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1. Introduction

In this thesis, stereoscopic investigations of dusty plasmas are presented and discussed.
Dusty plasmas are an interesting field of research, as they appear in many natural and
also technological processes. As an example, the interplanetary matter consists of nano-
to microscale sized dust particles that are interacting with the (mostly very thin) plasma
environment. Results from the dusty plasma research community have been successfully
applied to phenomena as space-craft charging [1] or the explanation of the ’spokes’ in
Saturn’s rings [2, 3]. In the engineering context dusty plasmas led to the invention
of key technologies, e.g. dusty plasma based doping of silicon to enhance solar cell
efficiency [4]. Otherwise, the dust particles are treated as impurities in silicon waver
fabrication [5] or nuclear fusion devices [6]. Due to this invocation of dusty plasmas
in wide-spread scientific areas, there is a demand for basic research to understand the
micro- and macroscopic interactions of the dust particles with their surrounding plasma.
Laboratory dusty plasmas are very versatile due to the confining potential that can be
adapted to the specific needs. It is possible to observe a single particle, one-dimensional
particle chains, two-dimensional sheets and three-dimensional extended structures [7–9].
The object of primary interest in this thesis is a volume filling three-dimensional dust
structure as shown by an exemplary image in Fig. 1.1. The symmetric dust clouds that
are investigated in this thesis, are produced under microgravity conditions on parabolic
flights. These flights deliver about 22 seconds of weightlessness. This is achieved by
a modified airplane (Airbus A300), operated by the NOVESPACE following a free-
fall trajectory. Due to the spatial restrictions put on our joint experiment with the
A. Piel group from Kiel (Germany), all measurement hardware has to be positioned
highly optimized. This results in the complex three-camera arrangement that will be
described in Sec. 3.2. Typical for these structures is the central particle-free region called
void, which is formed due to manifold plasma forces acting on the particles. These
forces and the void formation process will be discussed in more detail in Sec. 2.2. The
wave crests that can be seen on the top and bottom areas of Fig. 1.1 belong to a dust-
density wave (DDW). This type of compressional wave is often self-excited in dusty
plasmas with a high particle number density. As many research groups observe the self-
excited waves in their experiments, high attention has been paid to this phenomena.
Most research regarding the DDWs has been done using a laser sheet illumination of
a three-dimensional dust cloud to retrieve two-dimensional cross-section images as in
Fig. 1.1. With such diagnostics, the research groups led by V.E. Fortov studied the
waves itself and the influence of the dust charge on the dust-acoustic instability has
been evaluated [10, 11]. Together with G. E. Morfill, dust-density waves have been
studied under microgravity conditions at the International Space Station in the PKE-
Nefedov experiment [12, 13]. The group of A. Piel studied the obliquely propagating
waves in the experiment that has also been used in this thesis on parabolic flights [14,
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1. Introduction

Figure 1.1.: Inverted image of a cross-section of an exemplary dust cloud. Starting from
the central particle free region, the density waves propagate radially outwards the
discharge center. The field-of-view for our measurements is indicated by the red
square.

15]. They also found oscillation synchronization and the formation of frequency clusters
[16, 17]. Growth rate measurements of the wave amplitudes have been performed by
Flanagan and Goree [18, 19]. Efforts to analyze the microscopic motion of particles were
made by E. Thomas and J. Williams. Their stereoscopic investigations on DDWs using
stereoscopic particle image velocimetry and tomographic particle image velocimetry were
able to determine 3-D velocity distributions from a two-dimensional particle plane [20,
21]. Clusters of only few single particles have been traced by the velocimetry algorithms.
Further microscopic investigations have been made by the group of Lin I. They studied
the wave breaking and heat-transport mechanisms in DDWs [22, 23].

Until now, the investigations of the dust-density waves lack three-dimensional single
particle analysis. As the waves do only occur in extended three-dimensional dust systems,
several effects can only be faced with a three-dimensional diagnostic. What kind of
motion do the particles follow in the direction transverse to the wave propagation?
Can this novel information about the transverse motion be used to describe a three-
dimensional energy transport mechanism in dust-density waves? As the motion of the
wave in propagation direction has already been accounted for, the transverse motion has
been mostly ignored so far. Is it possible to derive physical properties of the wave and
particle motion from the velocity distributions?

Before these scientific questions can be answered, there are many technical issues that
have to be addressed. When single particles shall be tracked in dense structures, such
as dust-density waves, the dust number density is usually too high to track individual
particles over many frames. How is it possible to track individual particles anyway?
Might it be possible to extrapolate from single particle trajectories, which do never
include all particles, to the collective wave motion? In this thesis, the technical as well
as the scientific questions will be discussed and solutions will be presented.
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2. Theoretical Background

2.1. Dusty Plasma

When microscopic particles are immersed into a gaseous plasma, contact with the charged
plasma species cause the particles to be charged. The overall particle charge is equili-
brated when all charge fluxes onto the particle are zero:

�

k=e,i,...

Ik = 0 (2.1)

Charge fluxes can be caused by electron and ion currents Ie and Ii, as well as secondary
electron emission or photo electron emission from the particle surface [24–26]. As the
mobility of the electrons is higher due to their smaller mass compared to the ions, the
overall particle charge will be negative. A rough estimate for the attained elementary
charges Zd of particles with several micrometers in size is of the order of Zd = O(103 −
104) [27]. The high particle charge numbers Zd lead to a strong electrostatic interaction
of the particles. The Coulomb coupling parameter defines the coupling strength in terms
of the electrostatic interaction of neighboring particles and the kinetic dust temperature
kBTd as

Γ =
Z2
de

2

4π�0 �r� kBTd
. (2.2)

The mean interparticle distance �r� is usually identified with the Wigner-Seitz radius.
The coupling parameter Γ can be used to describe the phase state of the dusty plasma
[28]. A gaseous state is considered when Γ � 1, a strongly coupled (fluid-like) state is
considered when 1 < Γ < 200. Coupling above a critical Γcrit ≈ 200, whose exact value
depends on the plasma properties, results in crystalline (solid) dust structures. The
regime that features dust-density waves that are a subject of this thesis, is the fluid-like
strongly coupled state (Articles III to V). To be more precise, the DDW instability itself
could also be treated as the cause for the phase transition from a crystalline state into
a fluid state. The small dust clouds discussed in Article II are crystalline structures.

The dust particles are usually considered to interact electrostatically via a screened
Coulomb potential, also called Yukawa-potential or Debye-Hückel-potential, of the form

V (r) =
(Zde)

2

4π�0r
exp

�

− r

λDd

�

, (2.3)

where λDd = λDi/(1+Tine0/Teni0)
1/2 is the Debye shielding length of the dust particles,

using the ion Debye length λDi = (�0kBTi/nie
2) and the unperturbed number densities

ne0,i0 of the electrons and ions [29, 30]. Due to the electrostatic pressure of a large
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2. Theoretical Background

dust cloud, the actual interparticle distance is expected to be smaller than this shielding
length λDd, but still in macroscopic scales of few 100 µm. The resulting particle number
density in volume filling dust clouds is nd = O(1010m−3). The resulting optical thickness
is τd = nd ·πr

2
d ·8 cm = 0.01 for our experimental conditions. As τ � 1, this dust cloud is

optically thin and thus transparent for visible light. This makes dusty plasmas an ideal
object for optical diagnostics up to the single particle level. Further details regarding
the charging and coupling can be found in the respective textbooks [28, 31, 32].

