to the center of the confinement electrode. The boundary formed by the 
particles in the outermost ring will allow us to visualize the eccentricity, dimension, and 
amount of shift in the confinement potential at different magnetic fields. 

In Figure 3-41, since the biased voltage was kept at a constant value, the center of the 
electrostatic potential due to the confinement electrode was fixed in space. In the absence of 
magnetic field, the confinement potential is expected to be centered above the confinement 
electrode. However, a slight shift in the cluster away from the center of the confinement 
electrode was observed, which suggests the presence of a translational force such as 
themophoretic force acting on the particles (see Section 4.4.2 for Dust charge gradient). With 
increasing magnetic fields, the cluster radius reduced in dimension and shifted closer to the 
center of the electrode proximate (if not aligned) to the center of the magnetic coil. Both 
observations are expected from the increase in magnitude of the ambipolar radial electric 
field induced by the magnetic field, resulting in a dominance of the confinement force over 
the translational force. With respect to the figures, the translational force can be deduced to be 
acting in the positive y-direction. 

Figure 3-42 further confirms the dominance of confinement force as the cluster shifts 
closer to the center of the electrode as more voltage is applied to the biased electrode. Notice 
that, when the confinement force dominates over the translational force, the cluster 
ecce
 

ntricity remained at 0.  

 
Figure 3-42 – The position of the particles in the outermost ring of L-Planar-100 with respect to 
the center of the biased electrode applied with different voltages (B = 90 G). 
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Figure 3-43 shows the positions of the particles in the outermost ring of L-Planar-50 
rela ve to the center of the confinement electrode. In thi
potential which is due solely to the ambipolar electric potential induced by the magnetic field 
shif d largely away from the center of the e

agnetic field decreases. Moreover, the cluster eccentricity increases as magnetic field (and 

s in the presence of a translational force that is of similar magnitude to the 
onfinement force as later shown by our computer simulations (see Section 4.1.7 for 

Translational force).     
 

ti s case, the cluster in the confinement 

te lectrode towards the positive y-direction as 
m
the magnitude of the ambipolar radial electric field) decreases. Such change in cluster 
eccentricity occur
c

 
Figure 3-43 – The position of the particles in the outermost ring of L-Planar-50 with respect to 
the center of an unbiased electrode at different magnetic field strength. 

 
 

.5. Summary 3
 

In this chapter, the structural configuration and properties of planar dust clusters, dust 
strings, three dimensional dust clusters, intermediate dust clusters, large dust crystals, and 
annular dust crystals have been studied. 

By using computer simulation, dust cluster systems were modeled by considering 
classical Coulomb repulsion, electrostatic confinement, and friction force. Calculations were 
made for the interaction of these forces resulting in stable and metastable structures with a 
high degree of symmetry. The effect of inter-ring rotation on the energy of the system had 
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been taken into consideration in the hyperfine structure of these stable structures. A statistical 
distribution of inter-ring rotations and energies was found and compared to those predicted by 
theory. Subsequently, a more accurate model for inter-ring rotation which incorporated the 
curvature of rings was developed. Using this information and the known distribution of 
rotations, the energy spectrum for the Planar 10 cluster was studied. The energy bands within 
the spectrum increased and broadened as plasma pressure increased. 

In particular, we learned that: 
 

 The radius of dust clusters and crystals decreases with magnetic field strength and 
increases with biased voltage on the confinement electrode. 

 The radius of dust clusters and crystals increases with number of particles. For the 
number of particles gets larger, the rate of increase becomes smaller. 

 The fluctuation in the cluster radius of S-Planar clusters is higher than L-Planar 
clusters. 

 Some planar clusters have metastable states. 
 The cluster radius is dependent on the confinement electric field. Thus the 

be 

ent electric field (and the electric field) is modified by the magnetic 
field due to the magnetization of electrons. 

 Dust confinement can be achieved over an unbiased, flat electrode by using an 

ion 

confinement electric field in unmagnetized plasma and magnetized plasma can 
measured using clusters with small number of particles. 

 In the presence of a magnetic field, the electrons can become magnetized. 
 The confinem

ambipolar radial electric field induced solely by magnetic field. 
 The confinement potential in a magnetized plasma system is due to the superposit

of electrostatic potentials induced the biased electrode and the magnetic field. 
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4.  Rotation of Dust Clusters and Crystals 
 
 

This chapter describes the experimental results obtained from the rotation of dust clusters 
and crystals under the influence of magnetic field. These results are important not only 
because they are the first experimental record of dust rotation in an inductive rf plasma (the 
system commonly used in plasma processing), but also because they are the first set of 
detailed analysis in the rotation of planar clusters. 

Due to the small number of particles, planar dust clusters provide a simple system for the 
investigation of the driving mechanisms for dust rotation. Much effort was devoted to the 
analysis of the rotation of planar dust clusters and will be presented in Section 4.1. Two 
different sizes of dust particles were used in our experiments of planar cluster rotation. 
Section 4.2 describes the experimental results obtained from the rotation of vertical strings, 
thre

ive 
rf-d all 
mag ata 
obta  be verified with the existing models on dust 
otation in Section 4.3. Further remarks on dust rotation experiments are given in Section 4.4. 

.1

ergo rotation. 
The

lower magnetic field strength, but 
became more circular with increasing magnetic field. 

gh 
the c
Equation Chapter 4 Section 1 

e-dimensional clusters, intermediate dust clusters, large crystals, and annular crystals. 
It should be mentioned that in contrast to experiments in dc discharges and capacit

ischarges [84]-[88][103]-[104][106][111][118]-[119], our experiments only needed sm
netic field strength (≈ tens of gauss) to rotate the dust clusters and crystals. Our d
ined at these low range magnetic fields will

r
 
 

4 . Planar Cluster Rotation 
 

4.1.1. Properties of the planar cluster rotation 
 

When the magnetic field B was switched off, planar dust clusters exhibited small random 
fluctuations but always remained around their equilibrium position. However, when the 
magnetic field was switched on, the planar dust clusters were observed to go und

 direction of rotation was in the left-handed sense with respect to the magnetic field. A 
change in the direction of the magnetic field caused the rotation to reverse. This is the first 
time such small cluster systems were observed experimentally to exhibit rotational behavior. 

Figure 4-1 shows the particle trajectories of the L-Planar-10 cluster under rotation when 
the magnetic field strength was 30G, 60G, and 90G. The trajectories during rotation were 
circular for all three magnetic field settings. Figure 4-2 shows the particle trajectories of the 
S-Planar-10 cluster under rotation when the magnetic field strength was 30G, 60G, and 90G. 
The trajectories during rotation were slightly elliptical for 

The angular positions θ of the jth dust particle with respect to an x-axis passing throu
enter of mass at time t is given by (see Figure 4-3): 

 1( ) tan ( )
( ) ( )

j cm
j

j cm

t
( ) ( )y t y t

x t x t
θ − −

=
−

 (4.1) 



 
Figure 4-1 – Particles in the L-Planar-10 cluster followed a circular trajectory during rotation 
when the magnetic field strength was 30G (red circles), 60G (blue circles) and 90G (green 
circles). The motion (displayed at 2 fps for 6 s) of the dust particles is indicated by the 
increase in size of the circle marker size. 

 

 
Figure 4-2 – Particles in the S-Planar-10 clu r followed a slightly elliptical trajectory during 
rot tion when the magnetic field strength wa G (red circles), but changed to a more 
circular trajectory when increased to 60G (blue circles) and 90G (green circles). The motion 
(displayed at 5 fps for 2.4 s) of the dust particles is indicated by the increase in size of the 
circle marker size. 

ste
a s 30
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Figure 4-3 – The angular position of the dust particle is measured with respect to the x-axis 
 
As an example, the angular positions of the dust particles are shown as a function of time 

in Figure 4-4 for L-Planar-10 and in Figure 4-5 for S-Planar-10. Apart from the natural 
uctuations, both results show that the dust particles were in phase with each other during 

rota  the angular positions changed at a constant rate, indicatin
clusters rotated uniformly as a rigid-body. In general, if the number of
r more for L-Planar, ≈ 3 or more for S-Planar) or if the magnetic field strength is strong, 

tion is that the 
articles in the latter case seems to have higher random fluctuations (see Chapter 5 for 

Fluctuations of Planar Dust Clusters). More
tructural changes. That is, some clusters could alternate between metastable states (see 

Sect

 

fl
tion and g that the Planar-10 

 particles is large (≈ 5 
o
then the dust cluster is likely to experience uniform rotation. On the other hand, if the number 
of particles is small, then the dust cluster displays quite different motion. 

One of the notable differences between L-Planar and S-Planar cluster rota
p

over, some systems seemed more open to 
s

ion 3.1.4 for Metastable states) with the movement of an inner particle to the outer ring 
or vice-versa.  

 
Figure 4-4 – As shown by the angular position of the individual dust particles over time, the 
L-Planar-10 cluster underwent relatively uniform rotation (B = 30G). The grey dotted line 
marks the angle π rad and –π rad. 

 101



 
Figure 4-5 – As shown by the angular position of the individual dust particles over time, 
S-Planar-10 cluster underwent relatively uniform rotation (B = 30G). The grey dotted line 
marks the angle π rad and –π rad. 

 
The angular positions of the individual particles for L-Planar-2 cluster are shown as a 

function of time in Figure 4-6. While the two particles remained diametrically opposite each 
other at all times during rotation, the angular rotation of the two particles went through 
“periodic pauses” (see Section 4.1.6. for Phase diagram and period pause) at a particular 
angle. Here we define periodic pause as rotation with some deceleration at some particular 
angle. The extreme case of period pause will be a complete stop in rotation which can 
degenerate to oscillations.  

 

 
Figure 4-6 – As shown by the angular position of the individual dust particles over time, the 
L-Planar-2 cluster exhibits “periodic pauses” in its rotation (B = 30G). The grey dotted line 
marks the angle π rad and –π rad. 
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4.1.2. Angular velocity 
 

From our experimental data of angular position versus time, the angular velocity of a 
dust particle was estimated from the slope of the linear regression line. In other words, the 
angular velocity ω of the jth particle in the dust cluster at time t is given by: 
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where n is the number, ( )j tθ  is the mean, and ∆t is the time increment of the sample data of 

angular positions used in the linear regression. 
The angular velocity of the dust cluster was then obtained from the average angular 

velocity of all dust particles: 
 

 
1

( )
( )

N

j
j

t
t

N

ω
ω ==

∑
 (4.3) 

 
Figure 4-7 shows the angular velocity dependence on the magnetic field strength for 

L-Planar clusters. In general, the angular velocity of the L-Planar clusters increased as the 
magnetic field strength increased. Single ring clusters like L-Planar-3 and -4 required higher 
mag

ion with periodic pauses at higher field values. One-and-a-half ring clusters 
such as L-Planar-6, -7 and -8 were much easier to rotate. The angular velocity also increased 
linearly with increasing magnetic field strength. It was found that for double ring clusters 
such as L-Planar-10, -11 and -12, the angular velocity increased with increasing magnetic 
field at lower field values, but then began to saturate at higher field values (see Section 4.1.3 
for Angular velocity saturation). 

Figure 4-8 shows the angular velocity dependence on the magnetic field strength for the 
S-Planar clusters. Similar to L-Planar clusters, the angular velocity of the S-Planar clusters 
increased as the magnetic field strength increased. Moreover, the angular velocity saturated at 
higher field values. However, unlike L-Planar clusters, the trends of the angular velocity 
dependence were similar for all cluster systems. 

Using the data from Figure 4-7 and Figure 4-8, the angular velocity dependence on the 
magnetic field B for L-Planar and S-Planar clusters with different numbers of particles N 
could be approximated respectively by the empirical relations (see Section 8.2 for Appendix 
II – Routines for Computer Simulations): 

netic field strength (B ≈ 45 G for L-Planar-3 and 15 G for L-Planar-4) to initiate the 
rotation. And when rotation did initiate, the angular velocity increased linearly with 
increasing magnetic field strength. L-Planar-2 exhibited the highest threshold (see Section 
4.1.5 for Threshold magnetic field) for steady rotation with oscillations only at lower field 
values and rotat



 
Figure 4-7 – In general, the angular velocity of L-Planar clusters increased with increasing 
magnetic field strength. L-Planar-3 and -4 required a higher magnetic field strength to initiate 
rotation. 

 

Figure 4-8 – In general, the angular velocity of S-Planar clusters increased with increasing 
magnetic field strength. 
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3 / 2

8.323exp( ) NB
N

ω = −  (4.4) 

 
1/ 4

0.7

1/5

3.63exp( ) NB
N

ω = −  (4.5) 

 
Figure 4-9 plots (4.4) and Figure 4-10 plots (4.5) for the range of magnetic field strength 
from 0 to 100 G. 
 

 
Figure 4-9 – Using the empirical relation indicated, the above plot shows the angular velocity 
dependence on the magnetic field for L-Planar clusters with different numbers of particles. 

 

 
Figure 4-10 – Using the empirical relation indicated, the above plot shows the angular 
velocity dependence on the magnetic field for S-Planar clusters with different numbers of 
particles. 
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re 4-11 and Figure 4-12 reveals the angular 
s for L-Planar and S-Planar clusters at different 

ttings of magnetic field strength. For L-Planar clusters, the angular velocity decreased 
initi

 

Conversely, using (4.4) and (4.5), Figu
velocity dependence on the number of particle
se

ally with small number of particles, but then gradually increased with larger number of 
particles. Such change seemed to occur at the transition point between single ring and 
multi-ring clusters. However, for S-Planar clusters, the angular velocity did not depend 
significantly on the number of particles. 

 
Figure 4-11 – Using the empirical relation, the above plot shows the angular velocity 
dependence on the number of particles for L-Planar clusters at different settings of magnetic 
field strength. There seems to be a transition point in the trend between single ring and 
multi-ring clusters. 

 

 
Figure 4-12 – Using the empirical relation, the above plot shows the angular velocity 
dependence on the number of particles for S-Planar clusters at different settings of magnetic 
field strength. The angular velocity was not strongly dependent on the number of particles. 
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 Very recently, Hou et al. [126] obtained the angular velocity dependence on the number 
of p ter 
simu ity 
was as 
used  in our experiments, 
com

articles at different settings of magnetic field strength (see Figure 4-13) from compu
lations using our experimental conditions as specified on Table 3-1. The angular veloc

 found to decrease as the number of particles increased. Although a non-flat electrode w
 in their simulation while a flat biased electrode was used
parison of the results obtained by the two groups show promising agreement. 

 

 
Figure 4-13 – Using our experimental conditions, Hou et al obtained the following “angular 
velocity versus number of particles” plots for L-Planar clusters from simulation. Note that a 
non-flat electrode was used in their simulation while a flat biased electrode was used in our 
experiments. [Courtesy of Lu-Jing Hou, State Key Laboratory of Materials Modifications by 

eams at the Dalian University of Technology]. 
 

4.1.3. Angular velocity saturation 
 

As demonstrated in the previous section, the angular velocity of double ring L-Planar 
cluster increases with magnetic field at lower field values, but saturates at higher field values 
(B ≈ 30 G). Apparently, such angular velocity saturation is not unique to our system only. 
Similar findings had also been reported by Sato et al. [106][118]-[119]. However, the 
magnetic field strength required to observe the angular velocity saturation in our experiments 
is two orders lower than Sato’s experiments (B ≈ 5000 G) and that predicted by Kaw et al. 
[118] and Ishihara et al. [120]. Furthermore, the angular velocity saturation is dependent on 
the number of particles in our experiments, but not for Sato’s experiment [140]. 

Here, we attribute the magnetization of electrons as a possi e explanation for the angular 
velo the 
num ncrease in the center of the system (see Section 3.4.2 for 

he effect of axial magnetic field on confinement electric field), which will decrease or even 
entioned 

e difficulty in producing symmetrically stable crystal in their experiments for B > 1 T 
[106][118]-[119] which gives further support 
radial electric field when electrons are further magnetized. 

B

bl
city saturation observed in double-ring clusters. As the electrons are magnetized, 
ber density of electrons will i

T
change the direction of the ambipolar radial electric field at the center. Sato et al. m
th

in the reversal of direction of the ambipolar 



 

Figure 4-14 – Due to magnetization of electrons, the driving force acting on the particles in 
the inner ring of the cluster will decrease or rotate in the opposite direction to those particles 
in the outer ring. 

 
Consequently, the driving force acting on the particles in the inner ring of the cluster will 

decrease or even attempt to rotate in the opposite direction to the particles in the outer ring 
(see

e total torqu

 

  (4.6) 

 

where 

 Figure 4-14). Since the cluster remains as a rigid-body during rotation due to the strong 
interaction between the particles, the moment of inertia does not change. And the net effect 
will be a decrease in th e on the dust cluster system, which in turn will decrease 
the angular velocity of the dust cluster. 

A special comparison between single ring Planar-8 cluster and double ring Planar-10 
cluster can be used to demonstrate our model (see Figure 4-15). Planar-8 has seven particles 
in the outer ring and one particle at the centre. From (1.4), the magnitude of the driving force 
acting on each outer particle of Planar-8 in the azimuthal direction for rigid-body rotation is 
given by: 

8 8dF Rθ κω=

24
3 nn n Tm n v aκ δ π=  is the dissipation coefficient, ω8 and R8 are the angular velocity 

and the cluster radius of Planar-8 cluster respectively. For large dust particles (a ≈ 3.1 µm), κ 
≈ 3.43 × 10-12 kgs-1. And for small dust particles (a ≈ 1.4 µm) κ ≈ 6.92 × 10-13 kgs-1. 
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Figure 4-15 – A diagram showing the relationship between azimuthal ion drag forces acting 
on the particles in the outer ring and the inner ring with respect to Planar-8 and -10 dust 

 
Based on the prevalent ion drag force models, the azimuthal ion drag force acting on the 

particles in the outer ring of Planar-8 cluster m ght to have dependency on the confinement 
elec we 
assu
 

 

clusters. 

i
tric field and magnetic field. In the simplest model based on our experimental data, 
me this dependency to be linear in the form: 

F E Bθ
8 8 8id Cα γ= +  (4.7) 

 

where α and γ are arbitrary constants, and 
8CE  and B8 is the confinement electric field and 

mag

 

 

netic field strength used to rotate Planar-8 cluster. Note that in (4.7), the driving force is 
not zero in the absence of the magnetic field, in conflict with the observation that the clusters 
do not rotate when the magnetic field is zero. This is because the ion drag force is expected to 
show nonlinear dependence on ECB at low magnetic fields (see 4.1.4 for Angular momentum). 
And as such, the linear form assumed in (4.7) does not hold in the absence of magnetic field. 

