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Abstract

Theoretical studies of dusty plasmas have been performed by focusing attention principally

on collective phenomena and on grain motion. This thesis consists of a collection of seven

published papers that explore both the collective behavior of a complex plasma system as

well as the dynamics of grains in plasmas. In paper 1, a mechanism that explains the energy

gain which leads to the self excited grain oscillations is theoretically formulated. The newly

developed mechanism explains the observed self excited oscillations through the coupling

of plasma sheath fluctuations with the electrostatic force, which holds the dust grain. In

paper 2, theoretical and simulation studies have been conducted to study the vertical os-

cillations of dust grains that are levitated in plasma sheaths, under low pressure conditions.

The oscillations were driven either by an external force or by a plasma number density mod-

ulation. The proposed model gives a full picture of the dust grains dynamics and is capable

of successfully explaining the experimental observations. Paper 3 explores both theoreti-

cally and numerically the origin of the nonlinearities that lead to the observed oscillation



resonances. The feature of the confining potential well which traps the grain, the influence

of an electrode voltage modulation on the trapping well, and hence on the grain dynamics,

and the resulting nonlinear resonances are analyzed in detail. The numerical simulations

presented successfully reproduce a broad range of dynamical phenomena, including the

self excited oscillations, for a range of different parameters. Paper 4 is dedicated to the

analysis of the propagation of Dust Acoustic Waves (DAW) in a medium with an equilib-

rium dust density distribution. It has been theoretically shown that only some harmonics of

the dust density distribution will influence the propagation of the DAW, thus modifying its

frequency. Paper 5 presents a theoretical and numerical analysis of the excitation of higher

harmonics of electrostatic dust cyclotron waves. The instability is driven by the ion and

electron currents flowing along the magnetic field. The dispersion relation and the wave

instability conditions have been derived, and a detailed numerical analysis has been per-

formed. In Paper 6, we explore theoretically some cross field instabilities of low frequency,

long wavelength electrostatic modes in fully and weakly ionized plasmas. It is shown that in

a magnetoplasma with a transverse equilibrium dc electric field, the energy associated with

the cross field motion of the plasma particles can be coupled to low frequency electrostatic

waves. Paper 7 explores the properties and instabilities of low frequency electrostatic waves

propagating in a current carrying magnetoplasma with equilibrium density and field aligned

ion flow with a transverse gradient. The paper contains previous results as limiting cases,

together with additional instabilities related to the equilibrium plasma density distribution.

Keywords: Complex/Dusty Plasmas, Self excited, Nonlinear, Forced Oscillations, Elec-

trostatic Instabilities in current-carrying magnetoplasmas, Cross-field instabilities in mag-

netized dusty plasmas, Dust Acoustic Waves, Electrostatic Dust Cyclotron Waves
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Introduction

Over the past decades, considerable interest has been devoted to the study of an

assembly of charged particles, called “plasma”, where the collective behavior is

dominated by electromagnetic forces. In its equilibrium state, a plasma is charac-

terized by an essentially equal density distributions of positive (ions) and negative

(electrons) charges. Historically, the term “plasma” was first coined in 1929 by

Tonks and Langmuir [1] to designate that portion of an arc discharge in which the

densities of ions and electrons are high but largely equal. In our everyday lives, en-

counters with plasmas are limited to a few examples such as neon signs, plasma TV,

falling stars and the flash of a lightning bolt. On the other hand, plasma processing

technology is vitally important to several of the largest manufacturing industries

in the world since it is indispensable in producing very large scale integrated cir-

cuits. The rarity of plasma in everyday life can be easily explained using the Saha

equation, which expresses the amount of ionization of a gas in thermal equilibrium:

ni

nn

= 2.4× 1021T 3/2

ni

e−Ui/KT . (1)

Hereni andnn are the densities of ionized and neutral atoms (atoms/cm3), T is

the background temperature,K is the Boltzmann constant andUi is the energy

required to ionize an atom. The fractional ionization predicted in ordinary air at

room temperature (T = 300 K, Ui = 14.5 eV, nn = 3 × 1019 cm−3) is completely
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negligible, beingni/nn ∼ 10−122 [2]. On the other hand, when the background

temperature is of the order of the ionization energy, or when the background gas

is subject to electromagnetic radiation, the degree of ionization can be significantly

enhanced. As an example, in the Earth’s ionosphere (80-600 km altitude), because

of the ionizing power of cosmic rays, originating mainly from the Sun, there is a

high concentration of ionized atoms that is responsible for the reflection of radio

signals which are important for telecommunications.