2.2. Forces and Void-Formation

To confine (extended) dust clouds in the laboratory, it is necessary to understand and
use the plasma forces that act on the particles. In the following, the important plasma
forces will be introduced briefly. As a consequence of these forces, the structure of 3D
dust clouds will be motivated.

Plasma Forces on Dust Particles

The confined dust cloud exhibits an equilibrium of forces that act on the particles.
In Fig. 2.1, the main contributing forces are schemed. Each particle is coupled to the
electric field force via �FE = Zde �E, with �E being the effective electric field that is the
sum of the field created by the potential of surrounding dust particles, electrons and
ions. The electron and ion distribution, in interaction with the dust particles, is often
perturbed from quasi-neutrality and space-charge regions can occur. These regions play
an important role in governing the dust particle motion as the interaction of single
electrons and ions can be neglected.

The ion drag force �FI results from streaming ions in the bulk due to ambipolar diffusion
processes. The boundary sheath is not the only place where streaming ions can be found,
but also in the plasma bulk relevant ion flows are expected. The ion drag force arising
from the interaction of the dust with the streaming ions can be separated into two parts:
the collection force �Fcoll and the orbit force �Forb yielding

�FI = �Fcoll + �Forb. (2.4)

The collection force reflects the direct collisions from the streaming ions with the dust
particles. The orbit force reflects the Coulomb collisions of the streaming ions with the
dust particles. The ion drag force calculations have become more and more sophisticated
with time. Barnes et al. [33] introduced the drag force with monoenergetic ion streams
and OML-like assumptions for the orbit force. This model was successively enhanced
and improved [34–38]. Simulations that also cover collisional systems have been done
by different groups [39–42]. Especially Patacchini and Hutchinson [39] made valuable
calculations that can be compared to ion-drag measurements in Article I.

Except for statical crystalized systems, there is also a relative motion of the neutral
gas and the dust particles. The resulting neutral drag is often considered by a usual
friction (or Epstein) coefficient β, with the friction force being

�Ffric = −mdβ�̇r, (2.5)
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2.2. Forces and Void-Formation

Figure 2.1.: Forces acting on the particles. These are namely the ion drag force FI, the
electrostatic field force FE, the gravitational force FG and the thermophoretic force
Fgrad(T). The thermophoretic force can be applied to the particle to levitate the
particles under normal-gravity conditions. The temperature gradient in the neutral
gas is applied by heating the lower, and cooling the upper electrode.

where md is the mass of the dust particle.

As all other objects in laboratory experiments, the particles are exposed to the gravi-
tational force

�FG = md�g, (2.6)

with g being the gravitational acceleration of g = 9.81m s−2. This force is of the same
magnitude as the electric and ion drag force if the particles are micrometer sized. Thus,
the gravitational force cannot be neglected and results in particle sedimentation at the
bottom discharge regions. This circumstance is often exploited when flat dust structures
shall be observed. In that case, the downward directed gravitational force and the
upward directed electric field force generated by the sheath above the lower electrode
confine the particles vertically. To generate three-dimensional extended dust clouds, it is
possible to use smaller dust particles with diameters d = O(100 nm). The gravitational
force is not dominant in this case and can be neglected [43]. These systems made from
nanometer sized particles are not suitable for single particle investigations for two main
reasons: Firstly, the dust cloud becomes optically thick what complicates the optical
measurements. Secondly, the particle size is of the same order as the wavelength of
the visible light. This reduces the amount of scattered light drastically. The very low
intensity would not allow particle tracking with usual CCD or CMOS cameras. To
conclude, micrometer size particles (typically d > 4 µm) are needed for detailed optical
diagnostics. One possibility to establish extended dust clouds made from these larger
particles, is thermophoretic levitation.

The thermophoretic force �Fgrad(T) is introduced by applying a temperature gradient
to the neutral gas in the discharge volume. In early experiments using temperature
gradients, Rothermel et al. [44] estimated the momentum transfer to a particle with
radius rp. When a homogenous temperature gradient dT/dz is present in the neutral
gas, the resulting force is

�Fgrad(T) = −3.33
kBr

2
p

σ
dT/dz. (2.7)
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2. Theoretical Background

In the experimental design depicted in Fig. 2.1, the temperature gradient can be used
to counterbalance the gravitational force by heating the lower electrode and cooling the
upper electrode [45]. This way, it is possible to create volume-filling dust clouds under
gravity conditions. Drawbacks of this thermophoretic levitation are induced asymme-
tries. These result from an asymmetric temperature gradient in the neutral gas an the
so-called thermal creep flow that can drive neutral gas and dust particle vortices [46].

The most symmetric dust clouds can be established under microgravity conditions,
without the need for thermophoretic forces. Research with very low residual gravity is
possible on sounding rockets [9], the International Space Station ISS [47] and parabolic
flights [48, 49]. In the frame of this thesis, it was possible to attend several parabolic
flight campaigns funded by the German Aerospace Agency (DLR). On parabolic flights,
there is a total of 22 s of weightlessness that can be used to establish highly symmetric
extended dust clouds.

Void Formation

A feature in extended dust clouds is the formation of a particle free region in the center,
the so called void [50–55]. In Fig. 2.1, the void is represented by the white central ellipse.
The void boundary is characterized by the equilibrium of the electric field force �FE and
the ion drag force �FI [56, 57]. The ionization in this capacitively coupled discharge is
dominant in the center [58]. The resulting ambipolar diffusion causes the generated ions
to stream radially outwards with the velocity �ui = µi

�E, where µi is the movability of
the ions. This results in an ion drag force �FI in ion stream direction. The ambipolar
electric field �E, and as a consequence also �ui, increases from the center of the discharge
towards the electrodes. The electric field force �FE = −Zde�ui/µi caused by the ambipolar
electric field pushes the particles to the center, whereas the ion drag �FI points radially
outwards. Usually, the ion drag force is dominant in the center, which causes the particles
to leave the discharge center until the electric field force equilibrates the ion drag. The
void boundary, which is the region of force equilibrium, is highly populated by the dust
particles. As the equilibrium state marking the void boundary depends on the particle
mass and size (µi), different particle species are found to form the void boundaries at
different positions [59]. An separation effect can directly be observed when particle
species with two distinct sizes are used. Typically after such a system is equilibrated,
a boundary between the two dust species establishes. But to clarify, the separation
of particle species due to the plasma forces is only observed in equilibrium state. For
short terms, single particles can of course move freely along all plasma regions. This
is demonstrated in Article I, when larger particles are injected into the dust cloud and
their path through the void has been measured.

2.3. Waves in Dusty Plasmas

Extended dust clouds do often feature wave-like phenomena. In this thesis, novel mea-
surements on the kinetic level within dust-density waves will be described. In the fol-
lowing, an introduction into possible wave modes in dusty plasmas and the damping
as well as excitation mechanisms will be presented. In the field of dusty plasmas, the

12



2.3. Waves in Dusty Plasmas

dust-acoustic wave (DAW) is the probably most investigated dynamic phenomenon. To
be more general here, in the following the term dust-density wave (DDW) will be used
instead, which includes the DAW as a special mode.