Therefore, by equating (4.6) with (4.7) and get: 

88 8 8CR E Bκω α γ= +  (4.8) 

 

The values of α and γ for Planar-8 can be obtained by plotting different values of 8 8Rκω  

obtained from experiments against 
8 8CE B  (see Section 8.5 for Appendix V – Determination 

of α and γ). Now Planar-10 has structural configuration consisting of seven particles in the 
outer ring and 3 particles in the inner ring. We assumed that the same nature of ion drag force, 
which acted in the on the particles in the outer ring of Planar-8, acts on the particles in the 
outer ring of Planar-10. In addition, there will be a driving force fid acting on the particles in 
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the inner ring of Planar-10. So the equation of rotational motion is given by: 
 

  (4.9) 

 
where ξ = R10 / R8 is the scaling factor (since EC ∝ ρ), and ω10, R10 and r10 are the angular 
velocity, the outer radius, and the inner radius of the Planar-10 cluster respectively. And 
hence the driving force acting on the particles in the inner ring is given by: 
 

 

8

2 2
10 10 10 10 10 10 107( ) 3 7 3C idE B R f r R rθαξ γ κω κω+ + = +

8

2
10 1010

10 10
10 10

7( )7( )
3 3

C
id

E B RRf r
r r

θ αξ γ
κω

+
= + −  (4.10) 

 
We can substitute the experimental values from Planar-10 into (4.10) and obtain the 

values of driving force on the dust particles in the inner ring as a function of magnetic field. 
Figure 4-16 shows the driving force on the particles in the outer ring and inner ring of 

L-P  10-16 
gms-2). As we can see, the driving force acting on the particles in the inner ring increased 

initially at low field values, peaked at B = 30 G, and then decreased gradually at high field 
valu ing 
reve  It should be mentioned that since the 
diam

ar-10 within our range of magnetic fields. 
 impose the same effect on the 

ner ring of both L-Planar and S-Planar clusters, resulting in angular velocity saturation in 
both cases. One possible explanation for such discrepancy is the 
the smaller dust particles in S-Planar, which place

ith different dependency on axial magnetic field. This assumption is supported by the fact 

e experimental findings of Sato et al. [103][106] because a larger 
onfinement potential was used in their experiment. Hence a larger magnetic field would be 

necessary for them to observe the angular velocity saturation. 
 
 

lanar-10 as a function of magnetic field (α ≈ 1 × 10-16 kgm2s-2V-1T-1 and γ ≈ 3 ×
k

es. For magnetic field B > 80 G, the driving force acting on particles in the inner r
rsed its direction which confirms our model.
eter of L-Planar-3 was 17-24% larger than the inner ring of L-Planar-10, the nature of 

this driving force did not violate the linear dependency we observed in the angular velocity 
for L-Planar-3. 

Similarly, Figure 4-17 shows the driving force on the particles in the outer ring and inner 
ring of S-Planar-10 cluster as a function of magnetic field (α ≈ 5 × 10-17 kgm2s-2V-1T-1 and γ ≈ 
8 × 10-17 kgms-2). However, the driving force acting on the particles in the inner ring was of 
similar magnitude as that in the outer ring. This is in good agreement with the fact that no 
angular velocity saturation was observed for S-Plan

In theory, the ambipolar radial electric field is expected to
in

higher levitation heights for 
 them into region of ambipolar electric field 

w
that magnetic field does not change the cluster radius of the S-Planar clusters much compared 
to L-Planar clusters (see Section 3.1.3 for Cluster radius and radial distance). Our model is 
also consistent with th
c



 
Figure 4-16 –The driving force acting on the particles in the inner ring of L-Planar-10 
increases initially at low magnetic field strength, but then gradually decreases at high 
magnetic field strength. 

 

 
Figure 4-17 – The driving force acting on the particles in the inner ring of S-Planar-10 was of 
similar magnitude as those particles in the outer ring. 
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Since an increase in magnetic field strength resulted in a decrease in the cluster radius 
(see Section 3.1.3 for Cluster radius and radial 
velocity of the cluster rotation (see Section 4.1.2 for Angular velocity), the aim in the 

llowing analysis is to investigate the possibility of conservation of angular momentum of 

4.1.4. Angular momentum 
 

distance) and an increase in the angular 

fo
the dust cluster. The total angular momentum L of the dust cluster at time t is given by: 
 

 2

1
( ) ( ) ( )

N

d j j
i

L t m R t tω
=

= ∑  (4.11) 

 
Figure 4-18 and Figure 4-19 show total angular momentum dependence on the s the 

agnetic field with different numbers of particles for L-Planar and S-Planar clusters 
ectively. In general, at relatively low magnetic fields B ≈ 0 to 30 G, the total angular 

mo entum for all planar clusters increases with magnet
total angular momentum remained approximately uncha

agnetic fields could mean the azimuthal ion drag force have nonlinear 
depe

e conservation of momentum is a special feature which characterizes the rotation of dust 
clusters at higher magnetic fields. And we believe that for this range of magnetic fields, the 
azim hat 
the a ndency holds. 

Next, we investigated the total angular momentum of the clusters averaged over all 
les in the cluster. 

 averaged over all 
agnetic field settings is linearly dependent on the number of particles in the cluster for all 

plan

m
resp

m ic field. At higher fields B > 30 G, the 
nged. 

The result has two implications. Firstly, the increase observed in total angular 
momentum at low m

ndence on EC × B field. Secondly, the conservation of total angular momentum at higher 
magnetic fields indicates that the increase in angular velocity is a direct compensation for its 
decrease in cluster radius as the electric field is being modified by the magnetic field. Thus 
th

uthal ion drag force is linearly proportional to EC × B field. Thus our conclusion is t
ngular momentum of dust cluster is conserved when this linear depe

magnetic field settings and obtained its dependence on the number of partic
And as shown on Figure 4-20 and Figure 4-21, the total angular momentum
m

ar clusters. 



 
Figure 4-18 – For B > 30 G, total angular momentum of L-Planar cluster remained 
approximately unchanged with increasing magnetic field strength. 

 

 
Figure 4-19 – Except for S-Planar-8 and S-Planar-10, the total angular momentum of 
S-Planar cluster remained approximately unchanged with increasing magnetic field strength. 
(Note the scale of the above plot is 20 times smaller than Figure 4-18). 
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Figure 4-20 – For L-Planar clusters, the total angular momentum averaged over all magnetic 
field settings showed linear dependency with the number of particles. The equation and the 
line of linear regression are displayed along with the experimental data. 

 

 

Figure 4-21 – For S-Planar clusters, the total angular momentum averaged over all magnetic 
field settings showed linear dependency with the number of particles. The equation and the 

regression are displayed along witline of linear h the experimental data. 
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4.1.5. Threshold magnetic field 
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 Figure 4-7 and Figure 4-8, it is possi

agnetic field Bth at which cluster rotation began (see Section 8.4 for Appendix IV – 

 

From ble to estimate the value of the threshold 
m
Determination of Threshold Magnetic Field). 

Figure 4-22 shows the threshold magnetic field required to initiate rotation for L-Planar 
and S-Planar dust clusters. The threshold magnetic field seems to be inversely proportional to 
the number of particles, that is, for L-Planar clusters: 

 
90 8thB
N

= −  (4.12) 

 
 
and for S-Planar clusters: 
 

24
thB

N
=  (4.13)  

 

 
Figure 4-22 - From our experimental data, the threshold magnetic field required to initiate 
rotation for L-Planar clusters was inversely p oportional to the number of particles. The 

data. 
r

equations and the lines of linear regression are displayed along with the experimental 
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4.1.6. Phase diagram and period pause 
 

At low magnetic field, clusters with smaller number of particles (N < 5 or less for 
L-Planar clusters, N < 3 for S-Planar clusters) appear to exhibit "periodic pauses" (see Section 
4.1.1 for Properties of the planar cluster rotation). In this section, the phase diagrams 
obtained for some of the L-Planar clusters will be shown. 

Phase diagrams are cylindrical plots of angular velocity against angular position of the 
individual dust particles about the axis of rotation (see Figure 4-23). The axial component 
represents the magnetic field strength used in rotating the particles. The radial and the angular 
component of the plot represent the angular velocity and the angular position of the dust 
cluster respectively. Consequently, for a particular magnetic field strength, a circular plot in 
the phase diagram can be interpreted as uniform dust cluster rotation. Whereas a linear plot in 
the phase diagram can be interpreted as dust cluster oscillations about an angle. The 
advantage of using phase diagram is that the occurrence of "periodic pause" becomes 
apparent. 

Figure 4-24 shows the phase diagrams for single ring cluster L-Planar-2, -3, 
one-and-a-half ring cluster L-Planar-7, and double ring L-Planar-10 clusters at different 
magnetic field strengths. The hue of the color in the vertical direction was used to indicate the 
different magnetic field strength settings (blue = 15 G through to red = 90 G). 
 

 
Figure 4-23 – If t t pa in the clu dergo un n, a c
phase diagram is expected. If the part ic pa ", then the phase diagram 

 if t icles osc out a part ngle, straig
is expected 

he dus rticles ster un iform angula
uses

r motio ircular 
icles exhibit "period

would be deformed. And he part illate ab icular a  then a ht line 



 
Figure 4-24 – Three-di al phase diagrams of L-Planar clusters. The axial component 

re  t ne  st or th tion (pink 
yellow – 75G, green – 6  – 45G, light blue – 30G, blue – 15G). The angular velocity has 

ca p ime ctu pt P

mension
of the plot rep sents he mag

0G, lilac
tic field rength used f e cluster rota – 90G, 

actually been s led u  1000 t s the a al value (exce lanar-2). 
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From the phase diag  particles in L-Planar-2 are shown to oscillate at a particular 
angl to 
osci the 
mag oscillated. For 

-Planar-3, the rotation was not uniform for low magnetic field (≈ 45 G or less), with 
However, the rotation became 

 was increased. For L-Planar-7, and -10, the 
tation was uniform for relatively high magnetic field (≈ 30G or more). 

 

ch translational force can be thermothoretic force (See section 4.4.2 for 
Dus

ram, the
e for a particular magnetic field strength. The angle at which the particles prefer 
llate in is an indication of the asymmetry in the system. Interestingly an increase in 
netic field strength changed the angle about which the L-Planar-2 

L
particles oscillating or slowing at a particular angle. 
increasingly uniform as the magnetic field
ro

4.1.7. Translational force 
 

Here a simple model is proposed to explain the oscillations and periodic pauses of 
Planar-2 clusters (see Section 4.1.6 for Phase diagram and period pause). If there is a force 
in our system acting across the dust cluster plane, we refer to such force as translational force. 
An example of su

t charge gradient), which appears due to temperature gradient in our chamber (see 
Section 2.4 for The Magnetic Coil). If this gradient is nonuniform, then such force can have 
variation in magnitude along the x-direction (see Figure 4-25) where F1 and F2 are forces that 
act on each of the two particles. 

 

 
Figure 4-25 – T

os
r rc act o rticle dus
it . 

 
 m F ster w perie que

 

anslational fo es F1 and F2 n the pa s across the t cluster 
plane in the p ive y-direction

If this variation in
 

agnitude is ∆ , then the clu ould ex nce a net tor : 

2cosFτ ρ θ= ∆  (4.14) 

 
pon  the clus to 

o al d or the du ter rotation is a s  of 

an rivin

which will provide an additional a
rotation. In other w

zimuthal com
riving forc  f

ent to drive ter particles in
rds, the tot e st clus ummation

 azimuthal d g force  and the translation  Ft. In the absence of a al forcedF θ
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tr e, the cluste into uni tation. In the p e of a 
, the nding nitude an nt of Ft, the clu tation 

will
 

anslational forc  dust r would go form ro resenc
translational force n depe  on the mag d gradie ster ro

 degenerate into either periodic pauses or oscillations as shown in Figure 4-26. 

 
Figure 4-26 – Depending on the magnitude of translational force, the cluster rotation will 
degenerate into either oscillations or periodic pauses. 

In order to verif dity of imple h, w  ur mo r co
ect  for l fo er si ns), which inco
lati F he y Subroutine 

ce with thal forc

 
y the vali  this s  approac e use o del fo mputer 

simulations (see S
an additional trans

ion 3.2.3
onal force 

 Our mode r comput
-direction (see Section 8.2.10 for 

mulatio rporates 
t acting in t

– translational for ) along  an azimu  driving e dF θ  (see  8.

Su muth mod odeled the tran o
th rm: 
 

 

 Section 2.11 for 

broutine – azi
e functional fo

al force). As a simple el, we m slational f rce with 

2k( ) ( )tF x F x= ∆ +  (4.15) 

where k2 is an arbitrary constants. The effect of t force on the structural configuration of 
lanar-10 cluster from our simulation is shown in Figure 4-27. The translational force 

y-direction and increased its eccentr  shift of  
 the y-direction was a  observed r exper e h that  

 and r o
 nt t  the confineme ection for 

Superposition of electrostatic potentials and translational force). 
ula n of  f Plan er 

tim  0

 
his 

P
distorted the cluster along the 
in

icity. A
ave shown 
 the system

 the cluster
 the change inlso . In ou iment, w

cluster eccentricity
translational force

 large shift away from
is significa

 the cente f  occurs when the 
nt force (see Srelative o  3.4.4 

Figure 4-28 shows the ang r positio  a particle in the outer ring o ar-10 ov

e. When ∆F = .1 dF θ  was cho  si e p  under o ns. sen in our mulations, th article goes scillatio

When ∆F = 0.01 d
θ , the particle  ro re specif the undergoes non-uniform tation. Mo ically, F
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part ult 
from ure 
4-6.  Ft to be a 
constant function, our simulations show the validity of our model. The exact functional form 

icle will decelerate and reverse its direction momentarily at particular angles. This res
 simulations coincides with our experimental observations as shown previously in Fig

 At the moment, although our model is at its simplest since we assumed

Ft will require further investigations in the future. 
 

 

Figure 4-27 – The addition of a transla onti al gradient force into our computer simulation 
causes an elongation of the shape and a shift in the center of the cluster. 

 

 
Figure 4-28 – The plot above shows the angular position of a particle in the outer ring of 
Planar-10 cluster over time. When the ∆F = 0.1Fθ, the particle goes under oscillations (red 

). When ∆

dotted line marks the angle π rad and –π rad. Note that the jaggedness of the graph is due to 
ata. 

line F = 0.01Fθ, the particle undergoes non-uniform rotation (blue line). The grey 

the resolution of the d
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 confinement potential with perfect eccentricity, the particles in the dust 
lusters are expected to undergo uniform rotation. (see Figure 4-29). However, if there is a 

potential hill along the azimuthal direction of
xpected to decelerate during rotation (see Figure 4-30). And if the particles are unable to 

overcome this potential hill, the cluster is expected to oscillate about the potential hill. 

4.1.8. Cylindrical asymmetry in confinement potential 
 

Another reason for periodic pause could be due to the asymmetry in the confinement 
potential. Ideally, in a
c

 the confinement well, then the particles is 
e

 

 
Figure 4-29 – For cylindrically symmetric confinement well, dust undergo uniform rotation. 

 

 
Figure 4-30 – However, if there is a potential hill along the confinement well in the azimuthal 

tion, then dust will decelerate during rotation.  direc
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Suc mmetry of the system, such as some 
ecce c
about su  (see Section 4.1.6 for Phase 
diag
driving f
observed ram for L-Planar-2, the angle at which the cluster 
osci ized as an attempt 
of th u

The torque acting on the particles in a cluster is given by: 
 

 

h potential hill could arise due to the asy
ntri ity in the confinement well. In fact, a fixed angle at which L-Planar-2 oscillates 

ggests that there is a preferred symmetry in our system
ram and period pause). When magnetic field is low, the particles do not have enough 

orce to overcome the potential hill. Therefore oscillations at a particular angle were 
. In fact, looking at the phase diag

llated increases as magnetic field strength increases. This can be visual
e d st particles to overcome the potential hill. 

Iτ α=  (4.16) 

 
whe  
from the slope of the linear regression line through our experimental data of angular velocity 
ersus time, given by: 

 

re I is the moment of inertia and α is the angular acceleration, which can be obtained 

v
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where n is the number, 

1
( )

n

i
i

t t
=

− =∑

( )j tω  is the mean, and ∆t is the time increment of the sample data of 

angular velocities in the linear regression. Since the moment of inertia of L-Planar-2 does not 
change during periodic pause, the torque acting on the particles along the azimuthal direction 
can be visualized by a polar plot of angular acceleration versus angular position. Figure 4-31 
shows a polar plot of angular acceleration versus its angular position which essentially maps 
out the angular profile of the effective confinement potential. 



 
Figure 4-31 – A polar plot of angular acceleration versus angular position of L-Planar-2. 