The main feature of a plasma is that it exhibits collective behavior dominated by

electromagnetic forces. The motion of charge carriers (ions and electrons) produces

space charge electric fields as well as currents, and hence magnetic fields. On the

other hand, the electromagnetic fields affect the space charge distributions resulting

in collective phenomena. The microscopic behavior of individual particles can be

neglected, and one can adopt instead a macroscopic point of view. Historically,

the analysis of a quasi-neutral ensemble of charged particles started by assuming

that the positive charges were fixed due to their large mass, and by considering

only the disturbances produced by perturbations in the electron density. Since the

initial papers of Lord Rayleigh [3], and Langmuir and Tonks [1, 4], written at the

beginning of the past century, it has been widely recognized that many naturally

occurring plasmas, such as the surface regions of the Sun, interstellar gas clouds

and the Earth’s magnetosphere, exhibit distinctively plasma-dynamical phenomena

arising from the effects of electric and magnetic forces acting on, and involving

time scale processes related to, both electrons and ions.

It has often been said [2, 5] that 99 % of the matter of the Universe is gaseous

and in the plasma state. On the other hand, it is reasonable to imagine that much of

the solid part, i.e. the missing 1%, is in the form of dust [6]. The co-existence of dust

and plasmas, namely a dusty or complex plasma, can be found in a vast variety of

cosmic and laboratory environments [7]. In our solar system, complex plasmas are
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seen in planetary rings, in circumsolar dust rings and in the interplanetary medium.

Good examples of dusty plasma [8] can be seen in cometary comae and tails, or in

our atmosphere when the interplay of meteoric dust with the background gas gives

rise to falling stars [9]. Complex plasmas can also be found outside the solar sys-

tem, such as in the interstellar molecular clouds of the Orion, Coalsack, Horsehead

and Eagle nebulae. In such environments, dust grains become charged [10, 11] due

to a variety of processes, such as secondary or photo-emission, ion and electron

collisions, thermionic emission etc., and influence the electric and magnetic fields,

as well as the charge density balance. In laboratory devices, dust grains collect ions

and electrons from the background plasma and are usually negatively charged due to

the higher mobility of electrons. On the other hand, in the presence of UV radiation,

suprathermal electrons, or when the grain bulk thermal energy approaches the work

function of the material, the grains become positively charged. It should be stressed

that the determination of the grain charge is a subject of central importance for the

explanation of dust grain attraction and wave propagation in laboratory and space

plasmas and that is still a open problem. For instance, contrary to what is generally

believed, the charge on a cosmic grain is not unique with a sensitive dependence on

the particle fluxes from the ambient plasma, secondary, photo and thermionic emis-

sion from the grain [12]. We should also consider that the forementioned charging

mechanisms are statistical processes. The grain charge can be of the order of unity,

which means that statistical fluctuations can flip the polarity of the grain from pos-

itive to negative, depending on the sign of the carrier (ion or electron) that hits the

grain.

Historically, complex plasmas have been around for centuries: a bright comet

observed by our distant ancestors is an excellent cosmic laboratory for the study of

dust plasma interactions. The complex plasma field is now in a vigorous state of

development. The subject received a major boost in the early eighties with the Voy-
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ager spacecraft observation of peculiar features in the Saturnian ring system that

could not be explained in purely gravitational terms. Theoretical and experimental

studies of the motion of single, charged grains, under the influence of gravity and

electrostatic forces, has led not only to a better understanding of the orbital evolu-

tion and spatial distribution of fine dust in cosmic environments, but also to a deeper

knowledge of the dynamics of dust particles in plasma devices. In this latter con-

text, it has been experimentally observed that, with certain parameters, it is possible

to levitate dust grains over a negatively biased electrode [13, 14, 15]. When a plate,

a grain or a conducting wall are immersed in plasmas they acquire a negative poten-

tial with respect to the bulk plasma due to the high electron mobility. The plasma

will have a self consistent spatial distribution of charges that will shield the effects

of the body by creating an electrostatic field or, alternatively, a plasma sheath. The

levitation of dust grains takes place in the top side sheath of a negatively biased

electrode when gravity and ion drag, pushing vertically downwards, balance the

electrostatic force, pushing vertically upwards. Under typical experimental condi-

tions, the grain undergoes an oscillation in a parabolic potential [16] and its motion

is damped by collisions with neutrals. Very recently, theoretical [17, 18] and exper-

imental [19, 20, 21] studies have been carried out in order to explore and predict

the nonlinear features of grain motion in rf and dc plasma devices. In 1994 it was

experimentally observed [22, 23] that dust clouds levitating in plasma devices can

be condensed in such a way to form a crystalline structure, the so called “Wigner

crystal”. The Coulomb interaction between the dust particles renders the formation

of a crystal structure energetically more favourable [24]. Since this first experimen-

tal observation, the Coulomb crystallization of a dust cloud has been extensively

studied in Earth laboratories and under microgravity conditions [25].