Wave Types

The most typical wave modes will be briefly introduced in the following. The findings
mainly result from a multifluid analysis using the continuity and momentum equations
[60]. In 1990, the first prediction of dust-density waves, named then dust-acoustic waves
(DAW), with an acoustic dispersion relation was published by Rao et al. [61]. There,
a three component plasma has been considered, consisting of Boltzmann distributed
electrons and ions. The dispersion relation of linear (and non-linear) dust density waves
has been retrieved. The linearized fluid equations result in the dispersion relation ω(k) =
CDAk with a constant wave velocity

CDA =

�

kBTi

md

nd0

ni0
Z2
d.

This mode corresponds to a very low frequency (O(1Hz)) longitudinal dust particle wave
due to the high particle mass. The acoustic dust-density wave was the first observed wave
in dusty plasmas [62]. The experiment has been done using a Q-machine [63], which was
first presented by Rynn and D’Angelo [64]. This dust-density wave is a widely observed
mode in dusty plasmas. However, the presence of dust particles as a fourth species in a
plasma does not only introduce such novel modes to the system, but does also alter the
"usual" plasma modes that are already known from three-component plasmas without
heavy dust particles.

The dust ion-acoustic wave (DIAW) can be seen as a modification of the ion-acoustic
wave modified by the presence of immobile charged dust particles [65, 66]. The charged
dust leads to a small-scale inequality of electron and ion density. The ion-density is
higher in regions that are close to a dust particle. Hence, the reduced electron shielding
will lead to an increasing phase velocity of the DIAW compared to the "normal" ion-
acoustic wave [28]. The DIAW was also observed using a Q-machine setup [67].

In a magnetized dusty plasma, there are also modes that can propagate nearly per-
pendicular to the magnetic field. The electrostatic dust ion-cyclotron wave (EDICW) is
a modified electrostatic ion-cyclotron wave whose instability is enhanced by the presence
of the dust [68].

When the dust dynamics are taken into account and the grains are not considered to
be static, the electrostatic dust-cyclotron wave (EDCW) can be derived [69–71]. The
cyclotron waves were experimentally observed and investigated by Barkan et al. [72] and
Chow and Rosenberg [73].

In strongly coupled dusty plasmas where the coupling potential energy exceeds the
thermal energy (Γ � 200), the dust particles form crystalline structures. In two-
dimensional systems, compressional and shear waves have been observed and investigated
[74–77]. In three-dimensional systems, normal mode investigations of clusters containing
less than 100 particles have been done [78, 79].
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2. Theoretical Background

Onset and Damping of Self-Excited DDWs

To discuss the instability and damping mechanism of a wave, the dispersion relation is
a widely used tool. In Fig. 2.2, the linearized dispersion relation is shown that considers
the important effects. The general linearized dispersion relation (e.g. in [80]) for a
system that has an ion drift velocity of ui can be simplified to

0 =
1

k2λ2
De

−
ω2
pi

(ω − kui)(ω − kui + iνi)− k2vth,i
−

ω2
pd

ω(ω + iβ)
= �(ω, k). (2.8)

The electron drifts as well as the electron-neutral collisions have been neglected. The
thermal dust motion is also considered to be small (vth,d = 0). The final form contains,
however, the ion-thermal velocity vth,i ≈ 500m/s, the ion-neutral collision frequency
νi ≈ 1 · 106 s−1 and the plasma frequency of the ions and the dust ωpi and ωpd. The
dust-neutral friction is included in terms of the Epstein friction coefficient β. To derive
the wave frequency, the one-dimensional plane wave approach y(x, t) ∝ exp (−i[ωt− kx])
was used. The wave frequency in Eq. 2.8 can obviously take complex values, so that it
can be written as ω = ωr + iωi. The real part ωr acts as the frequency of the wave. An
imaginary part ωi > 0 produces a real number in the exponent of the wave function,
which results in a exponentially growing amplitude of the wave function. That is why the
imaginary part is often referred to as the growth rate. In the derivation of the dispersion
relation, the perturbation approach was used that assumes small perturbations and
thus small amplitudes in the system. This means, that positive imaginary parts of the
dispersion relation indicate the existence of an instability, but a non-linear treatment is
required for further quantitative analysis. In Fig. 2.2, the real and imaginary parts of
the wave frequency are shown for exemplary plasma properties that are typical in rf-
discharges. Here, the growth rate is positive for all kλDi < 1.5 and thus, an exponential
growth of the wave is predicted. A negative growth rate predicts damping of the wave.
This means, that in our example only DDWs with wave numbers kλDi < 1.5 can be self-
excited, whereby usually the system chooses the wave number with the highest possible
growth rate.

Instability and damping mechanisms have been also discussed more generally than
shown above by Merlino [81]. First analysis has been done using a collisionless Vlasov-
approach Rosenberg [82]. This analysis showed, that ion- and electron drifts could
drive DDWs when the drift is above the phase velocity of the dust. Studies including
collisions came to similar conclusions [83]. Joyce et al. [84] investigated a ion-dust
two stream instability. A two stream instability may arise, when two species moving
through a plasma have different drift velocities. Since the early stages of plasma physics,
electron-ion streaming instabilities are studied with electrons being the faster moving
species [85]. Joyce et al. [84] found, that below a certain neutral gas pressure, the two
stream instability heats the dust particles and prevents crystallization. This ion-dust
instability is currently considered as the primary free-energy input that drives the dust-
density waves [81]. An ion-stream is existent in most of the discharge types that are
used to investigate dusty plasmas as there are dc glow discharges, inductively coupled rf
discharges, hot filament discharges, Q-machines and capacitively coupled rf discharges
[62, 86–88].
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2.3. Waves in Dusty Plasmas

Figure 2.2.: Dispersion relation ω(k) of a self-excited DDW. The red solid line represents
the real part and the blue dashed line the imaginary part of the wave frequency. The
rising imaginary part at ω ≈ ωpd hints to the onset of an instability.

In our experiment the wave amplitude and the onset of the instability is triggered
by the neutral gas pressure. But the neutral gas pressure, respectively the dust-neutral
collision rate, is not the only crucial parameter that influences the onset of DDWs.
Suranga Ruhunusiri and Goree [89] made a detailed study on the influence of all re-
markable parameters. They found, that the imaginary part of the acoustic dispersion
relation, which is correlated to the wave amplitude growth, is mainly decreased by in-
creasing the dust-neutral collision rate and the ion-neutral collision rate. An increasing
dust number density is also an important parameter correlated to an increasing wave
amplitude, but can hardly be controlled in our experiment. Collective damping can also
arise from dust charge fluctuations [90]. The high particle number density in the com-
pressed wave regions lead to a significant local electron depletion, which decreases the
particle charge. The loss of particle charge causes a loss of potential electrostatic energy
and hence, represents a damping mechanism for the wave. Simulations have shown, how-
ever, that this damping effect is smaller compared to the dust-neutral and ion-neutral
collisions that can suppress the two stream instability.