4.2. Rotation of Other Types of Dust Clusters and Crystals 
 

4.2.1. Rotation of intermediate clusters 

When the magnetic field was switched on, L-Planar-100 was observed to undergo 
ense with respect to the magnetic field. Apart from the natural 
 inter-ring movements, L-Planar-100 maintained its overall 

tegrity during rotation. 

y with 
no s  to 100 G. We believe intermediate clusters do not 
exhibit angular velocity saturation at low magnetic fields as small planar clusters would 
because only a minority of particles at the center of the cluster is influenced by the change of 
electric field induced by magnetic field (see Section 4.1.3

 

 

rotation in the left-handed s
fluctuations and occasional
in

Figure 4-32 shows the angular velocity dependence on the magnetic field strength for 
L-Planar-100 and L-Planar-50. Similar to planar dust clusters, the angular velocity of both 
intermediate clusters increased as the magnetic field strength increased. However, unlike 
planar dust clusters, the angular velocity of both intermediate clusters increased linearl

ign of saturation for magnetic field up

 for Angular velocity saturation).  
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Figure 4-32 - The angular velocity of L-Planar-100 (VA = + 15 V) and L-Planar-50 (VA = 0 V) 
clusters is directly proportional to the magnetic field strength 

Note that the angular velocity of L-Planar-50 (VA = 0 V) is slower than L-Planar-100 (VA 
= + 15 V) at all magnetic field strength. Such observation is expected because, in the absence 
of a biased electrode, L-Planar-50 experiences a weaker conf
predicted by ion drag force models. From (1.9) and (1.10), the rate of change in the angular 

ntermediate cluster rotation with respect to weak magnetic field (i.e  ξ < 1) was 
erived to be: 

 

 

inement electric field as 

velocity of i
d

 CEω
ξ ρ

∂
∝

∂  (4.18) 

 
For L-Planar-50, the confinement electric field is induced solely by the magnetic field, which 
we can call by EB. For L-Planar-100, the confinement electric field is due to both the biased 
lectrode and the magnetic field, given by (EE+ EB). And so using (4.18), the slopes of Figure 

4-32, and the fact that ρ = 1.94 ± 0.18 × 10-3 m
r L-Planar-100 over our range of magnetic fields, we have: 

 

e
 for L-Planar-50 and ρ = 1.92 ± 0.23 × 10-3 m 

fo
 

3

3

1.92 0.23 10 0.0022 1.67 0.41
1.94 0.18 10 0.0013
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−

+ ± × ×
= = ±
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r 

 

o
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lectrode and the magnetic coil are of same 

 Figure 4-33 shows the angular velocity of Planar-100 (B = 90 G) as a function of the 
appl

And so the electric fields induced by the biased e
order of magnitude. 

ied voltage on the biased electrode. The angular velocity of Planar-100 increased as the 
applied voltage (and the confinement electric field) increased in magnitude. 
 

 
Figure 4-33 – When the magnetic field was at 90 G, the angular velocity of L-Planar-100 
increased as the applied voltage on the confinement electrode increased. 

 

4.2.2. Rotation of particle strings and three-dimensional clusters 
 

For a single particle or vertical strings of particles, no noticeable particle motion was 
observed in the vertical or horizontal directions. However, due to the single dimension of the 
particle configurations, the question of whether rotational motion was exhibited by the 
particles about their own axis is yet to be determined. 

The properties observed in three-dimensional dust clusters were similar to those observed 
in planar dust clusters. Firstly, the dust particles of 2-on-1 (two particles in upper layer and 
one in lower), 3-on-1, 4-on-1, 5-on-1, and tetrahedral clusters followed a circular trajectory in 
their rotation. Secondly, 3-on-1, 4-on-1, 5-on-1, and tetrahedral clusters all underwent 
uniform rigid-body rotation in the presence of a magnetic field. The direction of the rotation 
is in the left-handed sense. As an example, Figure 4-34 and Figure 4-35 shows the angular 
position of the dust particles (except for the stationary particle at the center) and the angular 
velocity of 5-on-1 cluster as a function of time. The angular velocity of 5-on-1 dust clusters 
increased as the magnetic field strength increased. Thirdly, 2-on-1 cluster rotated with 
periodic pauses similar to that of L-Planar-2 cluster. Thus it appeared more difficult to rotate 
L-Planar-2 and the 2-on-1 clusters compared to the others. 
 



 
Figure 4-34 – As shown by the angular position of the individual dust particles over time, 
5-on-1 cluster underwent relatively uniform rigid-body rotation at all magnetic field strength. 

 

 
Figure 4-35 – The angular velocity of 5-on-1 cluster increased as the magnetic field strength 
increased. 

 

4.2.3. Rotation of large crystals and annular crystals 
 

s off, the large crystal was stationary with small Initially when the magnetic field wa
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as switched on, the 
(see Figure 4-36). 

oreover, the crystal rotated collectively in a left-handed sense with respect to the direction 
 increasing magnetic 
ty of the crystal was 

easured to be approximately 1 revolution per minute (approximately 0.1 rads-1). 

 sense. The 
ngular velocity of the annular crystals increased with increasing magnetic field strength. At 

magnetic field strength of 130 G, the angular velocity was measured to be approximately 1 
revo ere 
mov
 

random fluctuations of the individual particles. When the magnetic field w
crystal instantaneously contracted down to a diameter of 7.38 mm 
M
of the magnetic field. The angular velocity of the crystals increased with
field strength. At a magnetic field strength of 130 G, the angular veloci
m

No measurable difference in the angular velocity was observed at different radial 
distances from the center of the crystal, and there was no velocity shear between the layers of 
the crystal. Except for the random fluctuations, the integrity of the large plasma crystal was 
preserved during rotation. 

When the magnetic field was off, the particles in the annular crystal exhibited random 
fluctuations similar to those observed in large crystals. When the magnetic field was at its 
maximum value, the annular crystal rotated collectively, again in the left-handed
a

lution per minute (or 0.1 rads-1). The particles within the inner region of the ring w
ing at the same angular velocity as the particles in the outer region of the ring. 

 
Figure 4-36 – The diameter of the large crystal decreased from ≈ 10 mm to ≈ 7 mm after the 
magnetic field was switched on. The crystal rotated collectively in a left-handed sense with 
respect to the direction of the magnetic field. 
 

 

4.3. Comparison of Experimental Results with Current Theories 
 

ust Several models have attempted to explain the driving mechanisms for the rotation of d
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crys ese 
mod esults 

emed to agree well with the respective proposed models. Nevertheless, whether these 
n question. In the 
t theories on dust 

rotation both qualitatively and quantatively. 
 

tals and clusters in a magnetic field, with most of them based on the ion drag force. Th
els have been described in the previous section. In all cases, the experimental r

se
models can explain experiments performed under other conditions is an ope
following sections, we will compare our experimental data with the curren

4.3.1. With reference to Konopka’s model 
 

Under the assumption of Konopka’s model, by equating (1.5) and (1.4), the angular 
velocity of cluster/crystal rotation has dependency: 
 

 Cω E B
ρ

∝  (4.21) 

 
For parabolic confinement potential EC ∝ ρ, therefore: 
 

 Bω ∝  (4.22) 

 
This qualitative description agrees with many experimental observations. For example, in 
experiments performed by Sato et al. [106][118]-[119], the linear dependency of angular 
velocity on magnetic field for large dust crystals has been observed for B < 4000 G. However, 
at higher magnetic fields B > 4000 G, nonlinear dependence was observed. 

In relation to our experiments, the linear dependency of angular velocity is in good 
agreement for intermediate dust clusters L-Planar-100 and L-Planar-50. For planar dust 
clusters and three-dimensional clusters, the angular velocity was not linearly dependent on 
the magnetic field. Moreover, the angular velocity of double ring L-Planar clusters saturates 
at magnetic fields B > 30 G. Since the confinement electric fields have been measured and 
the relationship EC ∝ ρ verified using one-and-a-half ring L-Planar clusters, it seems tha
Kon all 
clus

 

 

 

t 
opka’s model cannot provide an accurate qualitative description of the rotation of sm
ters.  
Also under the assumption of Konopka’s model, since: 

 

 i Cu E Bθ ∝  (4.23) 

 
then from (1.5), the driving force is expected to be dependent on both confinement electric 
field and magnetic field, that is: 

d id CF F E B  (4.24) θ= ∝
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Figu

.7 for Translational force). And we believe that the linear approximation of driven 
rce dependence on EC × B is not valid especially for low values of ECB where the ion drag 

re 4-37 and Figure 4-38 shows the estimated value of driving force (by substituting our 
experimental conditions into (1.4)) plotted as a function of EC × B field (obtained from Figure 
3-31 and Figure 3-32) for L-Planar and S-Planar clusters respectively. Both plots seem to 
agree with the linear dependency predicted by Konopka’s model. 

Note that in Figure 4-37 and Figure 4-38, the driving force is not zero when magnetic 
field is zero. There are three reasons for this. The first reason is the linear dependency of the 
ion drag force does not hold for low values of ECB, which was shown in previous section (see 
Section 4.1.4 for Angular momentum). Secondly, the driving force was calculated quite 
accurately (error less then 10%), but the estimated error of electric field determination is 
about 60% which certainly would affect the presented data. Thirdly, we have shown that the 
driving force consists of two terms, namely, ion drag force and translational force (see 
Section 4.1
fo
force becomes less predominant. 
 

 
Figure 4-37 – Driving force is linearly dependent on EC × B field for L-Planar clusters. 

 



 
Figure 4-38 – The linear dependency of driving force on EC × B field is not as strong for 
S-Planar clusters, especially for S-Planar-8. 
 
For the parameters from our experimental conditions (mn ≈ 1.9 × 10-13 kg, Tn ≈ 300 K, 

and 
nTv  ≈ 400 ms-1), the estimated values of the driving forces using (1.4) for L-Planar 

clusters, S-Planar clusters, intermediate clusters, large crystal, and annular crystal are shown 
on Table 4-1. By substituting our experimental conditions (mi ≈ mn ≈ 1.9 × 10-13 kg, ni ≈ 1015 

m3, i ≈ Tn, uΣ ≈ 850 ms-1,  µ0 = 1.9 × 103 mbar-cm2V-1s-1 [130], α0 = 3.5 × 10-2 mbar-cmV-1 
[130], Γ ≈ 10, and λD ≈ 2 × 10-5 m) into (1.5), Table 4-2 shows the estimated values of the 

rs, intermediate clusters, large 
it estimation of 

e azimuthal ion drag force because the Coulomb logarithm have been taken as Γ ≈ 10 (see 
rce estimation). In 
drag force is one to 

ree orders lower in magnitude than the driving force. Therefore, Konopka’s model cannot 
prov

T

azimuthal ion drag forces for L-Planar clusters, S-Planar cluste
crystal, and annular crystal. Note that the estimated value here is an upper lim
th
Section 1.3.2 for The choice of Coulomb logarithm in ion drag fo
comparison with Table 4-1, the upper estimation of the azimuthal ion 
th

ide a complete quantitative description for the rotation of dust clusters and crystals in our 
experiments. 
 

 
nn 

(m-3) B (G) ω (rads-1) ρ (m) a (m) idF θ (N) 

L-Planar Clusters ≈ 3.2 
× 1021

≈ 90 ≈ 0.3  
(see Figure 4-9) 

≈ 4 × 
10-4

3.1 × 
10-6

4 × 10-16

S-Planar Clusters ≈ 3.2 
× 1021

≈ 90 ≈ 0.6 ≈ 3 × 1.4 × 1 × 10
(see Figure 4-10) 10-4 10-6

-16

L-Planar-100 ≈ 3.2 ≈ 90 ≈ 0.2 ≈ 4 × 3.1 × 3 × 10-15
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× 1021 (see Figure 4-32) 10-3 10-6

Large Crystal ≈ 1.1 
× 1022

≈ 130 ≈ 0.1 ≈ 10-2 3.1 × 1 × 10
10-6

-14

Annular Crystal ≈ 8.0 
× 1021

≈ 130 ≈ 0.1 ≈ 10-2 3.1 × 
10-6

9 × 10-15

Table 4-1 – The estimated values of driving forces for planar clusters, intermediate clusters, 
large crystal, and annular crystals are tabulated on the rightmost column. 

 
 p 

(mTorr) Z B (G) EC 
(Vcm-1)

ES 
(Vcm-1) a (m) Fid (N) 

L-Planar Clusters 100 ≈ - 7.0 
× 103

≈ 90 ≈ 1 ≈ 10 3.1 × 
10-6

1 × 10-17

S-Planar Clusters 100 ≈ - 3.1 
× 103

≈ 90 ≈ 1 ≈ 10 1.4 × 
10-6

3 × 10-18

L-Planar-100 100 ≈ - 7.0 
× 103

≈ 90 ≈ 1 ≈ 10 3.1 × 
10-6

1 × 10-17

Large Crystal 350 ≈ - 7.0 
× 103

≈ 130 ≈ 1 ≈ 10 3.1 × 
10-6

2 × 10-17

Annular Crystal 250 ≈ - 7.0 
3

≈ 130 ≈ 1 ≈ 10 3.1 × 
-6

2 × 10-17

× 10 10
Table 4-2 – The estimated values of ion drag forces for planar clusters, intermediate clusters, 
large crystal, and annular crystal are tabulated on the rightmost column. 

4.3.2. With reference to Ishihara’s model
 

Angular velocity estimations of cluster/crystal rotation using (1.7) from Ishihara’s model 
are shown on Table 4-3. Here, the normalized initial radial displacement is assumed to be a = 
1.2. This assumption is certainly appropriate for the purpose of upper limit estimation as later 
we will show that the radial fluctuation is at most 4 % only (see Section 5.2.1 for Radial 
instability coefficient versus number of particles). 

In comparison, angular velocity estimations using Ishihara’s model are at least four 
orders less than our experimentally measured values. Despite our choice of a = 1.2, this 
model provides the weakest quantitative description for cluster/crystal rotation in magnetic 
field. 

 
 a md 

(kg) B (G)

 

dLΩ  (rads-1) ω (rads-1) 
[estimated] 

ω (rads-1) 
[experimental]

L-Planar Clusters 1.2 ≈ 1.9 
× 10-13

≈ 90 ≈ 5.3 × 10-5 ≈ 1.2 × 10-5 ≈ 0.3 

S-Planar Clusters 1.2 ≈ 1.7 
× 10-14

≈ 90 ≈ 2.6 × 10-4 ≈ 5.7 × 10-5 ≈ 0.6  

L-Planar-100 1.2 ≈ 1.9 
× 10-13

≈ 90 ≈ 5.3 × 10-5 ≈ 1.2 × 10-5 ≈ 0.2 

Large Crystal 1.2 ≈ 1.9 
× 10-13

≈ 130 ≈ 7.7 × 10-5 ≈ 1.7 × 10-5 ≈ 0.1 
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Annular Crystal 1.2 ≈ 1.9 
× 10-13

≈ 130 ≈ 7.7 × 10-5 ≈ 1.7 × 10-5 ≈ 0.1 

Table 4-3 – In comparison, the angular velocities of L-Planar clusters, S-Planar clusters, 
intermediate clusters, large crystal, and annular crystal estimated using Ishihara’s model are 
systematically 4 orders lower than those measured in our rotation experiments. 

 

4.3.3. With reference to Kaw’s model 
 

By substituting our experimental conditions (σin = 8 × 10-19 m2 [143] and EC ≈ 100 Vm-1) 
into (1.8) from Kaw’s model, Table 4-4 shows the angular velocity estimations for L-Planar 
clusters, S-Planar clusters, intermediate clusters, large crystal, and annular crystal. In all cases, 
Kaw’s model was able to provide the most satisfactory quantitative description for the 
angular velocity of cluster/crystal rotation compared to other models, especially for the case 
of large crystals, annular crystals, and intermediate clusters. Although in the case of planar 
clusters, the angular velocity prediction using Kaw’s model was 1 to 2 orders higher than our 
measured values. 

rs 
is ex the contrary, angular velocity saturation 
was observed in L-Planar cluster at magnetic field as low as 30 G. Moreover, Kaw’s model 

does not show any angular 
ent. 

We believe that another reason Kaw’s model was unable to provide an accurate 
desc

Also for L-Planar clusters, the magnetic field at which angular velocity saturation occu
pected to be B ≈ 9000 G (when ξKaw = 1). On 

did not take into account of the amount of dust, and therefore 
velocity dependency on the number of particles, which was observed in our experim

ription for planar clusters is that, the ions under our experimental conditions are in the 
nonlocal collisionless fluid stage. Since the ion-neutral collisional mean free path: 
 

 in
in

uλ
ν

Σ=  (4.25) 

 
in our system is approximately 4 × 10-4 m, it is of comparable size to planar dust clusters. 
Therefore the collisional fluid description of the ions used in Kaw’s model is not appropriate. 
 
 nn (m-3) md (kg) νdn (s-1) νdi (s-1) νin (s-1) 
L-Planar Clusters ≈ 3.2 × 1021 ≈ 1.9 × 10-13 ≈ 13.6 ≈ 4.3 × 10-2 ≈ 2.2 × 106

S-Planar Clusters ≈ 3.2 × 1021 ≈ 1.7 × 10-14 ≈ 30.2 ≈ 9.5 × 10-2 ≈ 2.2 × 106

L-Planar-100 ≈ 3.2 × 1021 ≈ 1.9 × 10-13 ≈ 13.6 ≈ 4.3 × 10-2 ≈ 2.2 × 106

Large Crystal ≈ 1.1 × 1022 ≈ 1.9 × 10-13 ≈ 47.6 ≈ 4.3 × 10-2 ≈ 4.5 × 106

Annular Crystal 21 -13 -2 6≈ 8.0 × 10 ≈ 1.9 × 10 ≈ 34.0 ≈ 4.3 × 10 ≈ 3.7 × 10
 

 
iLΩρ (m) (rads-1) ω (rads-1) 

[estimated] 
ω (rads-1) 

[experimental] 
L-Planar Clusters ≈ 4 × 10-4 ≈ 2.2 × 104 ≈ 8.7 ≈ 0.3 
S-Planar Clusters ≈ 3 × 10-4 ≈ 2.2 × 104 ≈ 11.5 ≈ 0.6  
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L-Planar-100 ≈ 4 × 10-3 ≈ 2.2 × 104 ≈ 0.87 ≈ 0.2 
Large Crystal ≈ 10-2 ≈ 3.1 × 104 ≈ 0.16 ≈ 0.1 

Annular Crystal ≈ 10-2 ≈ 3.1 × 104 ≈ 0.25 ≈ 0.1 
Table 4-4 – Using Kaw’s model, the estimated values of angular velocities of large crystal and 
annular crystal are in close agreement with those measured in our rotation experiments. 
However, for L-Planar clusters, S-Planar clusters, and intermediate clusters, the estimated 
values are 1 to 2 orders larger than our experimental values. 
 

4.3.4. With reference to Shukla’s model 
 
By substituting our experimental conditions (σin = 8 × 10-19 m2 [143] and EC ≈ 100 Vm-1) 

into (1.10) from Shukla’s model Table 4-5 shows the estimated values of the angular 
velocities for L-Planar clusters, S-Planar clusters, intermediate clusters, large crystal, and 
annular crystal. In comparison with our experimental data, the estimated values of the angular 
velocities are 3 to 4 orders lower.  