The main feature of plasmas is the exhibition of collective behavior. Plas-

mas support various kinds of normal wave modes due to the motion of electrons,
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ions and dust grains [2, 8, 26]. The dust component is extremely diverse from the

electrons and the ions: its mass is billion times the ion mass and the charge, which

is about several thousands of electron charges, is not fixed and can fluctuate. These

features introduce a whole new branch of phenomena. When the plasma feels a den-

sity perturbation, it reacts and tries to rearrange itself in order to reach the original

equilibrium state. The difference in the masses of the charge carriers (inertia) does

not allow the medium to reach a static equilibrium, and the restoring forces, such as

pressure gradients, magnetic tension and coulomb interaction, act in such a way that

the medium builds up wave modes. Depending on the frequency regime, the wave

modes can be extremely diverse. For instance, for high frequency waves, only the

electron motion has to be considered, while the ions are fixed. When the electron

dynamics dominates, we have electromagnetic (EM) and Langmuir waves in un-

magnetized plasmas, and EM cyclotron, whistlers, electrostatic (ES) upper-hybrid

and electron Bernstein waves in magnetized plasmas. When dealing with low fre-

quency waves, the ion dynamics must be considered: the ion motion creates density

perturbations while the faster electrons react to create shielding. If the ion dynam-

ics dominates, we have ES ion acoustic (IA) and electron acoustic (EA) waves in an

umagnetized plasma, and ion cyclotron, lower hybrid, Alfvén/magnetosonic waves

and convective cells in magnetized plasmas. In complex plasmas, the dust can mod-

ify traditional plasma waves and instabilities without participating in the dynamics,

simply by changing the conventional quasi-neutrality in an electron ion plasma (i.e.

ne 6= ni ). The dust can also lead to very low frequency waves, with frequencies

in the neighborhood of the characteristic dust frequencies, which are much smaller

than the corresponding ion frequencies. It should be mentioned that the difference

in the characteristic frequencies is related to the inertia of the particles considered

and that, since dust grains are billion times heavier than ions, they are extremely

slow. Also, unlike the charge on ions, the charges on grains can fluctuate, introduc-
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ing new growth or damping mechanisms for various waves.

The eigenmodes of a plasma are governed by the dispersion relation between

the wave frequencyω and the wave vectork. For instance, a plane electromagnetic

wave travelling in vacuum travels at the speed of light, and hence the dispersion

relation isk = ω/c. When an electromagnetic wave travels through a plasma it

influences the ions, electrons and dust densities and is influenced by other waves

which are already travelling in the plasma. This means that, while in vacuum the

relation between the frequency of the wave and the wave vectork is straightforward,

in a plasma they are related to each other in a complex way that involves the plasma

parameters, such as the plasma density, background gas density, thermal energy, and

magnetic fields. Depending on the plasma parameters and background conditions,

the plasma eigenmodes can be either excited or damped. If the plasma parameters

allow instabilities, the unstable waves can be excited and the amplitude grows until

it enters a nonlinear phase, and saturates. The analysis of the instability conditions

and the analysis of the drivers of the plasma waves is one of the fundamental keys

to understand plasma behavior in both space and laboratory conditions.

In recent years, there has been a significant body of papers on waves and instabilities

in cosmic environments, such as interstellar clouds, solar system, interstellar space,

where the presence of dust charged dust particles has been well established. It

should be noted that these theoretical studies are far ahead of observations and that

future spacecraft missions, such as Cassini, Rosetta, and Star-Dust, will give new

insights and confirmation of the theoretical predictions. One of the examples of

these theoretical studies on waves and instabilities in space plasmas is radar back-

scattering from Mesospheric dust, such as the Noctilucent clouds observed at high

latitudes and associated with charged dust aerosol and ice particles. Recent rocket

measurements of Noctilucent Clouds revealed the presence of spatially varying dust

charge structures, with a positive layer above a negative layer. These clouds are
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often associated with pollution, meteoric dust and the production of methane in

the atmosphere. A possibility for determining the material properties of this layer

is to use the recently developed meteor flight model [9]. This model considers

both thermoionic and ablation emission of electrons through the interaction with

the atmosphere, and differentiates between materials with different work functions

through their effects on the electron production rate. It has been shown that there are

two radar signatures from meteoroids that generate ionization, one is scattering from

the trail and the other is scattering from the head. These dust plasma balls generate

wakes and Mach cones in passing through the atmosphere, which can give rise to a

scattered signal due to changes in the refractive index of the medium through which

they are travelling.