Experimental Observation of Waves in Dusty Plasmas

Different types of optical diagnostics have been developed and applied for waves in
dusty plasmas. The most commonly used diagnostic consists of a thin laser sheet that
illuminates a cross-section of the dust cloud. This plane is observed from a perpendicular
direction using a fast camera (e.g. in Fig. 1.1). Large field-of-view observations have
been made as well as magnified single particle motion can be captured from a smaller
region. Three-dimensional diagnostics as scanning video microscopes [91–93], digital in-
line holography [94] or color gradient imaging [95] are applied to structural questions and
investigations on slow timescales. These diagnostics cannot be easily applied to resolve
the motion of DDWs in a plasma as the temporal or spatial resolution is not sufficient
to handle the dense regions and fast dynamics of the particles.
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2. Theoretical Background

In this thesis, stereoscopy was used to track and reconstruct the single particle motion
of dust particles. When the single particle tracking succeeds, the full three-dimensional
phase space information are available at high temporal resolution. A drawback of stereo-
scopic investigations is the high particle number density, especially in wave crests of
DDWs, that is a very challenging problem to the computational algorithms and the op-
tical setup itself. In the following, a stereoscopy setup and the underlying algorithms
are presented that are able to track single particles even within dense regions of a dusty
plasma.
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3. Experimental Setup

In the following sections, the experimental setup will be presented. It consists of the
parallel-plate discharge plasma chamber and the three-camera stereoscopy diagnostic.

3.1. The Radio-Frequency Discharge

The discharge chamber is a widely used type for non-thermal plasmas. The radio-
frequency discharge within that chamber is well studied and an ideal base for studies on
dusty plasmas. The mechanical and physical properties of the discharge will be presented
in the following section.

Mechanical Structure and Plasma Conditions

The discharge is operated in an IMPF-K2-type discharge vessel which is developed by
Kayser-Threde GmbH and the group of A. Piel (University Kiel, Germany), for details
see [96]. A CAD image of the chamber is shown in Fig. 3.1a. The chamber features 4
windows, denoted by "1", that are aligned orthogonally with respect to each other at
the horizontal chamber wall. Another window can optionally be placed at the center
of the chamber’s top. All windows are equipped with a broadband anti-reflex coating
to minimize internal reflections of incident laser light. The discharge gap is 3 cm and
the electrode diameter is 8 cm. The electrodes consist of ITO (indium-tin-oxide)-coated
glass, which is transparent in the visible spectrum. This allows the optional view from
the top into the discharge through the electrode. The electrodes are powered by a single
radio-frequency (rf) generator with a signal splitter. The signal is phase-shifted and
matched, so that the resulting signals on the lower and upper electrode have a phase
shift of Δφ = π. The phase shifted operation of the electrodes allows a highly symmetric
discharge. When thermophoretic forces have to be applied for compensation of gravity,
aluminium electrodes are used for improved thermal conductivity that is important for
a homogenous temperature gradient. This type of discharge chamber has also been used
in companion and complementary experiments by the Kiel group [93, 97, 98].

In the discharge, argon gas is ignited via capacitively coupling of the rf-voltage. The
typical base pressure in all experiments is O(10−2 Pa), the operational pressure lies in
the range of 10Pa to 30Pa. The electrodes are powered in push-pull mode with a
peak-to-peak voltage of Vpp = 30− 60V. The resulting electron temperatures are about
Te ≈ 4 eV according to simulations from the Siglo code of Boeuf and Pitchford [99]. The
electron and ion density is of the order of O(1014 − 1015m−3).
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x
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1
1 - windows (1 top and 4 side)
2 - dust dispenser

upper electrode

lower electrode2

(a) (b)

argon plasma

Figure 3.1.: (a) Sectional view of the IMPF-K2 chamber that was used for all mea-
surements. There is one top window and altogether 4 symmetrically arranged side
windows, whereby only two of them are indicated in this sketch. (b) Close-up sketch
of the electrodes and the plasma volume. The electrode diameter is 80mm and the
discharge gap is 30mm.

Dust Injection and Properties

When extended dust structures shall be formed, electro-magnetically driven dust dis-
pensors developed by Kayser-Threde GmbH are used. They are placed at the corner
flanges of the outer chamber wall as shown exemplary in Fig. 3.1, denoted by "2". As
two dispensors can be integrated in each flange, the chamber can be equipped with up
to 12 dispensors. Typically, due to other diagnostic requirements, only 8 dispensors
are used in microgravity experiments. This large dust reservoir is necessary, because
the chamber has to be re-filled with dust after each of the 31 parabolas. The dust it-
self consists of monodisperse melamine-formaldehyde (mf) particles with diameters of
dmf = 4.04 ± 0.08 µm or dmf = 6.84 ± 0.1 µm, depending on the experiment. We have
developed a method to study high-density dust clouds using fluorescent mf particles
as tracers (see Sec. 5.1. The fluorescent dust particles that have been used in studies
described in Articles III to V are made from mf doped with Rhodamine-B (RhB). For
compatibility, the RhB-particles are also available in sizes of dRhB = 4.02± 0.09 µm and
dRhB = 6.82±0.1 µm. The absorption and emission characteristics are shown in Fig. 3.2.
The vertical line in Fig. 3.2a depicts the wavelength λ = 532 nm of the illumination laser.
The absorption efficiency of approximately 50% is acceptable considering the low-cost
availability of high-power 532nm-lasers. The emitted fluorescence light is then captured
using a band-pass filter with a bandwidth as schemed in Fig. 3.2b. Most of the emitted
light can pass through the filter while the illumination laser wavelength is efficiently
blocked. This allows the exclusive imaging of the fluorescent particles. Additionally,
polymethyl methacrylate (pmma) microspheres with a diameter of dpmma = 20 µm have
been used by a dust accelerator [100, 101]. This device consists of a spinning cogwheel
that can inject dust particles with velocities of up to 1 − 2ms−1. This allows the rela-
tively large particles to penetrate the void and to be used as probes to measure the force
inside the void region.
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3.1. The Radio-Frequency Discharge

Figure 3.2.: (a) Fluorescence absorption spectrum of mf-RhB particles. The green
532 nm laser used in our experiment can sufficiently excite the fluorescence. (b)
The bandpass filter suppresses the illumination laser wavelength but is transparent
(93%) for most of the emitted fluorescence light. c�microparticles GmbH

Laboratory and Microgravity Operation

In laboratory measurements, there are no spatial restrictions regarding the optical setup
and the access to the chamber is possible at every time. For experiments on extended
dust systems under gravity conditions, all injected particles remain confined. To apply a
temperature gradient to the neutral gas, the ITO-electrodes are exchanged against solid
aluminium electrodes. With two individual water-cooling systems, the lower electrode
has been heated up to 40 ◦C and the upper electrode was cooled down to 4 ◦C. The
resulting thermophoretic force is sufficient to levitate particles with d = 4 µm in the
plasma bulk. This setup has been used to study the properties of the RhB-particles and
to observe extended dust-density waves in the laboratory.

The operation of the discharge under microgravity is a challenge to the versatility of
the chamber and diagnostic design. For security reasons, laser-light emitting components
have to be situated in a closed containment. This containment is limited in size and has
to contain all optical systems and the laser hardware. With three illumination lasers
and 4 optical diagnostics being installed, the available space is very restricted. The
chamber is hence equipped with ITO-electrodes on the bottom and the top to allow one
camera taking images from the top of the discharge. The spatial requirements put on
the stereoscopic system lead to the complex camera arrangement that will be described
in the following section.
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3. Experimental Setup

3.2. Three-View Stereoscopic Setup

The following section will present the diagnostic setup. This includes the mechanical rig
structure and brief introductions of the underlying camera calibration and reconstruction
algorithms. The setup was initially developed and assembled by B. Buttenschön [102].
Minor revisions of the camera setup, including lens setup and camera stage rotation
have been done by M. Himpel. The main contribution of M. Himpel to the stereoscopic
diagnostic is the development of the calibration hard- and software, as well as the devel-
opment of the correspondence analysis approach in his diploma thesis [103, 104]. The
mechanical setup and also the calibration and analysis approaches will be presented in
the following sections.