For L-Planar clusters, the magnetic field at which angular velocity saturation occurs is 
expected to be B ≈ 103 T (when ξShukla = 1). This value is far beyond what we have observed 
in our experiments (B ≈ 30 G). From Shukla’s model, the magnetic field of angular velocity 
saturation of the cluster rotation is expected to decrease as the number density of dust 
increases. On the contrary, angular velocity saturation was only observed for L-Planar 
clusters which have relatively lower number density of dust than large crystal and annular 
crystal. 
 
 n  (m-3) n  (m-3) m  (kg) ν -1  ν -1 ν -1) n d d dn (s ) di (s ) in (s
L-P  × lanar Clusters ≈ 3.2 × 

1021
≈ 2 × 1010 
to 3 × 1010

≈ 1.9 × 
10-13

≈ 13.6 ≈ 4.3 × 
10-2

≈ 2.2
106

S-Planar Clusters 
10-2 106

≈ 3.2 × 
1021

≈ 3 × 1010 
to 1 × 1011

≈ 1.7 × 
10-14

≈ 30.2 ≈ 9.5 × ≈ 2.2 × 

L-Planar-100 ≈ 3.2 × 
1021

≈ 1 × 1010 ≈ 1.9 × 
10-13

≈ 13.6 ≈ 4.3 × 
10-2

≈ 2.2 × 
106

Large Crystal ≈ 1.1 × 
1022

≈ 5 × 1010 ≈ 1.9 × 
10-13

≈ 47.6 ≈ 4.3 × 
10-2

≈ 4.5 × 
106

Annular Crystal ≈ 8.0 × 
1021

≈ 1 × 1011 ≈ 1.9 × 
10-13

≈ 34.0 ≈ 4.3 × 
10-2

≈ 3.7 × 
106

 

 Z ρ (m) iLΩ (rads-1) ω (rads-1) 
[estimated] 

ω (rads-1) 
[experimental]

L-P rlana  Clusters ≈ 7.0 × 10 ≈ 4 × 10 ≈ 2.2 × 103 -4 4 ≈ 5 × 10-4 to 1 
× 10-3

≈ 0.3 

S-Planar 0 ≈ 2.2 × 10  ≈ 3 × 10  to 4 ≈ 0.6   Clusters ≈ 3.1 × 103 ≈ 3 × 1 -4 4 -4

× 10-3

L-Planar-100 ≈ 7.0 × 103 ≈ 4 × 10-3 ≈ 2.2 × 104 ≈ 1 × 10-5 ≈ 0.2 
Large ≈ 0.1 Crystal ≈ 7.0 × 103 ≈ 10-2 ≈ 3.1 × 104 ≈ 2 × 10-4
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Annular Crystal ≈ 7.0 × 103 ≈ 10-2 ≈ 3.1 × 104 ≈ 8 × 10-4 ≈ 0.1 
Tabl sters, S-Planar clusters, 

syste ose measured in our rotation experiments. 

4.4. Fu
 

In this section, we discuss the possibility in other factors which might influence the dust 
rotation in magnetic field. 
 

4.4.1. Neutral gas flow 
 

A possible mechanism which can cause dust rotation is the neutral gas flow. However, 
the velocity of possible neutral gas rotation can be shown to be very small by estimating the 
velocity acquired by the neutrals due to collisions with the ions. In this case, the neutrals will 
acquire an azimuthal velocity due to the ion drift given by [116]: 
 

 

e 4-5 - In comparison, the angular velocities of L-Planar clu
intermediate clusters, large crystal, and annular crystal estimated using Shukla’s model are 

matically 2 to 4 orders lower than th
 

rther Remarks on Dust Rotation 

( )
( )

2
0

0

/1
1 /

Ci ni
n

n nn S

p BEnu
n c p E

θ µν
ν α

=
+⎡ ⎤⎣ ⎦

 (4.26) 

 

where 
nnn n nn Tn vν σ=  is the neutral-neutral collisional frequency and σnn is the 

neutral-neutral collisional cross-sections.  
Using the parameters from our experiments (nn ≈ 1021 m3

, ni ≈ 3 × 1015 m3, σni = 8 × 10-19 

m2 and σnn = 3 × 10-19 m2 [143], uΣ ≈ 850 ms-1, ≈ 400 ms-1, µ0 = 1.9 × 103 

mbar-cm2V-1s-1 and α0 = 3.5 × 10-2 mbar-cmV-1 [130], p 3 × 10-1 mbar, B ≈ 100 G, EC ≈ 1 
Vcm-1, and ES ≈ 10 Vcm-1), our calculation show imuthal drift velocity of 
neutrals is 7 × 10-10 ms-1 which corresponds to an angular velocity of 7 × 10-7 rads-1 (for ρ ≈ 

10-3 m). Therefore the neutral gas can be considered as stationary (

nTv  

≈ 1.
ed that the az

iuθ ≈ 2 rads-1). 

 

4.4.2. Dust charge gradient 
 
Another possible mechanism for explaining dust rotation is dust charge gradient across 

the horizontal plane in the presence of a translational non-electrostatic force [109][144]. A 
dust charge gradient is present if there are inhomogeneities in the plasma, such as temperature 
gradient or number density gradient of electrons and ions. In such case, the angular velocity 
of rotation is given by [144]: 
 



( )
2

non

d dn

F Z
m Z

ρω
ν ρ

∂
=

∂
  (4.27) 

 

where ( )Z ρ
ρ

∂
∂

 is the dust charge spatial gradient and Fnon is the translational 

non-electrostatic force. 
In our experiments, the presence of a translational non-electrostatic force was 

emonstrated by the slight shift in clusters away from the center of the confinement electrode 
ee Section 3.4.4 for Superposition of electrostatic potentials and translational force). This 

tic force can be considered, for example, thermophoretic force 

d
(s
translational non-electrosta
given by [145][146]: 
 

 
216

15
n

th
T

a TF
v

π χ
ρ

∂
=

∂  (4.28) 

 

where χ is the heat conductivity of the neutrals and T
ρ

∂
∂

 is the temperature gradient. As an 
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estimation, for argon gas at 300 K, χ ≈ 0.017 -33 mkgs  [147], T
ρ

∂
∂

 ≈ 50 Km  in the sheath, -1

( )Z ρ
ρ

∂
∂

 

for 
thermop
conditio

t electric field, only a small tilt in the angle of 
the 

divergence of 11.5 
egrees, the EC×Bz component and the ES×Bρ component will be equal. Thus the estimation in 

the ion d
 

≈ 500 m-1, we get ω ≈ 5 × 10-4 rads-1 for large dust particles and ω ≈ 1 × 10-3 rads-1 

small dust particles. Such small values show us that the dust charge gradient with 
horetic force is not responsible for cluster/crystal rotation under our experimental 
ns. 

 

4.4.3. Divergence of magnetic field 
 

Interestingly, all of the current theories on dust rotation do not take into account the 
divergence of the axial magnetic field in real experiments. Since the sheath electric field is at 
least ten times the magnitude to the confinemen

magnetic field away from the vertical axis will increase the magnitude of the azimuthal 
component of ion drag force (see Figure 4-39). For a magnetic field 
d

rag force can increase twice in the divergence of magnetic field. 



 
Figure 4-39 – Since the sheath electric field is at least ten times the magnitude of the radial 
electric field, only a small tilt in the angle of the magnetic field away from vertical will increase 
the magnitude of the azimuthal component of ion drag force. 

4.5. Summary 
 

Planar dust clusters, dust strings, three dimensional dust clusters, intermediate dust 
clusters, large dust crystals, and annular dust crystals have been rotated collectively as a 
rigid-body in the left handed direction with respect to the magnetic field in an inductive rf 
plasma. The magnetic field used in our experiments was 2 to 3 orders less than that used in 
other experiments. 

In particular, we learned that: 
 

 In general, angular velocity of the cluster/crystal rotation increases with magnetic 
field strength. The angular velocity is linearly dependent on the magnetic field for 

ear dependency on magnetic field 
and dependence on number of particles in the cluster. 

 Single ring L-Planar clusters requires a certain threshold magnetic field strength over 
itiate. In general, the threshold magnetic field decreases as 
reases. 

 Double ring L-Planar clusters exhibits angular velocity saturation. 

d plasma. Under some condition, the models give adequate 

large crystals and intermediate dust clusters. 
 The angular velocity of dust clusters exhibit nonlin

which the rotation will in
the number of particles inc

 L-Planar-2 cluster exhibit periodic pauses during rotation for magnetic field strength 
up to 100 G.. 

 Theories based on the ion drag force have the best agreement with experimental 
results. In most case, the models provide a good qualitative description of dust 
rotation in magnetize
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quantitative predictions. 
 For proper description of planar cluster rotation, future theoretical development is 

needed. 
 



5. 
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study is to analyze the structural fluctuations (or 
insta

ned from the planar dust cluster rotation 
expe

 

.1. . Radial instability 

f how widely the outer particles in a dust 
luster moved stochastically away from their mean position in the radial direction. 

Exp

Fluctuations of Planar Dust Clusters 
 
 

The purpose of the following 
bilities) of planar dust clusters under the influence of a magnetic field. As we have learnt, 

the cluster radii of L-Planar and S-Planar clusters fluctuated with time. From the application 
point of view, such fluctuations are undesirable as the ultimate goal of particle manipulation 
lies in the precision in controlling the position of the dust particles. For most applications, the 
fluctuations of the outer particles are expected to be the most important. As a result, we made 
it a standard procedure in our analysis that only particles in the outer ring of the dust clusters 
would be used in the determination of instabilities. 

Using the same experimental data obtai
riments, the instabilities of planar dust clusters from 3 to 12 particles with two different 

dust sizes were studied (actually some periods of data which were used in rotation analysis 
could not be used in instability analysis due to structural changes between metastable states). 
As the motion of the dust particles are strongly confined in the axial direction, the instabilities 
are expected to be important in the azimuthal and the radial direction only. Thus only the 
radial and the azimuthal instabilities of these clusters were analyzed. 
 

5.1. Cluster Instabilities 
 

5 1
 

We define the radial instability as a measure o
c

erimentally, the radial instability is calculated from the first standard deviation of a 
population of cluster radii ρ1, ρ2, ..., ρM, measured at different times t (see Figure 3-3): 

Equation Chapter (Next) Section 1 

 

2( )
M

i
1i

M
ρ

ρ ρ−∑
σ ==  (5.1) 

 

w ρ  is the mean and M is the number of cluster radii in the sample. If the range of the 

adii varies widely from their mean value, then the magnitude of the radial instability 
igher. For comparison purposes

here 

cluster r
will be h , we also define the radial instability coefficient (a 
dim
 

 

ensionless quantity) as: 

S ρρ σ
ρ

=  (5.2) 
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5.1.2. A
 

widely t
position lasma with 
arying angular velocity, therefore a rotating coordinate system was devised to measure the 

.  

zimuthal instability 

Similar to radial instability, we define the azimuthal instability as a measure of how 
he outer particles in a dust cluster moved stochastically away from their mean 
in the angular direction. Since the dust clusters were rotating in the p

v
angular position of the particles (see Figure 5-1). Here, the angular position of each particle in 
the outer ring was measured relative to a baseline through the centre of mass and the jth 
particle in the outer ring. Since the particles in the cluster rotated on average as a rigid-body 
and fluctuated only slightly around their equilibrium position, this baseline served as a 
suitable coordinate system as it rotated with the cluster at all times
 

 
Figure 5-1 – A rotating axis based on a particle in the spinning cluster was used to determine 
azimuthal instability coefficients. 
 
Using this coordinate system, the azimuthal instability coefficient based on the jth 

particle is calculated from the average of the first standard deviation of a population of 
angu

 

lar positions θ1, θ2, ..., θM, measured at different times t for particle 1, 2,…, j-1, j+1,…, 
N’ (N’ is the number of particles in the outer ring): 
 

'

1, (based on the th particle)
' 1

N

k
k k j

S
S j

N

θ

θ = ≠=
−

∑
 (5.3) 

2

1
( )

M

i
i

kSθ

M

θ θ
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−
=

∑
, where  
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θ  is the m

 Table 5-1 shows the azimuthal instability coefficients based on each of the particle in 
S-Planar-6 system. And as shown from the table, the calculated values of the azimuthal 
instability coefficients are dependent weakly on the particular particle chosen. Consequently, 
the azimuthal instability coefficient of the dust cluster was obtained by averaging over all 
dust particles: 
 

 

ean and M is the number of angular positions in the sample. 

'

1
(based on the th particle)

'

N

j
S j

S
N

θ

θ ==
∑

 (5.4) 

 
The unit for azimuthal instability coefficient is radians. The azimuthal instability (with units 
in meters) is given by: 
 

 Sθ θσ ρ=  (5.5) 

 

5.1.3. Total instability and instability ratio 
 

Since the sheath electric field is much larger than the confinement electric field, the 
motion of the dust particles are strongly confined in the axial direction. Therefore the total 
instability and the total instability coefficient are given by: 
 

 2 2ρ θσ σ σ= +  (5.6) 

 2 2S S Sρ θσ
ρ

= = +  (5.7) 

 
We define the instability ratio as: 
 

 
S
S

θ θ

ρ ρ

σ
σ

Θ = =  (5.8) 

 



 
Table 5-1 - Azimuthal instability coefficients based on different outer particles in S-Planar-6 
(1,5) at different magnetic field strength. 
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ility coefficient dependence on the number of particles 
for L

5.2. Cluster Instabilities versus Number of Particles 
 

5.2.1. Radial instability coefficient versus number of particles 
 

Figure 5-2 shows the radial instab
-Planar and S-Planar clusters at different settings of magnetic field strength. The radial 

instability coefficients of L-Planar and S-Planar clusters have been measured to be 
approximately 1% and 2 to 3 % respectively. In general, the radial instability coefficient of 
S-Planar clusters is approximately 2 to 3 times larger than L-Planar clusters. Also, at low 
magnetic field strength, for both large and small particles, the radial instability coefficient for 
clusters with 6 or 8 particles tends to be higher compared to other configurations. 
 

 
Figure 5-2 – Radial instability coefficient plotted as a function of the number of particles for 
L-Planar clusters (left) and S-Planar clusters (right) at different magnetic field strength. The 
grey dotted line highlights the higher instability observed in particular cluster systems. 

 

5.2.2. Azimuthal instability coefficient versus number of particles 
 

Figure 5-3 shows the azimuthal instability coefficient dependence on the number of 
particles for L-Planar and S-Planar clusters at different settings of magnetic field strength. In 
general, the azimuthal instability coefficient of S-Planar clusters is approximately 2 to 3 times 
larger than L-Planar clusters. In relation to Figure 5-2, the radial and azimuthal instability 
coef r 9 
part The azimuthal instability coefficients for 

-Planar-10 and L-Planar-12 were also relatively high, which was not observed in their radial 
counterparts. 

ficients of clusters with 6 or 8 particles were more unstable than clusters with 7 o
icles for both L-Planar and S-Planar clusters. 

L



 
Figure 5-3 – Azimuthal instability coefficient plotted as a function of the number of particles 
for L-Planar clusters (left) and S-Planar clusters (right) at different magnetic field strength. 
The grey dotted line highlights the higher instability observed in particular cluster systems. 

 

5.2.3. Dominance of azimuthal component in cluster instability  
 
Next, the absolute values of the radial and the azimuthal instabilities were compared to 

determine the major component of cluster instability. Figure 5-4 and Figure 5-5 shows the 
azimuthal and radial instabilities dependence on the number of particles at different magnetic 
field strength for L-Planar and S-Planar clusters respectively. In comparison, the fluctuations 
of particles in the azimuthal direction are approximately 10 times larger than in the radial 
direction for both L-Planar and S-Planar clusters.  
 

 
Figure 5-4 – Azimuthal instability (left) and radial instability (right) plotted as a function of the 
number of particles for L-Planar clusters at different magnetic field strength. The grey dotted 
line highlights the higher instability observed in particular cluster systems. 
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Figure 5-5 – Azimuthal instability (left) and radial instability (right) plotted as a function of the 
number of particles for S-Planar clusters at different magnetic field strength. The grey dotted 
line highlights the higher instability observed in particular cluster systems. 

 

he 
insta

A more detailed comparison can be made via the use of the instability ratio. Figure 5-6 
shows the instability ratio dependence on the number of particles at different magnetic field 
strength for L-Planar and S-Planar clusters respectively. Except for L-Planar-10, t

bility ratio is approximately between 2 to 12. That is, the azimuthal instability of most 
cluster systems is 2 to 12 times greater than the radial instability.  

 

 

Figure 5-6 – The instability ratio plotted as a function of the number of particles for L-Planar 
clusters (left) and S-Planar clusters (right) at different magnetic field strength. 

 
The differences in magnitude of cluster instabilities observed in the radial and the 
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 are expected for the following reasons. Firstly, the amplitude of the 
is determined by the spatial gradient of the potential well. Since the 

otion of the dust particles is strongly confined by the sheath electric potential in the vertical 
irection, particle fluctuations will predominately be in the azimuthal and the radial direction. 

In th
e azimuthal direction, the particles are simply in the 

otential well due to its neighboring particles. This potential well is shallower compared to 
e radial case, therefore particles are expected to a higher fluctuation in the azimuthal 

l well will shift 
n the azimuthal 

irection. 
 

Figure 5-7 shows the total instability coefficient as a function of the number of particles 
ic field strength for L-Planar and S-Planar cluster respectively. Since the 

ctuations of particle are dominant in the azimuthal direction, therefore as expected, the 
bles that observed in 

ity coefficient of S-Planar clusters is 
roximately 2 to 3 times larger than L-Planar clusters. 

azimuthal direction
particle fluctuation 
m
d

e radial direction, the particles oscillate in the superposition of the confinement potential 
and the interparticle potential. In th
p
th
direction. Secondly, as dust particles fluctuate, the position of the potentia
accordingly. This will further enlarge the amplitude of particle fluctuation i
d

5.2.4. Total instability coefficient versus number of particles 
 

at different magnet
flu
total instability coefficient dependence on the number of particles resem
azimuthal instability. In general, the total instabil
app
 

 
Figure 5-7 – Total instability coefficient plotted as a function of the number of particles for 

 S-Planar clusters (right) at different magnetic field strength. The 
ility observed in particular cluster systems. 

luster systems with 6 to 12 particles, the total instability 
 particle number appears to be higher for clusters 

d numbers of particles. If we 

L-Planar clusters (left) and
grey dotted line highlights the higher instab

 
Interestingly, for planar c

coefficient of the clusters with respect to the
with even numbers of particles and lower for clusters with od
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 packing sequence probability of the clusters 
es), apparently, there is strong correlation between the 

equence probability and the total instability 
 for one-and-a-half and double ring planar clusters. 
0, and -12 have two metastable states, therefore the 

to their equilibrium position and tend to 
 structural transitions between metastable 

r-7, -9, and -11 have a predominant configuration 
sequence probability greater than 94%, therefore the particles in these cluster 

 and tend to fluctuate less and hence reduce the cluster instability. In 
sters is not favored as the difference in 

compare the total instability coefficient with the
(see Section 3.2.4 for Packing sequenc
two. Figure 5-8 shows both the packing s
coefficient against the number of particles

On one hand, because Planar-6, -8, -1
particles in these cluster systems are less dedicated 
move a lot more as the cluster attempts to undergo
states. On the other hand, because Plana
with packing 
systems are more “loyal”
other words, large particle displacement in these clu
the energy of the allowed packing sequences is high.  