The paucity of planned solar system missions and observations encouraged

several dedicated laboratory experiments to check the predictions of the theoreti-

cal investigations. In weakly coupled plasmas, these include verifications of the

role of negatively charged dust in the Electrostatic Ion Cyclotron Instability (EICI),

and in Ion Acoustic Waves and Instabilities. The Dust Acoustic (DA) waves, that

were first predicted theoretically in 1990 by Rao, Shukla and Yu [28], were exper-

imentally observed in 1995 by Barkan [29]. In this mode, the inertia is furnished

by the dust, while the restoring force comes from the pressure of the inertialess

electrons and ions. It has been previously stressed that the fluctuations in charges

can introduce new growth or damping mechanism for various waves. When deal-

ing with laboratory experiments, there exists a dc electric field, and an equilibrium

dust charge gradient in the plasma sheath, where the levitation takes place. When

the charge gradient and the dc electrostatic sheath are opposite, an instability arises

because the dc electric field which holds the grain is responsible for charge fluctua-

tions which cannot keep in phase with the potential of the electrostatic perturbation

propagating in the non-uniform dusty plasma. In the same context, we should note
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that dust charge fluctuations also introduce a new collisionless temporal damping

when dealing with DA and DIA waves propagating in an infinite medium. Electro-

static perturbations propagating in dusty plasmas modify the grain charge in such a

way that when the wave front gets to the dust grains the charge is reduced by the

perturbed electrostatic potential itself, hence resulting in collisionless damping.

Dust grains acquire large negative charge in plasma devices. When the dust

density increases, the Coulomb interaction between dust grains can compete with

the background thermal energy and create ordered structures. Following the initial

suggestion of Ikezi [24] of the possible formation of Coulomb lattices of negatively

charged dust in plasmas, several groups have recently succeeded in creating this

new type of crystalline structure. While in ion-electron plasmas strong correlation

between the plasma particles can only be achieved in fusion devices or in the stellar

interior, in dusty plasmas, high coupling between dust grains can be obtained even at

room temperature with submicron lattice spacings. The dusty plasma or “Wigner”

crystal possesses many virtues, such as simplicity of fabrication, rapid equilibrium

relaxation times, and rapid response times to external perturbations, making them

an indispensable scientific tool for the study of highly non-ideal plasmas, of the

fundamental properties of crystals and as microscopic model systems for studying

dislocations, phase transitions, annealing wave propagation.

Dusty plasma systems represent a new frontier in applied physics and mod-

ern technology. They exhibit new and unusual behavior, and provide a possibility

for modified or entirely new collective modes of oscillations and instabilities, as

well as coherent nonlinear structures. Unlike usual plasmas, complex plasmas can

be easily condensed to form crystalline structures, providing new tools to study

waves and oscillations in strongly coupled systems. In astrophysical context, the

dust motion and dynamics is crucial to understanding the peculiar phenomena ob-

served in planetary dust rings, in the interstellar dust clouds and in cometary tails.
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Summary of the Papers

The work presented in this thesis describes theoretical and numerical research on

complex plasma phenomena that I carried out over the last three years as a student

of the Department of Plasma Physics, Umeå University, Sweden. The research

work has been performed at the Grupo de Lasers e Plasmas (GoLP), Instituto Su-

perior T́ecnico (IST), Lisbon (Portugal), and is the result of a fruitful collaboration

between this group, the Ruhr University Bochum (Germany), the Electrical En-

gineering Department of the University of California - San Diego (USA) and the

Department of Plasma Physics, Umeå University, Sweden.

Within the scope of this project several aspects of the physics of dusty plas-

mas have been explored theoretically and numerically.

A large effort has been devoted to theoretically explore recent experimental

data on dust particle oscillations performed in several laboratories, with different

plasma discharges. The experimental data have shown that large amplitude dust

grain oscillations may arise when either the plasma density or the pressure are re-

duced below a critical value. The experiments were performed in different labo-

ratories, with different setups and background parameters, so that only ”ad hoc ”

theories could explain the peculiar behavior. In this context, in Paper I, we have

highlighted the importance of plasma density fluctuations as the driver of the cited

phenomena. In fact, the plasma density fluctuations, which have been experimen-
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tally detected and measured, become extremely important when the plasma sheath-

dust grain system gets close to the bifurcation point (i.e. the point where stable

and unstable dust grain equilibrium positions converge). Away from the bifurcation

region, plasma fluctuations can be neglected and play no role. Near the bifurcation

region, their influence couples to the intrinsic, unstable grain dynamics, giving rise

to the observed phenomena. It must be stressed that, for the first time, we have

demonstrated that the role of plasma density fluctuations in the grain dynamics may

change, depending on the conditions. Along this research line, we have stressed the

inapplicability of the previously suggested theories, presented a new one and com-

pared the theoretical results with the numerical data obtained from the simulation

and experiments. It is an outstanding result that the theory is able to explain the full

spectrum of experiments that have observed this self excitation phenomena.