Mechanical Setup

The stereoscopic setup consists of three Allied Vision GE680 cameras, that are mounted
on a common rig. This structure is movable in all three spatial directions via stepper-
motors. This allows a remote re-adjustment of the field-of-view within a running mea-
surement. The cameras record VGA (640 × 480 pixels) images at a framerate of up to
205 fps. For a fast and central controllable image capturing process, the recording soft-
ware has been re-developed within the frame of this thesis. With the software using
the camera’s GigE-Vision-interface, the framerate can be increased at the cost of image
height (e.g. 260 fps at 380 pixels height). Higher recording speed yields improved track-
ing results because the distance a particle travels from one to the successive frame de-
creases. This allows stricter tracking constraints that are helpful especially when regions
with high particle number density are observed. All three cameras are synchronously
triggered. Each camera has a ethernet connection to a distinct control computer. The
camera software allows the adjustment of camera parameters, such as exposure time and
gain, via a second ethernet connection to a control pc. This way, it is possible to quickly
readjust the setup even during an ongoing measurement on a parabola to match changed
conditions, resulting in analyzable data.

The compact but complex design of the stereoscopic setup arises from its special use
on the parabolic flight experiment. The camera arrangement shown in Fig. 3.3 was used
for the measurements of article A.1. In later experiments for articlesA.3 to A.5, the
camera bodies have been rotated to allow a decrease of the frame height without any
loss of the illuminated field-of-view by aligning the camera view horizontally. As a result,
the corresponding measurements could be made with a framerate of up to 260 fps.

For laboratory measurements, the spatial restrictions of the parabolic flight could
be eased. In Fig. 3.4, the laser beam is inserted in positive x-direction into the dis-
charge. The former top-view camera is also mounted to image the discharge in positive
x-direction. The latter is necessary because the thermophoretic levitation of the parti-
cles under laboratory conditions [45] does not allow the use of optical access from the
top, as already mentioned.
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top�camera

left�camera

right�camera

observation-
volume

Figure 3.3.: Three-view stereoscopic
setup designed by B. Buttenschön.
This setup was used with minor
modifications on all parabolic flight
experiments.

xy

z

Figure 3.4.: Three-view stereoscopic setup
as it was used in laboratory experi-
ments. The laser beam enters the ob-
servation volume in positive x-direction.
The former "top-camera" is placed al-
ternatively to image the observation vol-
ume from the negative x-direction.

Camera Calibration

To determine the three-dimensional positions of particles that have been imaged with a
camera, an accurate camera calibration is needed. Detailed information on the camera
calibration procedure and algorithm have already been published [104]. The approach
was primarily developed in the frame of the Diploma thesis of M. Himpel [103] and
continuously improved, especially the graphical user interface, during his Ph.D. studies.
In the following, a brief summary of the basic concepts concerning camera calibration
will be given.

When multiple cameras are used to obtain three-dimensional spatial information, the
so called projection matrix is widely used to describe the projection of an object onto a
CCD-1 or CMOS2-sensor [105, 106]. In the field of projective geometry it is advisable to
use homogenous representations of points, lines and matrices. For the sake of simplicity,
the following definitions are sketched for the case of only two cameras in Fig. 3.5.

A dust particle shall be located at the point M = (xM, yM, zM, 1)T in the three-
dimensional homogeneous space. The projected points to cameras C and C� are denoted
m and m� in Fig. 3.5, such that

m(�) = P
(�) ·M (3.1)

with P being the 3 × 4 projection matrix containing intrinsic3 and extrinsic4 camera
parameters. The form of the camera matrix and hence the supported parameters have

1
Charge Coupled Device

2
Complementary Metal Oxide Semiconductor

3camera specific properties
4camera position and orientation, external properties
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m'

M
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C'

m

Figure 3.5.: a) Schematic projection of a 3D-space point M onto two camera sensor
planes at m and m’. The ambiguous projection of point m to the sensor C’ results
in the epipolar line l’. b) Correspondence analysis with three cameras. For real
corresponding particle images, all particles must be situated on each others epipolar
line, within a tolerated distance dep.
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3.2. Three-View Stereoscopic Setup

to be adapted to the camera sensor or lens deformation. The analysis of calibration
images has shown, that in our optical setup no lens distortion coefficients [107] have to
be considered. The deviation of the CCD-sensor pixels from perfect squares can also be
neglected due to the high quality of the fabrication process for sensor hardware. The
resulting projection matrix can be written as

P = K
�

R | t̃
�

, (3.2)

where K is the intrinsic matrix, R the rotation matrix and �t the translation vector. The
intrinsic matrix

K =





f 0 px
0 f py
0 0 1



 (3.3)

contains the camera parameters focal length fx = fy = f and the image coordinates of
the principle point p = (px, py), which defines the origin of the (x, y)-coordinate system
in the image plane. The extrinsic parameters composed to the matrix [R | t] represent
the rotation and translation of the cameras in the real world frame.

A calibration target with a fixed pattern can be used to determine a set of projection
matrices for a multiple camera setup. In our approach, a highly precise fabricated dot-
grid has been used. Due to the calibration within a very small spatial volume (1 cm3),
dots offer the determination of its center even with blurred edges that arise from the
small depth-of-field of the lens system. When the camera system is calibrated, one can
easily compute the particle position M via triangulation. For this, the particle projection
in at least two cameras has to be known [108]. This is a serious, challenging problem
when stereoscopy is done with dust particles. Since the particles are not distinguishable
in the camera image, and whenever more than one particle is imaged, a correspondence
analysis has to be done. An approach suitable for the stereoscopy of dust particles is
described in the following.

Correspondence Analysis of Indistinguishable Objects

The identification of corresponding particle projections in different camera views is am-
biguous. This was a novel problem in the motion tracking and stereoscopy field, as usual
there are not only identical particles that are imaged by cameras. In general, possi-
ble markers that could lead to object identifications in multiple cameras are their color
[109, 110], their size and their shape. In our case where all particles are uniform in size,
none of these markers can be used. The only information the camera image contains,
is the position of the dust particle on the image plane. During the Diploma thesis and
later on in the Ph.D. thesis of M. Himpel, the approach that has been developed is
based on the concept of epipolar lines [104, 105]. As depicted in Fig. 3.5, the projection
of the image point m in camera C to camera C� is ambiguous in one dimension, as all
particles existing on an imaginary line occluding each other result in the same projected
point. Hence, the corresponding projection of m in camera C� is the epipolar line l�. This
yields, that the corresponding particle in camera C� has to be situated on the epipolar
line computed from point m in camera C — this is called the epipolar condition. In
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real applications, this condition has to be eased to allow small deviations from the line,
here called the epipolar distance dep, that occur due to position detection deviations and
residual camera system vibration or motion. The allowed epipolar distance is typically
0.5−1.5 px in our measurements. Even this small error tolerance leads to fulfilled epipo-
lar conditions for many particle pairs that are not corresponding particles in reality.
Detections that result from this erroneously fulfilled epipolar conditions can be adressed
well by following the particles over time, as the wrong correspondences do not endure
over many image frames. The use of three cameras reduces the error rate of particle
correspondence analysis even further. The algorithm for a three-camera analysis works
as depicted in Fig. 3.5b. In our algorithm, a candidate point in camera 1 is chosen (red
color). The epipolar line l12 from this particle is determined in camera 2. If a candiate
exists within the allowed deviations (cyan color), it is projected to the third camera view.
The epipolar lines from the first (l13) and second (l23) candidate are determined in the
third camera. To fulfill the epipolar condition for all three cameras, a particle should be
situated at the intersection point of the two lines in camera 3. If a triplet of particles is
found fulfilling the epipolar conditions, it is considered to be real. As already mentioned,
particle tracking and linking over many frames filters out false particle detections that
arise from e.g. reflections of the laser light.