 

 
 

Figure 5-8 – Packing sequence probability (top) and total instability coefficient (bottom) 
lf and double ring planar clusters. The number on 

 probability while the number 
e number of particles in the inner ring of the 

 high probability (> 94 %) for a particular configuration 
e particular probable configuration. 

versus number of particles for one-and-a-ha
the left of the black line marker indicates the packing sequence
on the right of the black line marker indicates th
cluster system. Cluster systems with a
are more stable than others with more than on
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fficient is expected to be low if cluster system has a 
ence probability and high if metastable 

e observation that planar cluster systems 
instability coefficients since they can have one and 

ble packing sequence corresponding to its ground state. 

5.3. Cluster Instabilities and Magnetic Field 

5.3.1. Radial and azimuthal instabilities versus magnetic field 

shows the azimuthal and radial instabilities dependence on 
lusters respectively. For L-Planar 

eneral, an increase in magnetic field corresponds to a decrease in the 
er hand, for S-Planar cluster systems, the 

y constant and appeared to be 
the magnetic field significantly 

for S-Planar clusters (see Section 3.1.3 

. 
ratio of azimuthal instability dependence on the 

L-Planar and S-Planar clusters. Apart from L-Planar-10 and 
tio remained approximately the same over all magnetic fields 

Consequently, the total instability coe
predominant configuration with high packing sequ
states are present. This is further validated with th
with 2 to 4 particles have the lowest total 
only one possi

 
 

 
 

 
Figure 5-9 and Figure 5-10 

the magnetic field strength for L-Planar and S-Planar c
cluster systems, in g
azimuthal and radial instabilities. On the oth
azimuthal and radial instabilities remained approximatel
unaffected by the magnetic field. The result is expected as 
reduced the size of L-Planar clusters but not so much 
for Cluster radius and radial distance). This in turn reduced the radial and azimuthal 
instabilities of L-Planar clusters

Figure 5-11 shows the instability 
magnetic field strength for 
L-Planar-11, the instability ra
for both L-Planar and S-Planar systems. 
 

 
Figure 5-9 – Azimuthal instability (left) and radial instability (right) plotted as a function of the 
magnetic field strength for L-Planar clusters. 

 



 
Figure 5-10 – Azimuthal instability (left) and radial instability (right) plotted as a function of the 
magnetic field strength for S-Planar clusters. 

 

 
Figure 5-11 – The instability ratio plotted as a function of the magnetic field strength for 

). 

5.3.2. Total instability coefficient versus magnetic field 

12 shows the total instability coefficient as a function of the magnetic field 
nd S-Planar cluster respectively. As the magnetic field strength 

Planar cluster systems but remained 

L-Planar clusters (left) and S-Planar clusters (right
 

 
Figure 5-

strength for L-Planar a
increased, the total instability coefficient increased for L-
approximately the same for S-Planar cluster systems. 
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e ground state configuration have been shown to 
 instability coefficient than those cluster systems with a number of metastable 

 Section 5.2.4 for Total instability coefficient versus number of particles). Therefore, 
e total instability coefficient is 

pected to reduce the number of metastable states to one configuration of high packing 
fact, this coincides with our experimental observation that metastable 

ed only at low but not high magnetic field strength (see 
tes). And so it can be generalized that an increase in magnetic 

equence probability of the preferred configuration and 
ions between metastable states. 

Previously, cluster systems with only on
have lower total
states (see
the increase in the magnetic field strength which decreases th
ex
sequence probability. In 
states of dust clusters were observ
Section 3.1.4 for Metastable sta
field will increase the packing s
inhibits structural transit

 

 
Figure 5-12 – Total instability coefficient plotted as a function of the magnetic field strength for 

r clusters (right). 

also have an influence on the cluster instability. Figure 
he particle position relative to the center of mass for S-Planar-7 and 

lar as the particles in this cluster system were 
d at a consistent radial distances from the center of mass. 

ne of the particles in the outer ring in S-Planar-8 was positioned on 
entre of mass than the other particles. The fluctuation of 

ected to have an effect on its neighboring particles and will require 

L-Planar clusters (left) and S-Plana
 
 

5.4. Further Remarks on Dust Fluctuations  
 

The cluster eccentricity might 
5-13 shows snapshots of t
S-Planar-8.  

As shown, S-Planar-7 was quite circu
uniformly distributed azimuthally an
On the contrary, at least o
average a larger distance from the c
such misfit particle is exp
further investigation in the future. 
 



 
Figure 5-13 – Particle position observed relative to the center of mass. (Left) For S-Planar-7, 

rmly distributed azimuthally and at a consistent radial distances from 
particles 1 and 5 were positioned further away 

 and particle 2 closer than the others. 

5.5. Summary 

 the radial and the azimuthal cluster instabilities of planar dust 
field have been analyzed. 

ed that: 

aller particles will have both radial and azimuthal instabilities larger 
 

tio for our cluster systems has been measured to be approximately 2 
ty in the azimuthal direction is 2 to 12 times larger 

dial direction. 
of the clusters is strongly correlated with their 

e probability. That is, clusters with two or more metastable states 
cient than those with one configuration. 

ith one and only one possible packing sequence corresponding to its 
 instability coefficient. 

agnetic field will reduce the size of the cluster, which will in turn 

emained approximately the same over all magnetic fields. 
ability of the 

structural transitions between metastable states. 

the particles were unifo
the center of mass. (Right) For S-Planar-8, 
from the center of mass

 
 

 
In this chapter, both

clusters under the influence of a magnetic 
In particular, we learn
 

 Clusters with sm
than clusters with larger particles.

 The instability ra
to 12. That is, the cluster instabili
than that in the ra

 The total instability coefficient 
packing sequenc
have higher total instability coeffi

 Planar clusters w
ground state have the lowest total

 An increase in m
decrease the cluster instabilities. 

 The instability ratio r
 An increase in magnetic field will increase the packing sequence prob

ground state and inhibit 
 

 150



 151

6. Future Applications  

ulate and stabilize particles can provide radical innovations in a wide 
is chapter aims to suggest possible innovations arising 

f dusty plasma in a magnetic field. The chapter is separated into five 
 the connection between our basic understandings of dust 

n in a magnetic field, with a particular application. 

is a common problem in the production of many types of electronic 
sensors, LCD, plasma displays, and solar cells, etc) that 

ng, sputtering, or polymerizing plasma [8][72]. Dust deposited onto 
troy or lower the quality of the electronic devices. At the 

on dust removal method used by the industry is wet cleaning (WC). 
genic cleaning (CC), laser cleaning (LC), and nanoprobe 

 be used in dust removal in the very near future [89]. 
agnetic field to remove dust 

sed (see Figure 6-1): 

nt method – dust contamination suspended in the plasma is confined 
 substrate using a magnetic field generated by a movable 

aced inside or outside the plasma chamber; 
st contamination suspended in the plasma is rotated by a 

o a location where it can be removed using laser or other expulsion 
tic probe, etc). 

eve dust removal during plasma operation, they do not 
d in conjunction with conventional wet and dry cleaning methods. 

 in the second method is that the expulsion tool is not 
dividual dust particle for removal. The magnetic field simply assists 

dust particles into the path of expulsion and thus the 
ted much more easily. 

utilizing magnetic field to remove dust contamination 
l wet and dry cleaning methods. These include: 

 friendliness – compared to the use of toxic solvents (WC) or 

t cost – compared to nanotechnology (NC); 
enance cost – compared to lasers (LC) or nanoprobes 

inimal running cost – compared to the expensive solvents used in wet cleaning; 

 
 

The ability to manip
range of industrial applications. Th
from our understanding o
sections. Each section will illustrate
motion, especially rotatio
 
 

6.1. Dust Removal  
 

Dust contamination 
devices (e.g. CMOS, CCD, image 
requires the use of etchi
the plasma treated surfaces can des
moment, the most comm
Dry cleaning methods such as cryo
cleaning (NC) might also
Here, two dust cleaning methods which utilize an axial m
contamination are propo
 

 Dust confineme
and transported away from
magnetic coil pl

 Dust rotation method – du
magnetic field t
tools (e.g. gas jet, electrosta

 
Since these two methods achi

interfere and can be use
Moreover, a major innovative point
required to locate the in
the expulsion tool by rotating the 
procedure can be automa

There are many advantages of 
compared to conventiona
 

 Environmentally
greenhouse gas (CC); 

 Low developmen
 Low installation and maint

(NC); 
 M
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purity solvents 

 The position of magnet is not limited by the internal geometry of the operation unit; 

00 G) – compared to highly acidic or 
basic solution (WC), laser burns (LC), or asbestos-like nanotube components (NC). 

 Compactness – compared to special storage space necessary for high 
(HC) or dry ice (CC); 

and 
 No safety hazards with low magnetic field (≈ 1

 

 
Figure 6-1 – By applying an axial magnetic field, dust contamination can either be removed 

t (top) or dust rotation method (bottom) 

munity and the demand of using plasma in various 
dustrial applications has initiated the development of numerous diagnostic methods. 

properties of plasma which commonly need to be determined include the local 
lectric potential, the plasma boundary layer, potential difference, and the number density 

ions. 

via dust confinemen
 
 

6.2. Plasma Diagnostics 
 

The interest in the research com
in
Specific 
e
profiles of electrons and 
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ory situations, the plasma source can be specifically designed and built to 
incorporate diagnostic tools necessary to determine these properties. Unfortunately in most 
indu asma processing facilities, the operational 
environment cannot be easily modified and typically offers very limited access for diagnostic 
tools. Moreover, many of the conventional diagnostic methods require a substantial 

d maintenance cost or takes very long to provide the necessary information. In 
ontrast, dust particles, which are micron-sized, inexpensive, highly responsive, and in most 

could be used as a new form of diagnostic tool. 
, st art les av d as a diagnostic tool to determine the plasma 

48  
ntal results with planar dust clusters have expanded plasma diagnostic 

n be used to 
easure the number density, size, shape, mass, chemical composition, charge, temperature, 

n rotate dust 
articles in a controlled manner means it can play a supportive role during visualization (e.g. 

sis (e.g. light scattering, infrared spectroscopy, etc) of 
ticles in a plasma. More details on how magnetic fields can be used to manipulate 

be given later (see Section 6.3 for Magnetic Manipulation Device) 

Diagnostic Methods 

In most laborat

strial situations, for example in dust-free pl

installation an
c
cases inherent in the plasma processing unit 
In fact du p ic  h e already being use
sheath edge [1 ].

Our experime
possibilities. As shown on Table 6-1, a variety of classical diagnostic methods ca
m
and velocity distribution of the dust particles [8]. The fact that magnetic fields ca
p
particle counter, etc) and optical analy
the dust par
particles will 

 
Parameter 
Number density Particle counters, light scattering, laser 

heating, plasma monitoring 
Size, shape, density, mass Rayleigh/Mie scattering, laser heating, 

scanning electron microscopy, transmission 
electron microscopy, mass spectrometry 

Chemical composition Infrared absorption, Raman spectroscopy, 
elemental analysis, mass spectrometry 

Charge Mass spectrometry, photodetachment, 
resonant oscillations in electric field 

Temperature  Phosphorescence, black body radiation  
Kinetic Temperature,Velocity distribution Light scattering, visualization 

Table 6-1 – The above table shows an overview of the dust-related parameters and their 

 ring and one-and-a-half ring planar dust clusters have been demonstrated to be a 

 
l electric field and electrostatic potential 

, dimension, and eccentricity of electrostatic potential 
 re gradient 

 
, by knowing the levitation height and the interparticle distance, the sheath 

 (i.e. ) and the confinement electric field can be determined 

ram (see 
Phase diagram and period pause) and packing sequences (see Section 3.2.4 

corresponding diagnostics techniques [8]. 
 
Single

convenient diagnostic tool for: 

 Characterization of loca
 Symmetry

Temperatu

In particular

electric field Smg eZE=

respe
Section 4.1.6 for 

ctively (see Section 3.4.1 for Confinement electric field). The phase diag
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ences) can be used in the qualitative evaluation of the symmetry and 
eccentricity of the plasma potential. 

Also, intermediate clusters have been demonstrated in its sensitivity in diagnosing the 
sion, and shift of the electrostatic potential as biased voltage on the 

 changed (see Section 3.4.4 for Superposition of electrostatic 
).   

Using planar clusters with small numbers of particles to diagnose local electric fields not 
ly minimizes the perturbation of the plasma caused by electrostatic probe. By observing the 

d about the electric field 
nd the potential distribution near electrodes and substrate surfaces where other plasma 

particles are effectively electrostatic micro-probes on a 
scal ith the finest conventional probes. Techniques allowing the 
part d ring ide a simple means for 
mon

ill further developments required for these proposed diagnostic methods. For 
example pro
mapped s o  accuracy of the 
method is lar ur knowledge about the charge of the dust particle (the mass 
of the dust p wn as specified by the manufacturer). Currently, the charge 
of the particle can be determined in situ by resonance method [149] or transient motion 
meth

ill be needed in the characterization of larger electric potentials. 
Howeve are and software to detect the positions of the 
particles essary for large 
crystals 

 
 

6.3. Magnetic Manipulation Device 
 

At p jectory of 
particles are highly sought in micro- and nano-technological applications. Specially coated 
powders (see Section 6.4 for Thin Film Coating with Magnetron Sputtering), novel materials, 
nd micro- and nano-devices which have been plasma treated or crafted within a plasma 

needs to be transported in one form or another along the production line. 
ethods of manipulation which can be 

appl  plasma include (see 
Figu
 

tive particles from a 
particle string or monolayer crystal, but also oscillate particles in the vertical or 

s [90]-[91]; 
 oth electron and ion beams can be used to adjust vertical 

 particles via drag force and/or charging of dust; 
 rge gradients established in a plasma via electrostatic probe 

[93], or introduction of system asymmetry [156] can be used 

for Packing sequ

symmetry, dimen
electrode or magnetic field are
potentials and translational force

on
position and movement of the particles, information can be obtaine
a
diagnostic methods fail. The dust 

e not achievable even w
icles to be monitored u  the discharge operation prov
itoring the plasma in industrial processing. 
There are st

, in theory, a vertical file of the confinement and sheath electric fields can be 
out using dust particle f different sizes or masses. However, the

gely dependent on o
article is usually kno

od [150]. 
Also, large crystals w

r, more sophisticated imaging hardw
 and sophisticated models to calculate the interparticle forces are nec
to be a viable diagnostic tool. 

resent, the abilities to stabilize the position and accurately control the tra

a

From our existing knowledge about dusty plasma, m
ied to maneuver individual particle or a collection of particles in a
re 6-2): 

 Optical method – laser can be used not only to thrust selec

horizontal direction
Electron and ion method – b
and horizontal position of
Electrical method – cha
[92], external electrode 
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rticles into rotation or vortex motion. The motion can be 
 strongly correlated. Also by voltage variation on 

individual particle can be expelled, maneuvered vertically 
 oscillations [90]-[91], or orbital motion [94]; and 

 pplication of magnetic field normal to the dust plane 
ust clusters and crystals to rotate 

[111][116][118]-[119][121][124]-[125][127]. 
 
Obviously the position and trajectory of the particles can also be influenced using other 
met ral gas flow, temperature gradient, and variation in neutral gas pressure 
or plasm owever, these methods are nonselective, have significantly slower 
response time, and are usually intrusive to the processing plasma. So instead, these methods 
should be regarded as implemental tools in particle manipulation. 
 

to set a collection of pa
highly organized if the particles are
the probe or the electrode, 
and horizontally, set into
Magnetic method – external a
can cause both d
[24][103]-[106][108]-[109]

hods such as neut
a input power. H

 
Figu s can be selectively set into oscillations or pushed in the horizontal and 

al direction using laser, ion beam, electrostatic probe, etc (left). The position of the 
 in the radial/horizontal and axial/vertical direction using confinement 

elec uthal direction using magnetic field, introduction of system 
asym ht).     

 
, it is well known that the particles can be individually oscillated, expelled (in order 

move undesired particles), or set into rotation using a laser beam (inter-ring rotation). 
xperimental work had been performed by Klindworth et al. [87] which 
at both inter-ring rotation and rigid cluster rotation are possible depending on 

e “magic particle number” utilizing multiple laser beams. Intuitively, magnetic fields can be 
 hand” in rotating the cluster. However, what the combined effect of 

 field will have on the cluster motion will need further investigation. 
 a conceptual depiction of how magnetic fields can be introduced into 

 plasma processing unit to manipulate particles. 

– dust particles which have been plasma treated with tailored 
properties or special coatings begin their journey here inside the production chamber. 

 magnetic field is introduced using a magnetic coil sitting outside the 
ber underneath the particles. Electrode initially used to confine the particles is 

switched off while the magnetic coil is switched on. The dust particles levitating in 
plasma is confined using magnetic field (see Section 3.4.3 for Intermediate 

netic confinement of dust particles); 

re 6-2 – Particle
vertic
particles can move

trode (center), and in the azim
metry, etc (rig

Also
to re
Interestingly, e
demonstrated th
th
used as the “third helpful
the laser and magnetic

Figure 6-3 shows
the production line of a typical
 

 Production unit 

An axial
cham

the 
clusters and mag



 
Figure 6-3 – A conceptual depiction showing the use of magnetic field in particle manipulation 

e production line.  along th
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 Transportation unit – by moving the magnetic coil along the rail, dust particles can 
nsported along the plasma from unit to unit while maintaining the isolation of 

the vacuum chamber. 
rive in view of observation window, they 

can be examined for quality control with the aid of microscope and illumination laser. 
Defective particles can be individually selected and removed using a high power 

lsed laser as they are rotated in a magnetic field (see Section 6.1 for Dust 
crease accuracy, an additional electrode can be used to fine tune the 

ion of the dust particles; and 

e or simply deposited onto substrate. The coil is then returned to its original 
position and the whole process can be repeated. 