The theoretical and numerical framework created to analyze the so called

self excited dust grain oscillations in plasma sheaths, at low pressures, is extended

in Papers II and III to explore a larger spectrum of nonlinear phenomena. In paper

II, theoretical and simulation studies have been carried out to analyze the vertical

oscillations of dust grains that are levitating in plasma sheaths at low pressures. The

levitation conditions and the influence of an external driving force on grain dynam-

ics has been examined. A new excitation mechanism, the plasma number density

modulation, is proposed and suggestions for future experimental investigations are

given. In paper III, the nonlinear oscillation resonances induced by either an ex-

ternally applied force or an electrode potential modulation have been theoretically

analyzed, and numerically explored. For the first time, the effects of different exci-

tation techniques on the plasma sheath parameters have been theoretically analyzed

and the grain motion, resulting from the sheath modification induced by the driver,

has been studied. The role of grain charge variation with distance from the elec-

trode has been highlighted and the comparison with electrostatic sheath position

10



dependence has been presented. The results have been compared with experimental

data inferred from published investigations and show good agreement. It must be

stressed that the same theoretical framework has been applied to explain different

nonlinear phenomena such as self excited oscillations, forced oscillations, nonlin-

ear resonances and electrode potential modulation, and that the numerical results

showed good agreement with all of the cited experiments, performed in different

laboratories, with different sheath parameters. The broad range of phenomena that

can be explained, and the numerical agreement, suggest that the given framework

could be successfully extended even further to analyze the melting of a complex

plasma.

In Paper IV it is shown how a nonuniform dust density distribution modifies

dust acoustic wave (DAW) propagation in a dusty plasma. The dispersion relation

for a DAW propagating in the presence of periodic, arbitrary dust density distribu-

tion has been derived and analyzed. It has been found that the dispersion relation

for a single harmonic of wavenumberm propagating in a dust plasma slab, of finite

dimension and spatially varying dust density distribution, can be substantially mod-

ified only if the Fourier component of the distribution with wavenumber2m exists.

The dispersion relation reduces to the classical one otherwise.

In Paper V, a theory has been developed to describe the instability of elec-

trostatic dust cyclotron waves, and numerical calculations have been performed in

order to suggest experimental confirmation of the theoretical predictions. The re-

search work has shown that the current driven instability may affect not only the

fundamental mode, but also the higher harmonics of electrostatic dust cyclotron

waves. Possible experimental parameters have been suggested. It should be noted

that the possibility of excitation of higher harmonics lies in the slow dynamics of the

dust: in an ion-electron plasma it is, in fact, impossible to excite higher harmonics

since thek-regime window where both electron Landau damping, and ion cyclotron
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damping are negligible is too small to allow other than the first harmonic to be ex-

cited. When dealing with dust dynamics, in turn, the dynamical properties of the

ions is so diverse compared with the dust that thek-regime window where both

ion Landau damping, and dust cyclotron damping are negligible is large enough to

allow more than one harmonic to be excited.

The influence of a magnetic field on low frequency, long wavelength waves

propagating in magnetized dusty plasmas has been examined in Papers VI and VII.

In Paper VI, we present analytical studies on cross-field instabilities of electrostatic

modes in a uniform plasma, which is either partially or fully ionized. It is shown

that the resonant energy associated with the cross field motion (resulting from the

cross product of the magnetic and equilibrium dc fields) of the plasma particles can

be coupled to low frequency electrostatic waves. The dispersion relation and the

instability conditions have been presented and theoretically analyzed.

Detailed studies of electrostatic wave instabilities, in a current carrying mag-

netoplasma, with an equilibrium plasma density distribution, and a field aligned ion

velocity shear flow, are presented in Paper VII. The dispersion relation obtained

contains previously known results as limiting cases, while including some addi-

tional instabilities related to the electron-wave resonant interaction and to the ion

density equilibrium distribution. The influence of the plasma density equilibrium

distribution on the instability of the so called D’Angelo mode is presented, for the

first time, and the resulting dispersion relation is theoretically explored.
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