Whenever possible, the data from all three cameras are taken into account. However,
due to the reduced light scattering [111] in direction of our perpendicular arranged third
camera, its data is not always usable. In this case, only one epipolar condition can be
checked. However, with an advanced tracking and linking algorithm, it is still possible
to get valuable trajectory data from the analysis.
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4. Single-Particle Dynamics in Dusty

Plasmas

The following two sections present measurements of single particles with a small number
of visible particles. Due to the small particle number density, the mf-particles could be
observed directly without the need for fluorescent tracer particles.

4.1. Force Field Measurements using Dust Particles -

Article I

The first application of the camera calibration and reconstruction algorithm was dedi-
cated to investigate the plasma forces inside the void of an extended dust cloud under
microgravity. As the void is usually a particle free region, particles that are injected
into this spatial region are not surrounded by the huge particle amount forming the dust
cloud. This makes single particles in the void region of a dusty plasma ideal subjects of
stereoscopic investigations.

Figure 4.1.: (a) Direction of the plasma forces Fpl in the void region. (b) Magnitude
of the force. The single particle motion could be used here as a probe for the
measurement of plasma properties.

In this experiment, the dust cloud was formed by mf-particles with a size of 4 µm.
Using the dust accelerator, large pmma particles with a diameter of d = 20 µm have
been shot into the central region of the dust cloud [100]. Then, the stereoscopy system
imaged a volume in the void simultaneously. Altogether, 696 pmma-particle trajectories

25



4. Single-Particle Dynamics in Dusty Plasmas

through the void could be reconstructed. The Fourier spectrum indicated an oscillation
mode with 20Hz, which could be identified as the residual motion of the airplane that
was transferred to the camera setup.

Once the particle trajectories are known, the plasma forces �Fpl acting on the particles
can be retrieved from

md�̈r +mdβ�̇r = �Fpl. (4.1)

In Fig. 4.1a, the direction of the forces is shown in a plane projection. The forces are
pointing outwards radially towards the void boundary which is indicated by the dashed
lines in Fig. 4.1a and 4.1b. The magnitude of the forces are also found in a good agree-
ment to the calculations using the ion drag model of Patacchini and Hutchinson [39]. As
the particle trajectories are retrieved in three dimensions, the force fields components in
radial and orthogonal directions could be determined reflecting the oblate structure of
the void. However, the force field’s dominant contribution is the radial part. Assuming
a perfect radial field, the friction coefficient β could be determined to be β = 10± 1 s−1

which is in agreement with recent studies [112].

4.2. Multi-Particle Chain - Article II

The versatility of the camera calibration and reconstruction approach was demonstrated
by transferring it to a similar experiment in the group of Professor A. Piel in Kiel
(Germany). There, small particle clusters in front of a pixel electrode that generates
a secondary anodic plasma glow was investigated. To establish a confining potential
that leads to small three-dimensional structures, the pixel electrode has been positively
biased. For clarity, the experiments presented in this thesis that produce large volume-
filling structures do not feature such a modification of the IMPF-K2 chamber/electrode
design. With DC-voltages of UDC > 100V at this central pixel-electrode, a cone-like dust
cloud structure could be observed. At a voltage of UDC = 193V, a vertically aligned
4-particle chain could be established. The stereoscopic diagnostic was applied to the
4-particle chain and a system of 14 particles, whose structure is also dominated by chain
formation.

The static dust structure was used to directly benchmark the accuracy of the stereo-
scopic setup and the camera calibration. To benchmark the stereoscopic setup, the
center-of-mass (COM) motion of the 14-particle cluster has been investigated. In Fig. 4.2d,
the COM motion is indicated for the individual x (solid line), y (dashed line) and z (dash-
dotted line)-coordinates. It can be seen, that the x, y and z coordinates of the COM
move uncorrelated. As the three cameras are not mounted on a common rig in this
experiment, this uncorrelated motion hints on residual vibrations of the cameras. After
substraction of the COM-motion, the remaining particle position fluctuations can be
determined. In Fig. 4.2a-4.2c, the distribution of the particle positions is shown. The
mean fluctuations of the particles are then determined to �σx� ≈ �σy� ≈ �σz� ≈ 2.8 µm.
As the typical interparticle distance in this cluster was larger than 240 µm, the particle
positions can be regarded stationary except their Brownian motion. The accuracy of
the particle position determination �σx,y,z� ≈ 2.8 µm was found to be well below the
CCD-sensor’s pixel size which is dpx = 3.75 µm.
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4.2. Multi-Particle Chain - Article II

Figure 4.2.: Histograms of the particle mo-
tions after subtracting COM motion
around their equilibrium positions are
presented for x, y and z-direction in (a)-
(c). (d) The COM motion is shown vs.
time for the x (solid line), y (dashed
line) and z-direction (dash-dotted line).
[A.2]

Figure 4.3.: Image of a dust cloud consist-
ing of fourteen particles from a side view
camera (a) and top view camera (b). In
(b), the single chains are numbered from
one to four, and their z-components are
presented in (c).[A.2]

Finally, the structural properties of the observed clusters have been investigated. The
most interesting result is the chain formation that could be observed. In Fig 4.3a there is
an exemplary sideview image of the cluster shown. The top-view (see Fig. 4.3b) reveals
the chain-like structure of the outer particles. The aligning of the particle chains with
respect to each other was found to be comparable to earlier experiments, where particles
have been confined in a glass box on top of the lower electrode [98]. Such structures can
only be built when the particles feature attractive forces — in this case, due to the so
called ion focus effect. This effect is documented by experiments [7, 98, 113–116] as well
as theoretical work [117–119]. The ion focus effect is more effective when less ion-neutral
collisions occur that smear out the wakefield formation of the ions. This corresponds to
the fact that enhanced vertical chain formation can be observed with lower working gas
pressures, in this experiment the pressure was p = 30Pa.
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5. Dust Density Waves at the Single

Particle Level

Another scientific goal of this thesis is to investigate dusty plasmas on the single particle
level using a stereoscopic setup. There were attempts to measure dust-density waves
earlier, but the dust number density in the bulk region of the dust cloud was too high
to perform single particle analysis at that time. Here, a novel technique that has been
developed to gain an insight into this dense region of the dusty plasma will be presented.
This technique uses fluorescent dust particles that serve as tracer particles.