 
Essentially the use of magnetic fields can be implemented at all stages of production line for 
vari agnetic fields to manipulate particles 
incl

unction (e.g. rotate, radial and vertical movement, stabilize), 
ification of access (e.g. optical window, port for electrostatic probes) to the 

operation unit is necessary, 
stallation and maintenance cost compared to lasers, electron and ion guns, 

Minimal running costs especially if permanent magnet or low strength magnetic 
ployed, 

 operation and reproduction, 
, 

rchangeability, 
lation of vacuum system, 

 motion of particle can be achieved without increasing neutral damping, 
ability of particles, 

 of magnet is not limited by the internal geometry of the operation unit, and 
nd severity of safety hazards related to magnetic field (e.g. cardiac 

maker, ferromagnetic biological implants) is much lower than lasers (e.g. eye, 
 and ion guns (e.g. hot cathode, high voltage, x-rays leakage, etc). 

ng with Magnetron Sputtering 
 

y, coating thin films (in the scale of few hundred layers of atoms) of metals or 
insu ates is commonly performed for the purpose of surface modification. 

n micro- and nanotechnology, thin film coating on very small particles is 
currently being developed to manufacture powders with tailored functionalities (e.g. 

hape, chemical, electrical, and optical properties). Gas injection, chemical 
cata n sputtering are some of the possible methods used to coat powders in 

ever, only a few papers have addressed the particle dynamics in plasmas 
designed for coating powders [153]-[155]. Especially, particle dynamics in a magnetized 

ed to coat powders has not been described so far. 

be tra

 Quality control unit – when dust particles ar

pu
Removal). To in
radial and vertical posit

 Collection unit – finally the dust particles are collected using another confinement 
electrod

ous purposes. And the advantages of utilizing m
ude: 

 
 Multif
 No mod

 Low in
 

fields are em
 Easy
 Compactness
 Inte
 Maintain iso
 Slow
 Increases st
 Path
 Potential a

pace
skin), electron

 

6.4. Thin Film Coati

In industr
lators on substr

Particularly i

geometrical s
lysis, and magnetro

plasma. How

plasma design
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ring, conventionally, target electrode of a single type of material is 
 plasma ions, allowing free atoms of the target metal to be released and to 

depo levitating in the plasma. A magnetic field is employed in magnetron 
onfine the plasma electrons near the target in order to increase the ionization 

rate ering rate needed for industrial production. To increases target life, a 
agnetic field is often used to avoid set erosion paths by sweeping the erosion region 

rea of the target [151]. 
In relation to our findings, obviously a magnetic field can be used in the transportation of 
d powders (see Section 6.3 for Magnetic Manipulation Device). In addition to particle 

ansportation, however a secondary magnetic field can also be introduced into a magnetron 
ulti-layers of films onto particles. Figure 6-4 shows a magnetron 

ice with two different types of metals used as targets. Small clusters or large 
ferent metals coat alternatively 

vantage of achieving the 
lms possible onto any type of 

eramics, and heat-sensitive plastics) that can be levitated in the plasma. As 
not far from the reality. Silicon dioxide particles have been 

hown to rotate in a rf discharge coupled with a dc magnetron sputtering device using a 
anent magnet [124]-[125]. 

In magnetron sputte
bombarded by

sit onto particles 
sputtering to c

 and hence the sputt
rotating m
across a wide a

coate
tr
sputtering device to coat m
sputtering dev
crystals in the plasma can be rotated while ions of the two dif
onto the particle surface. 

The coating of powders using magnetron sputtering has the ad
thinnest, most uniform, and the most bonded layers of fi
particles (metals, c
a matter of fact, the concept is 
s
perm
 

 
Figure 6-4 – Particles can be rotated while the ions of two different metals coat alternatively 

he particle surface via magnetron sputtering. onto t
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Etching 

Apart from coating dust with special materials, dust particles themselves can be arranged 
 assist in ion etching. In this concept, 

rdered structures of dust particles are levitated and above the substrate. Fluxes of reactive 
ocused onto the wafer, creating an ordered array of micro- and nanometer-sized 

craters as a result of surface etching. Therefore, ordered structure of dust particles serve as a 
lithograp h particle position and interparticle distance can be adjusted using 
electric a  Figure 6-5). 

6.5. Particle Assisted Ion 
 

into ordered structure and be used as a masking tool to
o
ions are f

hic mask whic
nd magnetic field (see

 
Figu particles, plasma ions would stream uniformly towards the target 
elec cles were levitated in the plasma, plasma ions 
woul  charged particles and be focused onto the substrate electrode.  

 
With ered array of particles can be rotated to 

etch out n the wafer. The quality of the etching patterns will be largely 
determin  of the dust particles. Our analysis in cluster instabilities is very 
importan otion of dust particles. Dust particles are required to 
have ins e micro- or nanometer scales (Sθ and Sρ were in the range of 10-5 m for 
our dust te that as the size of the dust particle decreases, our experimental 

ts show that the cluster instabilities will increase. So the minimization of instabilities 
come more challenging especially if particles are to be used in nanotechnological 

pplications. 
xial magnetic field had been demonstrated to be 
long with the size of the clusters and inhibiting 

ructural transitions between metastable states (see Section 5.3.2 for Total instability 

sters while in the plasma and during the deposition process. 
In situations where dust clusters are required to form defined ring structures, our analysis 

opriate packing sequence with minimal instabilities. Using 
ne-and-a-half ring planar cluster as an analogy, particle arrangement in Planar-7 

uch 
s Planar-6 and -8  (see Section 5.2.4 for Total instability coefficient versus number of 

re 6-5 – Without 
trode. If ordered structures of dust parti
d stream towards the

 the application of a magnetic field, the ord
 circular patterns o
ed by the stability
t for minimizing the random m

tabilities in th
 particles). No

resul
will be
a
  From our analysis, the application of an a
capable of reducing the cluster instabilities a
st
coefficient versus magnetic field). The latter capability can be used in controlling the packing 
sequence of the clu

will help to identify the appr
o
configuration will be have less total instability compared to other form of arrangement s
a
particles).  
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on 

sis has provided a detailed experimental record of the behavior of dust particles 
ed plasma. The experiments were performed in inductive rf discharge plasma 
re range 100 to 500 mTorr, power 500 mV at 17.5 MHz. The dust particles used 

ere melamine formaldehyde with radius 3.105 µm and 1.395 µm. Dust clusters with 
 formed. In particular, Planar-2 (two 

articles in a horizontal plane) to Planar-16 dust clusters were formed. Also, experiments with 
 three-dimensional clusters, and large and annular dust crystals were 

been demonstrated that the dust clusters rotate with application of an axial 
ic field. The direction of rotation is in the left-handed sense. And the angular velocity 

 dependent on the number of particles and the magnetic field. 
 the theoretical and experimental values of angular 

els based on ion drag force provide the best agreement 
ith the experimental data. But future development in the driving mechanism for dust cluster 

e measured in 
ur experiments. Possible explanations were proposed for discovered features in cluster 

lar velocity saturation of double ring clusters, oscillations and periodic 
ause of Planar-2 clusters. It was shown that the divergence of magnetic field and 

ken into account along with the ion drag force to 
dequately describe observed phenomena. The cluster instabilities were analysed and the 

as found to be higher for S-Planar clusters than for L-Planar clusters. The 
 the azimuthal direction is 2 to 12 times larger than that in the radial 

as established that an increase in magnetic field will reduce the size of the 
hich will in turn decrease the cluster instabilities. The instability ratio (or the ratio 

n azimuthal and radial instabilities) remained approximately the same over all 
tic fields.  
 achieved dust particles confinement by magnetically induced electrostatic trap. The 
ment was carried out over an unbiased, flat electrode by using an ambipolar radial 

ield induced by magnetic field. The confinement electric field is created due to 
ation of electrons which changes the ambipolar diffusion coefficient of electrons. 

xperiments were complemented with computer simulations of the structural 
on and stabilities of planar dust clusters. Dust cluster systems were modeled by 

ng Coulomb (Debye) repulsion, electrostatic confinement, and friction force. A 
ical distribution of inter-ring rotations and energies was found and compared to those 

redicted by theory. Subsequently, a more accurate model for inter-ring rotation which 
gs was proposed.  

The packing sequences of dust clusters with different number of particles were obtained. 
e total instability coefficient of the clusters is strongly correlated with 

eir packing sequence probability. That is, clusters with two or more metastable states have 
onfiguration. And planar clusters with 

ne and only one possible packing sequence corresponding to its ground state have the lowest 
bility coefficient. 
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8. Appendix 
 
 

The appendices in this chapter describe the procedures used in obtaining some of the 
information essential in this thesis.  
 
 

8.1. Appendix I – Macro Used in Data Reorganization 
 

The com software available was only capable of determining the x- and y- 
coordinates of the dust particles. The data were stored as individual text files for each frame 
of the video. Therefore the following program was written in the macros of Microsoft Excel 
to merge the separate text files and reorganize the data into one continuous spreadsheet. 
 
Sub Inse

' 

' This m  of the x and y coordinates  

' of the

' 

Dim Chec r1 

Check =     ' Initialize variables. 

Do    ' 

    Do W < 10    ' Inner loop. 

        er + 1    ' Increment Counter. 

 Counter1 = Counter * 20 + 1 ' Increment Counter1. 

h ActiveSheet.QueryTables.Add(Connection:= _ 

       "TEXT;C:\WINDOWS\Desktop\SParticles\Planar-6000" & Counter & ".txt", Destination _ 

       .FieldNames = True 

       .PreserveFormatting = True 

pen = False 

       .RefreshStyle = xlInsertDeleteCells 

       .SaveData = True 

djustColumnWidth = True 

riod = 0 

     False 

    

    StartRow = 1 

    th 

 .TextFileTextQualifier = xlTextQualifierDoubleQuote 

puter 

rtfile2() 

acro merges the text files

 dust particles from designated directory  

k, Counter, Counte

True: Counter = -1

Outer loop. 

hile Counter 

Counter = Count

       

    Wit

 

        :=Cells(Counter1, 1)) 

        .Name = "Planar-6000" & Counter 

 

        .RowNumbers = False 

        .FillAdjacentFormulas = False 

 

        .RefreshOnFileO

 

        .SavePassword = False 

 

        .A

        .RefreshPe

    .TextFilePromptOnRefresh =

    .TextFilePlatform = xlWindows 

    .TextFile

    .TextFileParseType = xlFixedWid
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eDelimiter = False 

emicolonDelimiter = False 

       .TextFileCommaDelimiter = False 

 

y(1, 1, 1) 

       .TextFileFixedColumnWidths = Array(4, 2) 

 End With 

 

   If Counter = 9 Then    ' If condition is True. 

 Set value of flag to False. 

           Exit Do    ' Exit inner loop. 

 = False    ' Exit outer loop immediately 

eck1, Counter2, Counter3 

rue: Counter2 = 9    ' Initialize variables. 

ter loop. 

   Do While Counter2 < 100    ' Inner loop. 

    ' Increment Counter2. 

       Counter3 = Counter2 * 20 + 1 ' Increment Counter3. 

t.QueryTables.Add(Connection:= _ 

       "TEXT;C:\WINDOWS\Desktop\SParticles\Planar-600" & Counter2 & ".txt", Destination _ 

       .Name = "Planar-600" & Counter2 

ieldNames = True 

        alse 

        rmulas = False 

         True 

        FileOpen = False 

        .Ref le = xlInsertDeleteCells 

 

        .SaveData

        .Adj umnWidth = True 

        .RefreshP

        .TextFile

        .TextFile

        .Tex StartRow = 1 

        FileParseType = xlFixedWidth 

        lifier = xlTextQualifierDoubleQuote 

        Delimiter = False 

 .TextFileTabDelimiter = True 

emicolonDelimiter = False 

False 

        .TextFileConsecutiv

        .TextFileTabDelimiter = True 

        .TextFileS

 

        .TextFileSpaceDelimiter = False

        .TextFileColumnDataTypes = Arra

 

        .Refresh BackgroundQuery:=False 

   

    Cells(1, 6).Select

 

            Check = False    '

 

        End If 

    Loop 

Loop Until Check

 

Dim Ch

Check1 = T

Do    ' Ou

 

        Counter2 = Counter2 + 1

 

    With ActiveShee

 

        :=Cells(Counter3, 1)) 

 

        .F

.RowNumbers = F

.FillAdjacentFo

.PreserveFormatting =

.RefreshOn

reshSty

        .SavePassword = False

 = True 

ustCol

eriod = 0 

PromptOnRefresh = False 

Platform = xlWindows 

tFile

.Text

.TextFileTextQua

.TextFileConsecutive

       

        .TextFileS

        .TextFileCommaDelimiter = 
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er = False 

leColumnDataTypes = Array(1, 1, 1) 

 .TextFileFixedColumnWidths = Array(4, 2) 

       .Refresh BackgroundQuery:=False 

   If Counter2 = 99 Then    ' If condition is True. 

it inner loop. 

     End If 

k1 = False    ' Exit outer loop immediately 

ounter4, Counter5 

 

    ' Inner loop. 

       Counter4 = Counter4 + 1    ' Increment Counter4. 

ncrement Counter5. 

nection:= _ 

       "TEXT;C:\WINDOWS\Desktop\SParticles\Planar-60" & Counter4 & ".txt", Destination _ 

     .Name = "Planar-60" & Counter4 

.FieldNames = True 

RowNumbers = False 

as = False 

g = True 

OnFileOpen = False 

= xlInsertDeleteCells 

= False 

rue 

idth = True 

d = 0 

tFilePromptOnRefresh = False 

     = xlWindows 

        

        lFixedWidth 

         = xlTextQualifierDoubleQuote 

        imiter = False 

        r = True 

         False 

    TextFileCommaDelimiter = False 

 .TextFileSpaceDelimiter = False 

taTypes = Array(1, 1, 1) 

dColumnWidths = Array(4, 2) 

roundQuery:=False 

        .TextFileSpaceDelimit

        .TextFi

       

 

    End With 

    Cells(1, 6).Select 

 

            Check1 = False    ' Set value of flag to False. 

            Exit Do    ' Ex

   

    Loop 

Loop Until Chec

 

Dim Check2, C

Check2 = True: Counter4 = 99    ' Initialize variables.

Do    ' Outer loop. 

    Do While Counter4 < 1000

 

        Counter5 = Counter4 * 20 + 1 ' I

    With ActiveSheet.QueryTables.Add(Con

 

        :=Cells(Counter5, 1)) 

   

        

        .

        .FillAdjacentFormul

        .PreserveFormattin

        .Refresh

        .RefreshStyle 

        .SavePassword 

        .SaveData = T

        .AdjustColumnW

        .RefreshPerio

        .Tex

    .TextFilePlatform

.TextFileStartRow = 1 

.TextFileParseType = x

.TextFileTextQualifier

.TextFileConsecutiveDel

.TextFileTabDelimite

.TextFileSemicolonDelimiter =

    .

       

        .TextFileColumnDa

        .TextFileFixe

        .Refresh Backg
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.Select 

9 Then    ' If condition is True. 

  Check2 = False    ' Set value of flag to False. 

           Exit Do    ' Exit inner loop. 

oop Until Check2 = False    ' Exit outer loop immediately 

im Check3, Counter6, Counter7 

99    ' Initialize variables. 

o    ' Outer loop. 

       Counter6 = Counter6 + 1    ' Increment Counter6. 

7 = Counter6 * 20 + 1 ' Increment Counter7. 

ActiveSheet.QueryTables.Add(Connection:= _ 

C:\WINDOWS\Desktop\SParticles\Planar-6" & Counter6 & ".txt", Destination _ 

nter7, 1)) 

6" & Counter6 

se 

= False 

ormatting = True 

FileOpen = False 

Style = xlInsertDeleteCells 

       .SaveData = True 

umnWidth = True 

    0 

       .TextFilePromptOnRefresh = False 

    form = xlWindows 

        

        .TextFileParseType = xlFixedWidth 

        ualifierDoubleQuote 

        ecutiveDelimiter = False 

        .Tex

        leSemicolonDelimiter = False 

        .TextFileCommaDelimiter = False 

    TextFileSpaceDelimiter = False 

       .TextFileColumnDataTypes = Array(1, 1, 1) 

    lumnWidths = Array(4, 2) 

    kgroundQuery:=False 

    

    

    r6 = 1648 Then    ' If condition is True. 

           Check3 = False    ' Set value of flag to False. 

    End With 

    Cells(1, 6)

    If Counter4 = 99

          

 

        End If 

    Loop 

L

 

D

Check3 = True: Counter6 = 9

D

    Do While Counter6 < 10000    ' Inner loop. 

 

        Counter

    With 

        "TEXT;

        :=Cells(Cou

        .Name = "Planar-

        .FieldNames = True 

        .RowNumbers = Fal

        .FillAdjacentFormulas 

        .PreserveF

        .RefreshOn

        .Refresh

        .SavePassword = False 

 

        .AdjustCol

    .RefreshPeriod = 

 

    .TextFilePlat

.TextFileStartRow = 1 

.TextFileTextQualifier = xlTextQ

.TextFileCons

tFileTabDelimiter = True 

.TextFi

    .

 

    .TextFileFixedCo

    .Refresh Bac

End With 

Cells(1, 6).Select 

If Counte
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    xit Do    ' Exit inner loop. 

       End If 

til Check3 = False    ' Exit outer loop immediately 

   Range("D2").Select 

   ActiveCell.FormulaR1C1 = "3" 

   ActiveCell.FormulaR1C1 = "4" 

   ActiveCell.FormulaR1C1 = "5" 

.Select 

= "6" 

("D7").Select 

Cell.FormulaR1C1 = "7" 

ge("D8").Select 

   ActiveCell.FormulaR1C1 = "8" 

   Range("D10").Select 

t 

   ActiveCell.FormulaR1C1 = "11" 

   ActiveCell.FormulaR1C1 = "12" 

   ActiveCell.FormulaR1C1 = "13" 

t 

1 = "17" 

ulaR1C1 = "18" 

ange("D19").Select 

"19" 

mulaR1C1 = "20" 

lect 

        E

 

    Loop 

Loop Un

 

    Range("D1").Select 

    ActiveCell.FormulaR1C1 = "1" 

 

    ActiveCell.FormulaR1C1 = "2" 

    Range("D3").Select 

 

    Range("D4").Select 

 

    Range("D5").Select 

 

    Range("D6")

    ActiveCell.FormulaR1C1 

    Range

    Active

    Ran

 

    Range("D9").Select 

    ActiveCell.FormulaR1C1 = "9" 

 

    ActiveCell.FormulaR1C1 = "10" 

    Range("D11").Selec

 

    Range("D12").Select 

 

    Range("D13").Select 

 

    Range("D14").Select 

    ActiveCell.FormulaR1C1 = "14" 

    Range("D15").Select 

    ActiveCell.FormulaR1C1 = "15" 

    Range("D16").Selec

    ActiveCell.FormulaR1C1 = "16" 

    Range("D17").Select 

    ActiveCell.FormulaR1C

    Range("D18").Select 

    ActiveCell.Form

    R

    ActiveCell.FormulaR1C1 = 

    Range("D20").Select 

    ActiveCell.For

    Range("D21").Se
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aR1C1 = "=R[-20]C" 

mulaR1C1 = "=R[-20]C" 

    

    20]C" 

ge("D24").Select 

Cell.FormulaR1C1 = "=R[-20]C" 

ge("D25").Select 

   ActiveCell.FormulaR1C1 = "=R[-20]C" 

   Range("D27").Select 

   Range("D28").Select 

"=R[-20]C" 

t 

ulaR1C1 = "=R[-20]C" 

ge("D30").Select 

   ActiveCell.FormulaR1C1 = "=R[-20]C" 

   Range("D32").Select 

   ActiveCell.FormulaR1C1 = "=R[-20]C" 

   ActiveCell.FormulaR1C1 = "=R[-20]C" 

   ActiveCell.FormulaR1C1 = "=R[-20]C" 

]C" 

l.FormulaR1C1 = "=R[-20]C" 

    

iveCell.FormulaR1C1 = "=R[-20]C" 

   ActiveCell.FormulaR1C1 = "=R[-20]C" 

=R[-20]C" 

   Selection.AutoFill Destination:=Range("D21:D33000"), Type:=xlFillDefault 

D33000").Select 

    

iveCell.FormulaR1C1 = "x1" 

lect 

    

    ActiveCell.Formul

    Range("D22").Select 

    ActiveCell.For

Range("D23").Select 

ActiveCell.FormulaR1C1 = "=R[-

    Ran

    Active

    Ran

 

    Range("D26").Select 

    ActiveCell.FormulaR1C1 = "=R[-20]C" 

 

    ActiveCell.FormulaR1C1 = "=R[-20]C" 

 

    ActiveCell.FormulaR1C1 = 

    Range("D29").Selec

    ActiveCell.Form

    Ran

 

    Range("D31").Select 

    ActiveCell.FormulaR1C1 = "=R[-20]C" 

 

    ActiveCell.FormulaR1C1 = "=R[-20]C" 

    Range("D33").Select 

 

    Range("D34").Select 

 

    Range("D35").Select 

 

    Range("D36").Select 

    ActiveCell.FormulaR1C1 = "=R[-20

    Range("D37").Select 

    ActiveCel

Range("D38").Select 

    Act

    Range("D39").Select 

 

    Range("D40").Select 

    ActiveCell.FormulaR1C1 = "

    Range("D21:D40").Select 

 

    Range("D21:

Range("E1").Select 

    Act

    Range("F1").Se

ActiveCell.FormulaR1C1 = "y1" 
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ge("G1").Select 

2" 

 = "y2" 

ge("I1").Select 

   ActiveCell.FormulaR1C1 = "x3" 

   Range("J1").Select 

   ActiveCell.FormulaR1C1 = "x4" 

    

    Range(

    ActiveCel

   Range("O1").Select 

    ActiveCell.FormulaR1C1 = "x6" 

    

    

    

     "x7" 

    ge("R1").Select 

   iveCell.FormulaR1C1 = "y7" 

   Range("S1").Select 

   ActiveCell.FormulaR1C1 = "y8" 

   ge("U1").Select 

   ActiveCell.FormulaR1C1 = "x9" 

   ActiveCell.FormulaR1C1 = "x10" 

    Range("X1").Select 

    ActiveCell.FormulaR1C1 = "y10" 

    Range("Y1").Select 

    ActiveCell.FormulaR1C1 = "x11" 

    Range("Z1").Select 

    ActiveCell.FormulaR1C1 = "y11" 

    Range("AA1").Select 

    ActiveCell.FormulaR1C1 = "x12" 

    Range("AB1").Select 

    ActiveCell.FormulaR1C1 = "y12" 

    Range("AC1").Select 

  End Sub 

    Ran

    ActiveCell.FormulaR1C1 = "x

    Range("H1").Select 

    ActiveCell.FormulaR1C1

    Ran

 

 

    ActiveCell.FormulaR1C1 = "y3" 

    Range("K1").Select 

 

Range("L1").Select 

    ActiveCell.FormulaR1C1 = "y4" 

"M1").Select 

l.FormulaR1C1 = "x5" 

    Range("N1").Select 

    ActiveCell.FormulaR1C1 = "y5" 

 

Range("P1").Select 

ActiveCell.FormulaR1C1 = "y6" 

Range("Q1").Select 

ActiveCell.FormulaR1C1 =

Ran

 Act

 

    ActiveCell.FormulaR1C1 = "x8" 

    Range("T1").Select 

 

 Ran

 

    Range("V1").Select 

    ActiveCell.FormulaR1C1 = "y9" 

    Range("W1").Select 
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8.2. Appendix II – Routines for Computer Simulations 
 

8.2.1. Main routine – planar cluster simulation 
 
The following is the main routine written in MatLab for our computer simulations of planar 
cluster system. The routine calls for other subroutines which will be explained in the 
following subsections. 
 
%Start with clean state 
 
clear all; 
clear track; 
tic 
 
%Specifying variables used in multiple functions 
 
global n friction deltat eps0 e alpha beta gamma outshell 
alpha = 1;    %Confinement force parameter 
beta = 1;     %Azimuthal driving force parameter 
gamma = 0.1;    %Linear force parameter 
friction = 1; 
deltat = 0.001; 
eps0 = 8.8542e-12; 
e = -
%e =

cale = 0.14; 
esca

rintf('Simulating type %d-planar cluster, (program will terminate after planar 16)\n',n); 
 
%spectra = zeros(500,2); 

equilibrium = zeros(n,2,500); 

ist = zeros(35000,8); 
omega = zeros(35000,1); 
omega_out = zeros(35000,1); 

mega_in = zeros(35000,1); 

stdevy = zeros(50,1); 
positions = zeros(n,2,15000); 

%remainder = rem(w,10); 

1.602E-19; 
 e./2; 

rs
le=0; 

for n = 11, 
fp

%
 
tw

o
 
%
%
 
for w = 1 
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%if(r

fprintf('Commencing %d of 500 simulations\n',w); 
 

% In

 = 0;     % y posn of particle 

 x,y), ith particle is the ith row 
rce = zeros(n,2); 

v = z

, altered to provi urposes 
 
= (5/deltat)/friction*2.5*exp(friction/1.5); 

t = round(t); 
t = 
P= zeros(35 0,1); 
K= zeros(350 ,1); 
B= zeros(35000,1);    
vidrad = 3e-1; 
vid =
track

ap = 'n'; 
ress = 'n'; 

condition = 'u'; 
savin
 

Timestamp video file 

me = strrep(datestr(now),':','_'); 

r i 

emainder == 0) 
 

%end 
itialisation 

 
x
y = 0;     % y posn of particle 
p = zeros(n,2);   % postition of all particles, of the form p(
fo

eros(n,2);   % Current velocity of each particle. 'u' in s = t + (1/2)*a*t^2 
 
% Length of the simulation de a period of stabillity for analysis p

t 

t + 20000; 
00
00

  

 'y'; 
ing = 'n'; 

m
prog

g = 'n'; 

%
 
ti
 
% Generate the particles (random configuration around center) 
 
fo = 1:n, 

x = (1e-1)*randn(1); 
y = (1e-1)*randn(1); 
for j = 1:3,  

p(i,1) = x; 
p(i,2) = y; 

end 
end 
if (vid == 'y'), 

aviobj = avifile([num2str(n),'-',time,'-',num2str(friction),'-',num2str(deltat),'.avi']); 
end 
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if (progress == 'y'), 
 % Kicks off the progress bar 
 h = waitbar(0,'Please wait...'); 
end 
  
% Pre: Everything is ready for the simulation including particles in position 
 
for j = 2:t, % For each time increment 

debyef = p.*0;%debye(p); 
interparticlef = eforce2(p);  % interparticle force on the particle 
confinementf = wforce3(p,escale);  % confinement force on the particle 
for k = 1:n,  

ranx = rscale*randn(1);  %This loop generates random force with normal dist'bn 
rany = rscale*randn(1);  %with magnitude determined by scale factor. 

randomf(k,1) = ranx; 
randomf(k,2) = rany; 

end 
%friction = 0; 
randomf = randomf.*0; 

% net force on the particle 
force = (interparticlef+debyef).*1e17 + confinementf - friction*v + randomf; 
if (j>8e3) 

azimuthalf = aforce(p,v,1); 
force = force + azimuthalf; 

end 
if(abs(confinementf + (interparticlef+debyef).*1e17 + randomf) < abs(friction*v))  

----------------------------------------------------------- 
% Post: All particles have been acted upon by the potential gradient 

terparticle force and random force 

if ((j>0.9e4)&(j<= 4.4e4)) 

%P(j-0.9e4) = energy(p); 
%temp = sum(0.5.*v.^2); 

if (tracking == 'y'), 
track(1,:,:) = p(:,:); 

end 

linearf = lforce(p); 
force = force + linearf; 

force= 0; 
end 

 
%EULER METHOD 
%-----------

% and the in
p = p + v.*deltat + 0.5*force.*deltat^2;   % move the particle 
v = v + force.*deltat;      % stores current velocity 
 

%ENERGY CALCULATIONS 
%--------------------------------- 
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%K(j-0.9e4) = sum(temp); 
%B(j-0.9e4) = P(j-0.9e4) + K(j-0.9e4); 
twist(j-9e3,:) = findtwist(n,p); 
omega = findanglev(p,v); 
omega_out(j-9e3,w)=omega(1); 
omega_in(j-9e3,w)=omega(2); 
%---------------------------------  

 
end  
if (tracking == 'y'), 

track(j,:,:) = p(:,:); 
end 
if (vid == 'y'), 

% This all makes a movie -- round(t/500) 
hold on; 
if (mod(j, 0.1/deltat) == 0), 

plot(p(:,1), p(:,2),'o','MarkerSize',6,'MarkerFaceColor',[0 0 0], 'MarkerEdgeColor', 'k'); 
set(gca,'YLim',[-vidrad,vidrad], 'NextPlot','replace','XLim',[-vidrad,vidrad]); 
text(0.25, -0.29, num2str(j)); 
frame = getframe(gca); 
aviobj = addframe(aviobj,frame); 

end 
cla; 
hold off; 

end; 
if (progress == 'y'), 

if (mod(j,round(t/500)) == 0), 
waitbar(j/t,h); 
end 

end 
end 
type = hulls(p); 
inner = type(1); 
 
%spectra(w,1) = mean(B); 
%spectra(w,2) = inner; 
%equilibrium(:,:,w) = p; 
%stdevy(w) = std(twist(:,w),0,1); 
%---------------------------------------------------------------------------------------------------- 
%CLOSING DOWN CODE 
 
if (progress == 'y'), 

close(h); 
end 
if (vid == 'y'), 

aviobj = close(aviobj); 
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 These are different plots displaying the simulation 

rticle propogation 

figure; 

ction), ', deltat = ', 

% print('-depsc','-r600',['Map n',num2str(n),' f',num2str(friction),' ',strrep(datestr(now),':','_'),'.eps']) 
0',[time,' Propogation ',num2str(n),'.jpg']); 

hold off; 

figure; 
set(gcf,'Visible','off'); 

n, n = ', num2str(n), ', friction = ', num2str(friction), ', deltat = ', 
um2str(deltat)]); 

' ',strrep(datestr(now),':','_'),'.eps']) 
jp ]) 

 

set(gcf,'Visible','off'); 

 ', num2str(friction), ', deltat = ', 

 
% print('-depsc','-r600',['Y n',num2str(n),' f',num2str(friction),' ',strrep(datestr(now),':','_'),'.eps']) 

 
print('-djpeg50','-r100',[time,' Y Propogation ',num2str(n),'.jpg']) 
close; 

end 
 
%
 
if (tracking == 'y'), 
 

% This plots a 2D map of pa
 

set(gcf,'Visible','off'); 
hold on;     % Don't auto-refresh plot 
plot(track(:,:,1), track(:,:,2)); 
plot(track(t,:,1), track(t,:,2), 'k*'); 
title(['Simulation map, n = ', num2str(n), ', friction = ', num2str(fri

num2str(deltat)]); 
 

print('-djpeg50','-r10
 

close; 
 

% This plots each particles x and y motion 
 

plot([1:t], track(:,:,1)); 
title(['Particle x motio

n
set(gca,'YLim',[-1,1]); 
 
% print('-depsc','-r600',['X n',num2str(n),' f',num2str(friction),
print('-djpeg50','-r100',[time,' X Propogation ',num2str(n),'. g'

close; 
 figure; 

plot([1:t], track(:,:,2)); 
title(['Particle y motion, n = ', num2str(n), ', friction =

num2str(deltat)]); 
set(gca,'YLim',[-0.03,0.03]); 
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n 

 ', num2str(friction), ', deltat = ', 

),' ps']

filename = 'three'; 
lseif(n==4), 

filename = 'five'; 

end 
if (map == 'y'), 
 

% This plots a 2D map of particle final positio
 
cla; 
figure; 
set(gcf,'Visible','off'); 
plot(pavg(:,1), pavg(:,2), 'k*'); 
title(['Simulation map, n = ', num2str(n), ', friction =

num2str(deltat)]); 
 
%print('-depsc','-r600',[time,' Map ',num2str(n .e ) 
 
print('-djpeg50','-r100',[time,' Map ',num2str(n),'.jpg']) 
map = 'n'; 

end 
close all; 
close all hidden; 
end 
if(saving == 'y') 
if(n==2), 

filename = 'two'; 
elseif(n==3), 

e
filename = 'four'; 

elseif(n==5), 

elseif(n==6), 
filename = 'six'; 

elseif(n==7), 
filename = 'seven'; 

elseif(n==8), 
filename = 'eight'; 

elseif(n==9), 
filename = 'nine'; 

elseif(n==10), 
filename = 'ten'; 

elseif(n==11), 
filename = 'eleven'; 

elseif(n==12), 
filename = 'twelve'; 

elseif(n==13), 
filename = 'thirteen'; 

elseif(n==14), 
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f Twist'); 
); 

terparticle force exerted by the 

) other particles, with parameters p. 

lobal eps0 e 
q1 = 10000*e; 
q2 = 10000*e; 
theta = 0; 
fx = 0; 
fy = 0; 
Fx = 0; 
Fy = 0; 
F = [0,0]; 
sign = 1; 
x = p(:, 1); 
y = p(:, 2); 
r = 9e10; 
j = 1; 
 

filename = 'fourteen'; 
elseif(n==15), 

filename = 'fifteen'; 
elseif(n==16), 

filename = 'sixteen'; 
end 
save(filename); 
end 
end 
 
%plot(T,P,'b',T,K,'r',T,B,'g'); 
%T = 1:3.5e4; 
%plot(T,omega_in,'b',T,omega_out,'r',T,twist(:,1),'k'); 
%legend('Potential','Kinetic','Total'); 
%legend('Inner Angular Velocity','Outer Angular Velocity','Angle o
%title('Angular Velocity of Cluster with Outer Shell Driving Force'
%xlabel('Time(s)'); 
%ylabel('Angular Velocity (rad/s)'); 
 
toc; 
 

8.2.2. Subroutine – interparticle force 
 
The following is a subroutine which determines the in
neighbouring particles. 
 
function[F] = eforce2(p) 
 
% Calculates the interparticle force on a particle i, exerted by (n-1
 
g
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rticle matrix 

,rubbish] = size(p); 

 &
 
for j =

= 0)&(dy < 0))) = -1; 

um(fx); 

return
 

 

confi

functi

% Giv
 
global alpha 

% retrieves size of pa
 
[n
 
% fx  fy are the x & y components of the interparticle force 

 1:n 
dx = (x - p(j,1)); 
dy = (y - p(j,2)); 
r = sqrt(dx.^2 + dy.^2); 
dxe0 = (dx == 0); 
dxl0 = (dx < 0); 
dye0 = (dy == 0); 
dyl0 = (dy < 0); 
dyg0 = (dy > 0); 
dx(j) = NaN; 
r(j) = NaN; 
if (~isempty(find(r==0))), 

fprintf('Error (eforce2): particles co-incide\n'); 
return; 

end 
sign = -1*(dx>0) + (dy>0); 
sign = ones(n,1); 
sign((dx > 0)|((dx =
theta = atan(dy./dx); 
fx = sign.*((q1*q2)./(r.^2*4*pi*eps0)).*cos(theta); 
fy = sign.*((q1*q2)./(r.^2*4*pi*eps0)).*sin(theta); 
fx(~isfinite(fx)) = 0; 
fy(~isfinite(fy)) = 0; 
Fx = s
Fy = sum(fy); 
F(j,:) = [Fx, Fy]; 

end 
; 

8.2.3. Subroutine – confinement force 

The following is a subroutine which determines the force exerted onto the particle by the 
nement well. 

 
on[F] = wforce3a(posn,ecc) 

 
es the force in it's components '(fx, fy)' exerted by a confinement well at position 'posn(x, y)' 
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y = po

% thet

% F =

%'con force' - F = -dU/dr force = -2*sqrt(x.^2 + y.^2); 

fx = -x

F = [fx
return

8.2.4

The f

 

 

q1 = 1

theta 

fy = 0

Fy = 0

sign =

r = 9e

 

[n,rub

 

x = posn(:,1); 
sn(:,2); 

 
a = 0; 

% sign = 1; 
 [0,0]; 

 
finement 

 
.*alpha.*2; 

fy = -y/(1-ecc.^2).*alpha.*2; 
, fy]; 
; 

 

. Subroutine – Debye force 
 

ollowing is a subroutine which determines the Debye force on a particle. 
 
function[F] = debye(p) 

% Calculates the debye force on a particle. 

global eps0 e 
0000*e; 

q2 = 10000*e; 
= 0; 

fx = 0; 
; 

Fx = 0; 
; 

F = [0,0]; 
 1; 

x = p(:, 1); 
y = p(:, 2); 

10; 
j = 1; 

% retrieves size of particle matrix 
 

bish] = size(p); 
 
% fx & fy are the x & y components of the interparticle force 

for j = 1:n 
dx = (x - p(j,1)); 
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s co-incide\n'); 

/(r.*4*pi*eps0)).*exp(-kappa.*r).*(1./r + kappa); 

um(fy); 

end 

 

The following is a subroutine which determines the packing sequence of a cluster system 

 
functi  hulls(p); 

% Ca

struc 

te

p

end 

dy = (y - p(j,2)); 
r = sqrt(dx.^2 + dy.^2); 
dxe0 = (dx == 0); 
dxl0 = (dx < 0); 
dye0 = (dy == 0); 
dyl0 = (dy < 0); 
dyg0 = (dy > 0); 
dx(j) = NaN; 
r(j) = NaN; 
if (~isempty(find(r==0))), 

fprintf('Error (eforce2): particle
return; 

end 
sign = -1*(dx>0) + (dy>0); 
sign = ones(n,1); 
sign((dx > 0)|((dx == 0)&(dy < 0))) = -1; 
theta = atan(dy./dx); 
kappa = 1./r; 
kappa(~isfinite(kappa)) = 0; 
fx = sign.*cos(theta).*((q1*q2)./(r.*4*pi*eps0)).*exp(-kappa.*r).*(1./r + kappa); 
fy = sign.*sin(theta).*((q1*q2).
fx(~isfinite(fx)) = 0; 
fy(~isfinite(fy)) = 0; 
Fx = sum(fx); 
Fy = s
F(j,:) = [Fx, Fy]; 

return; 

8.2.5. Subroutine – packing sequence 
 

after the particles have settled into their equilibrium positions. 

on[struc] =
 

lculates the packing sequence of a cluster system. 
 