5.1. Fluorescent Tracer Particle Tracking - Articles III to V

To track and reconstruct the trajectories of individual particles in DDWs, the require-
ments on the tracking algorithms are high. For any wave analysis, trajectories that
represent multiple wave oscillations are needed. Assuming a camera framerate of 100 fps
and a wave frequency of 5Hz, one wave period would last 20 frames. This means, that
a minimum length of 50 frames is necessary for a trajectory to contain multiple oscilla-
tions. To obtain such long trajectories is difficult, as the high particle density leads to
two main problems: Higher probability for particle occlusion and the increasing number
of nearest neighbors. As our algorithm usually can handle particle occlusion when two
trajectories cross in a single view, too many neighboring particles provoke errors in this
situation. We considered two possibilities to overcome the high number density issue:
Adapted lens design and the use of fluorescent particles.

The lenses and hence the field-of-view and correspondingly the depth-of-field can be
adapted to the allowed particle count per image. In our case the algorithm can handle
about 100 to 200 particles per image quite well. With an estimated particle number
density of nd > 1010m−3 this corresponds to the cubic volume of less than 2 × 2 ×
2mm. With high efforts, a suitable lens design could be possible. The drawback of this
difficult and expensive optical setup would be, that only very local phenomena could be
investigated. The typical wave length of DDWs is several millimeters and could probably
not be observed in a consistent way.

Hence, as an alternative, we introduced fluorescent tracer particles to the dust cloud to
investigate dust-density waves. This concept is adopted from the colloid/fluids [120, 121]
and especially the biochemistry [122, 123] community. Only few experiments exist, where
fluorescent microparticles have been used in a dusty plasma [124]. By means of admixture
fraction, the amount of tracer particles in the dust cloud is adjustable. In Fig. 3.2, the
fluorescence characteristics has already been shown and discussed. The laser illumination
at λ = 532 nm has a reasonable efficiency in exciting the fluorescence. Using a bandpass-
filter with a filter window of 590± 43 nm, most of the emitted fluorescence light can be
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5. Dust Density Waves at the Single Particle Level

captured while the illumination laser wavelength is blocked. Hence, investigations in
very dense dust cloud regions are possible, as only the fluorescent particles are imaged.

Applicability of the Tracer Particle Approach

When the tracer particle images are used to investigate physical phenomena, their be-
havior has to be benchmarked. When single particle analysis is done with the tracer
particles, it must be sure that they are adequate representatives of the particle ensemble
that consists of usual non-fluorescent mf-particles. Their mass density is equal to usual
mf-particles (ρmf = 1510 kg/m3). But, there is a minor diameter difference: The mf-
particles have a diameter of 4.04± 0.08 µm, the fluorescent mf-particles have a diameter
of 4.02± 0.09 µm. Empirically, we could not observe any demixing or sedimentation ef-
fects of both particle species, but the dynamical properties can not be considered equal
a priori. To check the dynamical integration of the fluorescent tracer particles, labora-
tory experiments have been performed. Using thermophoretic levitation of the particles
under gravity conditions, it is possible to generate volume-filling dust-clouds comparable
to the clouds that can be observed under microgravity [44, 45]. In the lower region of
the dust cloud, comparable to the cloud in Fig. 1.1, two-dimensional laser sheet mea-
surements with and without the interference bandpass filter have been done, allowing to
switch between the imaging of fluorescent tracer particles and all particles. Properties
that are accessible by both diagnostics are the phase velocity of the wave and the wave
amplitude.

The wave amplitude benchmark is shown in Fig. 5.1. In the standard approach where
all particles are imaged, to extract the wave dynamics from the image intensities, first
a Gaussian blur filter has been applied and the wave amplitude was identified with the
intensity of the emitted light. This intensity could not been calibrated against the real
particle number density and hence, is only given in arbitrary units. Nevertheless, as
generally assumend the image intensity is proportional to the dust density. When the
filter was used, the fluorescent tracer particles could be tracked and their trajectory has
been retrieved. Using Hilbert analysis, the instantaneous amplitude of the oscillatory
particle motion could be determined [125, 126]. This oscillation amplitude zp is a measure
of the wave intensity depending on the z-coordinate. In Fig. 5.1, the wave intensity
as well as the oscillation amplitude from the tracer particle analysis is shown. Both
measurements determine a rising wave amplitude towards the lower electrode, which is
located at the bottom (rising z-values) here. But both diagnostics state a linear growth
of wave activity.

The velocity of the particle wave that has been recorded imaging the full set of parti-
cles, can be determined via a space-time diagram as sketched in Fig. 5.2a. The slope of
the wave crest is then identified with the wave velocity as indicated for different height
levels in Fig. 5.2c. Assuming a linear dispersion relation, the group velocity, which is
the velocity of the wave crest, and phase velocity are equal. The phase velocity vph can
be easily determined from the single particle measurements of fluorescent particles. As
sketched in Fig. 5.2b, equal phase positions of particles in different height levels can be
used to determine the velocity of the temporal phase evolution. Due to the small amount
of data, only three height regions have been chosen and their corresponding phase veloc-
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Figure 5.1.: Comparison of the oscillation
amplitudes retrieved from the image
intensity modulation (black line) and
the single particle oscillation ampli-
tude zp of the tracer particles (trian-
gles). The straight gray line is a linear
fit to the zp-data.

Figure 5.2.: (a,b) Schematics of the phase
velocity determination considering in-
tensity data (a) and single particle data
(b). (c) Phase velocities for the image
intensity analysis as well as the single
particle tracking analysis.
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5. Dust Density Waves at the Single Particle Level

ity was plotted as triangles in Fig. 5.2c. A good agreement is revealed between the phase
velocities determined by fluorescent tracer analysis and the analysis of the full particle
set.

With these two exemplary properties, the wave amplitude and the phase velocity, the
tracer particles have been found to integrate nicely into the particle ensemble. This
means that analysis of tracer particle motion is appropriate for conclusios that regard
the usual mf-particles. For physical interpretations of the single particle measurements,
the following section will present a model to constitute a DDW by its single particle
motion.

5.2. Dust-Density Waves as Single Harmonic Oscillators -

Article IV and V

Dust-acoustic waves are subject of research since many years. The dynamics of wave
related phenomena have been mostly investigated by means of hydrodynamic [57, 61, 127]
or kinetic approaches [128, 129], whereby kinetic approaches usually rely on the Vlasov-
equation and the Korteweg-de Vries equation [130, 131] that also can be accounted
for analytical soliton solutions. Many discussions and findings about the dispersion
relations have been published [132–135]. Compared to large progress in these fields, the
microscopic description of phenomena is a more recent but small field of research [17,
23, 136–139]. Specific phenomena, e.g. wave-breaking in DDWs or frequency clustering,
have been investigated. In the following, a model concerning the oscillation of the
particles and their collective motion will be presented and discussed. The experimental
comparison to this model will be shown afterwards.