= []; 
while (length(p)>2), 

mp = convhull(p(:,1), p(:,2)); 
struc(end + 1) = length(unique(p(temp,:),'rows')); 
(temp,:) = 0; 

p = [p((p(:,1)~=0),1), p((p(:,2)~=0),2)]; 
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if (stru c = struc(1:end-1) ; end 

 

The f r energy. 

functi
 

 

q1 = 1

U = 0
D= 0; 

 = p(

% retr rticle matrix 

 
% fx &

D + sum(d); 

r = sq
confin

struc(end+1) = length(p(:,1)); 
c(end) == 0), stru

struc = fliplr(struc); 

8.2.6. Subroutine – cluster energy 
 

ollowing is a subroutine which determines the cluste
  

on[U] = energy(p) 

% Calculates the cluster energy. 

global eps0 e alpha 
0000*e; 

q2 = 10000*e; 
; 

x = p(:, 1); 
y :, 2); 
 

ieves size of pa
 
[n,rubbish] = size(p); 

 fy are the x & y components of the interparticle force 
 
for j = 1:n 

dx = (x - p(j,1)); 
dy = (y - p(j,2)); 
r = sqrt(dx.^2 + dy.^2); 
for i = 1:n 

if(i==j) 
     u(i) = 0; 

%d(i) = 0; 
else 

kappa = 1./(r(i)); 
u(i) = (q1*q2)./(r(i).*4*pi*eps0).*1e17; 
%d(i) = (q1*q2)./(r(i).*4*pi*eps0).*1e17.*exp(-kappa.*r(i)); 

end 
end 
U = U + sum(u); 
%D = 

end 
rt(x.^2 +y.^2); 
ement_energy = alpha.*r.^2; 
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U = U 

 

The f
to ou

oldalp

newa

scale 
newsp

 

 

  

clear 
maxi =

delta 
low = a; 

range
binnu
bin = 

if
 

e

[trash

lhs = 

W = sum(confinement_energy); 
+ W + D; 

return; 

8.2.7. Subroutine – rescale 
 

ollowing is a subroutine which rescales the values of energies obtained from simulations 
r experimental values. 

  
ha = 1; 

oldbeta = 1e17; 
lpha = 1e5; 

newbeta = 1; 
= ((newalpha./oldalpha).*(newbeta./oldbeta).^2).^(1/3); 
ectra(:,1) = spectra(:,1).*scale; 

newspectra(:,2) = spectra(:,2); 

8.2.8. Subroutine – energy spectra 

The following is a subroutine which produces a histogram of the cluster energys. 

rescale; 
bin; 
 max(newspectra(:,1)); 

mini = min(newspectra(:,1)); 
= 2e-14; 
mini - 10*delt

high = maxi + 10*delta; 
 = low:delta:high; 
m = size(range,2); 
zeros(1,binnum); 

for i = 1:500 
(newspectra(i,2)==1) 

energy = newspectra(i,1);
energy = energy - low; 
energy = energy./delta; 
energy = ceil(energy); 
energy = energy + 1; 
bin(energy) = bin(energy)+1; 

nd 
end 

,index] = max(bin); 
middle = range(index); 

middle - 15*delta; 
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plot(ra
limit =
axis(li
 

 
The f
 
functio
 

 

twist =

innern

outera

rp = [s

p = [rp
p = p 

 
%for j

 
fo

rg(i) = args(i+innernum); 

 
%

%
%
%end 

 

rhs = middle + 15*delta; 
nge,bin); 
 [lhs rhs 0 250]; 
mit); 

8.2.9. Subroutine – inter-ring twist 

ollowing is a subroutine which determines the inter-ring twist of the cluster system. 

n[twist] = findtwist(n,p) 

% Calculates the inter-ring twist of the cluster system. 

global m_centre 
 0; 

type = hulls(p); 
um = type(1); 

outernum = n - innernum; 
rg = zeros(1,outernum); 

twists = zeros(1,innernum); 
qrt(p(:,1).^2 + p(:,2).^2),p]; 

rp = sortrows(rp,1); 
(:,2) rp(:,3)]; 

- m_centre; 
[args,rubbish] = cart2pol(p(:,1),p(:,2)); 

=1:innernum, 
%innerarg = args(j); 

r i=1:outernum, 
outera
 
%diff(i) = abs(outerarg(i)-innerarg); 
%if(diff(i)>pi) 

diff(i) = 2.*pi - abs(outerarg(i))-abs(innerarg); 
%end 
 

End 

twists(j) = min(diff); 
%if(twists(j) ==0) 

 diff 
 fprintf('activated'); 
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twist = sts); 

 

8.2.1

The f
acros

functi

% Ca l plane. 

globa

fx = fy

return

8.2.1

The f e rings of 

 

 

 

m_ce
m_ce
m_ce _x,m_centre_y]; 

[theta
[vthet

drag =
theta  pi./2; 

mag =

type =
outnum = type(end); 

%end 

 outerarg;%min(twi
return; 

0. Subroutine – translational force 
 

ollowing is a subroutine calculates a translational force field of increasing gradient 
s the horizontal plane. 

 
on[F] = lforce(posn) 

 
lculates translational force field of increasing gradient across the horizonta

 
l gamma  

fy = gamma.*(posn(:,1)+0.3); 
.*0; 

F = [fx,fy]; 
; 

 

1. Subroutine – azimuthal force 
 

ollowing is a subroutine which calculates an azimuthal force acting on th
planar cluster system. 

function[F] = aforce(posn,vel,val) 

% Calculates the azimuthal force on cluster acting on the rings of planar cluster system. 

global beta friction outshell n outnum m_centre 
ntre_x = mean(posn(:,1)).*ones(n,1); 
ntre_y = mean(posn(:,2)).*ones(n,1); 
ntre = [m_centre

pos = posn - m_centre; 
,radius] = cart2pol(pos(:,1),pos(:,2)); 
,vmag] = cart2pol(vel(:,1),vel(:,2)); 

thetdiff = abs(theta - vthet); 
 friction.*vmag.*cos(thetdiff); 

= theta +
k=1; 

 k.*radius.*beta.^2 - drag; 
[fx,fy] = pol2cart(theta,mag);  

 hulls(posn); 
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outsh

fx tshell(i)).*val; 

F = [fx
return

8.2.1

The f
 

[trash

return
 

The f cluster 

 

[theta

thetdif
if(thet

end 

 

%ome an(abs(omega)); 

 

o
end 

o

polarp = [theta,radius]; 
ell = findshell(polarp); 

for i = outnum+1:n 
(outshell(i))=fx(ou

fy(outshell(i))=fy(outshell(i)).*val; 
end 

,fy]; 
; 

 

2. Subroutine – nth ring of cluster 
 

ollowing is a subroutine which index the ring of the cluster system. 

function[outshells] = findshell(p) 
,i] = sortrows(p,2); 

outshells = flipud(i); 
; 

8.2.13. Subroutine – angular velocity 
 

ollowing is a subroutine which determines the angular velocity of the planar 
once it is set into rotation by the azimuthal force. 

function[omega] = findanglev(posn,vel) 
 
global outshell outnum n 
 

,radius] = cart2pol(posn(:,1),posn(:,2)); 
[vthet,vmag] = cart2pol(vel(:,1),vel(:,2)); 

f = abs(theta - vthet); 
diff > pi) 

thetdiff = 2.*pi -abs(theta) - abs(vthet); 

vperp = vmag.*sin(thetdiff); 

%omega = vperp./radius; 
ga1 = me

%omega2 = std(abs(omega),0,1); 

for i = 1:outnum 
megaout(i) = vperp(outshell(i))./radius(outshell(i));  

for i = outnum+1:n 
megain(i - outnum) = vperp(outshell(i))./radius(outshell(i)); 
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end 
omeg

omeg
return

 

8.3.

B
Secti Theoretical Models on Dust Rotation), it is expected that 

a1 = mean(abs(omegaout)); 
omega2 = mean(abs(omegain)); 

a = [omega1,omega2]; 
; 

 

 Appendix III – Approximation Model of Angular Velocity 
 

ased on the current theoretical models of dust rotation in a magnetized plasma (see 
on 1.3 for Current 

1k
CE Bω ∝  where k1 is an arbitrary constants. Since the confinement electric field is modified 

e magnetic field (see Section 3.4.1 for Confinement electric fieby th ld), we tried to 

 
approximate angular velocity with the functional form: 

 
Figure 8-1 – Using the plot of lnω versus lnB for L-Planar dust clusters, the arbitrary constants 
k1 and k2 were obtained from the slopes and the x-intercepts of the linear regression. The 
equations for the linear regression are shown at the top left corner.  

Equation Chapter 9 Section 1 
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 (9.1) 

here k2 is an arbitrary constants. In order to find the arbitrary constants k1 and k2, we took 

1 1
2. exp( )k kconst B k Bω = = 

 
w
the natural logarithm on both sides of (9.1) so that: 
 

 1 2ln lnk B kω = +  (9.2) 

 
where k1 and k2 can be obtained from the slope and the x-intercept the linear plot of ln ω 
against ln B respectively (see Figure 8-1). However, from the plot, the values of k1 and K2 
seem to vary with different numbers of particles N. 
 

 
Figure 8-2 – The dependency of the arbitrary constants k1 and k2 on the number of particles N 
was obtained for L-Planar clusters. 

 
By plotting the values of k1 and k2 against N (see Figure 8-2), we get that for L-Planar 

clusters: 
 

 1 3/ 2

8.3k ≈
N , 2

23exp( )k
N

−
≈  (9.3) 
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and similarly for S-Planar clusters, we get: 

 1 1/ 4k
N , 
0.7

≈ 2 1/5exp( )k
N  (9.4) 
3.63

≈ −

 
which allowed us to obtain (4.4) and (4.5). 
 
 

8.4. Appendix IV – Determination of Threshold Magnetic Field 
 

The threshold magnetic field was obtained from the x-intercept of the logarithmic 
regression line through angular velocity over magnetic field. 
 

 

Figure 8-3 – The threshold magnetic field was determined from the x-intercept of the 
logarithmic trend of angular velocity versus magnetic field strength data. 

 
 



8.5. Appendix V – Determination of α and γ 
 

The values of α and γ for Planar-8 were obtained by plotting different values (see Table 
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8-1) of 8 8Rκω  against
8 8CE B  obtained from experiments (see Figure 8-4). 

 
S-Planar-8 L-Planar-8  

a 1.395 µm 3.105 µm 
κ = -(4/3)mnnnvTπa2 6.92 × 10-13 kgs-1 3.43 × 10-12 kgs-1

R8 obtained from Figure 3-5 obtained from Figure 3-4 
ω obtained from Figure 4-8 obtained from Figure 4-7 8

obtained from Figure 3-32 obtained from Figure 3-31 
8CE  

Table 8-1 – The experimental parameters from L- and S-Planar-8 cluster used in obtaining 
the plot in Figure 8-4. 

 

 

Figure 8-4 – The above plot shows the 8 8Rκω  dependence on 
8 8CE B . The equations and 

the lines of linear regression are shown along the data for L- and S-Planar clusters. 
 
 
 



8.6. Appendix VI – Scientific Visualization of Phase Diagrams 
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ple 7.0, the coordinates of a point in 3-D is understood if it is written in the 
C

be

(s
th
sy

The mathematical software package Maple 7.0 was used in generating the scientific 
visualization of phase diagrams (see Section 4.1.6 for Phase diagram and period pause). 

In Ma
artesian form with the syntax [x, y, z]. Maple can also accept cylindrical coordinates. 

However, this only works for well defined continuous functions in 3-D or scattered points in 
2-D. Scattered points in 3-D cannot be plotted if the data are in cylindrical coordinates. 

Since our original datasets are in cylindrical coordinates, each of the components was 
transformed into Cartesian coordinates using Excel. Moreover, the magnitude of the angular 
velocity was scaled 1000 times. This was done or else the value of the angular velocity ω will 

 too small to be seen on the graph. 
Also columns of [ , ],[ and ], were inserted into the dataset to satisfy Maple syntax 

ee Figure 8-5). The data was then saved in comma delimited (.csv) format. The file was 
en opened in Microsoft Notepad where the menu “Edit>Replace” was used to clean up the 
ntax (see Figure 8-6). After clean up, the dataset was pasted into Maple. 

 

 
Figure 8-5 – Columns of syntax were inserted into the data so that the dataset would be 
compliant with Maple 7.0. The comma delimited format will separate the data with commas. 

 



 
Figure 8-6 – The comma delimited format must be cleaned up before it could be fully 
understood by Maple 7.0. 

 
The following script was used to generate a 3-dimensional animation of the phase 

diagrams:  
 
>with(plots): 

>display([seq(PLOT3D(POINTS(["data"]),AXESSTYLE(NORMAL),STYLE(POINT),AXESLABELS(Ang_Veloci

ty,Ang_Velocity,Mag_Field),SYMBOL(CIRCLE,5),COLOR(ZHUE),SCALING(CONSTRAINED),VIEW(-500..50

0,-500..500,0..90),ORIENTATION(45,3*n)),n=0..120)],insequence=true); 

 
The word "data" was replaced with the actual data points from the dataset. The camera view 
of the plot was rotated using the calling sequence Orientation in Maple. 
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Table of Constants 
 
 
Constants and variables that have been used are listed below 
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Fundamental constants 
 
Sp
C

M
 
 

eed of light         c = 3 × 108 ms-1

harge of an electron        e = 1.6 × 10-19 C 
Permittivity of free space       ε0 = 8.85 × 10-12 Fm-1

Gravitational constant       g = 9.8 ms-2 

Boltzmann’s constant        k = 1.38 × 10-23 JK-1

ass of an electron        me = 9.1 × 10-31 kg 
         

Subscript indices 
 
Dust            d 
Electron            e 
Ion             i 
Neutral            n 
 
 

Superscript indices 
 
Radial            ρ 
Azimuthal           θ 
Axial            z 
Orthogonal           ⊥  
 

Parameters for dust particles 
 
Radius of dust particle        a 
Angular position          θ 
Geometrical coordinates        (x, y) 
Number of electrons on dust surface     Z 
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Parameters for dust clusters/crystals 
 
Normalized initial radial displacement     a 
Angular acceleration         α 
Interparticle distance         d 
Cluster eccentricity         eC

Energy            E 
Moment of inertia         I 
Interlayer distance         l 
Total angular momentum        L 
Number of dust particles         N 
Number of dust particles in the outer ring     N’ 
Angular velocity of dust clusters/crystals    ω 
Inter-ring twist          Θ 
Radial distance          R 
Cluster radius/radius of dust crystals     ρ 
Total instability coefficient       S 
Radial instability coefficient       Sρ

Azimuthal instability coefficient      Sθ

Total instability          σ 
Radial instability          σρ

Azimuthal instability         σθ

Geometrical coordinates of center of mass    (xcm, ycm) 
 
 

Other parameters 

 
Gas parameter          α0

Collection impact parameter       bC

Orbit impact parameter        bπ/2

Magnetic field strength        B 
Threshold magnetic field        Bth

Heat conductivity          χ 
Diffusion coefficient         D 
Scattering coefficient         δ 
Eccentricity of the confinement potential    eP

Confinement electric field        EC

Sheath electric field         ES

Larmor frequency         fL  
Confinement force         FC

Driving force          Fd

Ion drag force          Fid

Interparticle force         FIP

Neutral drag force         Fnd
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Stochastic force          FS

Translational force         Ft

Electric confinement potential       ΦC

Coulomb logarithm         Γ 
Vorticity            η 
Dissipation coefficient        κ 
Collisional mean free path       λ 
Debye length          λD

Modified Coulomb logarithm       Λ 
Mass            m 
Number of sample         M 
Mobility           µ 
Zero field mobility         µ0

Number density          n 
Collisional frequency         ν 
Pressure of the neutrals        p 
Larmor radius          RL

Collisional cross-section        σ 
Source            S 
Time            t 
Temperature           T 
Torque            τ 
Drift velocity          u 
Energy of cluster system        U 
Confinement potential energy       UC

Coulomb potential energy        UIP

Average thermal velocity        vT

Larmor angular frequency        ΩL

Applied voltage on the confinement electrode   VA

Angular velocity saturation coefficient      ξ 
Flux            Ψ 
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