Harmonically Oscillating Particles

Here, the DDW is considered to be made up of single individual harmonic oscillators.
The direction of wave propagation is denoted by z. Hence, the wave can be described
as the superposition of oscillators with the motion

z(t) = z0 +A sin (ωt− kDDWz0) (5.1)

with A being the oscillation amplitude. The velocity of these particles is then

vz(t) = ωA cos (ωt− kDDWz0) . (5.2)

The image sequence shown in Fig. 5.3(a-c) demonstrates the motion of the harmonic
oscillators. The x-coordinates of the particles are chosen randomly to suggest a plane
two-dimensional wave. The z-position, which is the wave propagation direction, of the
particles is computed by Eq. 5.1. The initial particle positions z0 range from z = −5mm
to z = +5mm. The sequence is drawn using an oscillation amplitude of A = 0.5mm, a
wavelength of λ = 2πA = 3.1mm and a frequency of ω = 2π7Hz. The superposition of
the oscillators suggest the collective motion of a plane wave comparable to the observed
dust-density waves. Obviously, the wave crests only propagate as suggested, when the
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Figure 5.3.: (a-c) Sequence of sinusoidally oscillating particles suggesting a density wave
propagation. The x-coordinate of each particle is chosen randomly. (d-e) Vertical
density distribution of the particles with (e) and without (c) Gaussian noise added
to the particle positions.

wavelength λ is bound to the oscillation amplitude of the particles, resulting in the
wavenumber kDDW = 1/A. Only in this case, the elongation of the oscillation fills
exactly the space between two wavecrests. In Fig. 5.3(a-c), 1000 oscillators have been
placed arbitrary on the x-axis and are shown at frame 1, 11 and 21 using a framerate of
180 fps. As can be seen from Fig. 5.3c, the particle density profile features very narrow
peaks and broad troughs. Each peak-to-peak region is of the form const/

√
A2 − z2,

which is the position predictor of a harmonic oscillator, which can be seen qualitatively
as the blue curve in Fig. 5.4. This unnaturally high and narrow peaks reflect the fact,
that the electrostatic interaction of the particles is not considered here. Measured density
profiles [140] show, that the wave troughs are indeed broader and flatter than the wave
crests, but the high electrostatic potential in the wave crest permits the very narrow
peaks that our harmonic oscillator model predicts.

One possibility to simulate electrostatic interactions is the addition of Gaussian dis-
tributed noise to the particle positions. This can be interpreted as a kinetic temperature
of the particles, that results in a Maxwellian velocity distribution. In Fig. 5.3e, the parti-
cle number density distribution is shown including this enhancement. Here, the relation
between the wave troughs and crests is a better prediction of the observed data from
Merlino et al. [140]. In the following section it will be shown, that the model is especially
useful for the analysis of velocity distribution functions.

Experimental Verification

To connect single-particle behavior (stereoscopy) with ensemble behavior we can extract
velocity distributions. As the velocity distributions of the sinusoidally oscillating par-
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Figure 5.4.: Velocity distributions of the sinusoidally oscillating particles with (red) and
without (blue) added Gaussian noise.
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Figure 5.5.: Velocity distributions of particles in dust density waves under microgravity.
The x and y components are fitted with Maxwellians, the z distribution has been
fitted to the model from Eq. 5.3.
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5.3. Single-Particle Properties - Articles III to V

ticles can be determined analytically, this model can indeed yield information on the
single particle motion. The oscillation and the velocity of the oscillators are considered
as shown in Eq. 5.1 and Eq. 5.2. From energy conservation law, the velocity distribution
for a harmonic oscillator can be derived as

fh(vz) =
1

π

�

(ωA)2 − (vz)
2
. (5.3)

This function is illustrated by the blue line in Fig. 5.4. The two vertical lines depict the
strict minimal and maximal velocity limits vz = ±ωA. A more physical approach is to
allow random energy increase and loss that could have its cause in dust-dust collisions.
This is addressed by the addition of Gaussian distributed noise of the form

fg(vz) =
1

σ
√
2π

exp

� −v2z
kBTσ

�

, (5.4)

where kBTσ denotes the kinetic temperature. This additive term in the particle velocities
leads to a convoluted velocity distribution

fz(vz) =

�

dv�zfh(v
�

z) · fg(vz − v�z). (5.5)

In Fig. 5.4, this more realistic approach is represented by the red line. The effect of
the added noise is a smearing out of the limits, allowing the particles to have higher
velocities than vz = ωA. But still the maxima represent vz ≈ ±ωA. This model can
be used to fit measured data from particles in DDWs as shown in Fig. 5.5. Here, the
measured velocity distribution of vz, which is the wave propagation direction, can nicely
be modeled from the suggested distribution from Eq. 5.3, apart from a small shoulder
near v ≈ 20mm/s. This shoulder represents the velocity distribution of trapped particles
as will be discussed in detail in Sec. 5.3.

In other works, the bimodal velocity distribution has been fitted by two shifted Gaus-
sian functions [141]. However, there is a major advantage in describing the velocity
distributions by our model. When Eq. 5.5 is fitted to the data, the obtained parameters
ωA and kTσ allow to split the distribution function into the two physical constituents.
Hence, it is possible to extract the oscillatory and the thermal contributions separately
from the measured velocity distribution function. This is a novel possibility to interpret
the measured single particle velocity data.

5.3. Single-Particle Properties - Articles III to V

Oscillation Amplitude

The oscillation amplitude analysis, that was already introduced in Sec. 5, was also ap-
plied to microgravity data. The instantaneous amplitudes of the oscillating particles are
computed for every timestep of every trajectory. Then, the mean oscillation amplitude
is plotted against the mean particle position. The notion of a mean position during
the oscillation is justified, as the majority of the particles oscillate around their mean
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Figure 5.6.: Maximum instantaneous amplitudes (a) and velocities (b) of particles in a
DDW. The amplitudes as well as the velocities increase towards the upper electrode,
which is in the positive z-direction. The shaded cells represent empty values resulting
from missing or only few data.

value. Only very few particles are found to co-move with the wave crest. The oscillation
amplitudes are found to grow linearly with z-position as shown in Fig. 5.6a. In the same
manner, the velocities of the particles can be investigated. For this, the first deriva-
tive of the trajectory is computed after Savitzky-Golay filtering [142] the original data.
Analogously to the oscillation amplitude determination, the values are identified as the
maximum velocities that the particles reach during their wave motion. In Fig. 5.6b, these
velocities are shown spatially resolved. Higher velocities are indicated by brighter colors
and shaded gridcells represent a lack of sufficient data for statistical analysis. The figure
gives the clear indication of increasing velocities towards the upper plasma boundary,
which is in the positive z-direction. In contrast to this, no spatial dependence can be
found in the transverse x- and y-direction.

Phase-Resolved Analysis and Trapped Particles

When dust-density waves are analyzed using fluorescent tracer trajectory reconstruction,
then a huge amount of particles accounting for the wave is not imaged. In general, the
information about the wave crest motion, interaction effects like dust-dust collisions or
the particle number density information is getting lost. One possibility to overcome
this issue is a pseudo-stroboscopic approach, which is able to reconstruct the wave crest
motion phase-resolved for a single oscillation period. A prerequisite is the assumption
of a spatially and temporally periodic motion with constant frequency over a long time.
In other microgravity experiments using the same plasma chamber, frequency clusters
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Figure 5.7.: Phase-resolved reconstruction of a single particle measurement. Exemplary
trapped and non-trapped particle trajectories are shown. The colormap indicates
the number of particles Nparts found in each grid cell.

with spatial extensions of several millimeters have been observed [17]. The extent of a
frequency cluster is typically much larger than our field-of-view. Hence, the requirement
of constant frequency over long time periods should be met.

Now, all particles from a 1000 or 2000 frames measurement are mapped to the first
period of wave oscillation, using the constant wave frequency. This way, the dynamic
information of the tracer particles within these 1000− 2000 frames is compressed into a
single oscillation of about 30 frames length. The estimation of the wave frequency is done
in two steps: A rough estimation Δf ≈ O(10−1Hz) is determined by the 2D-diagnostics
of a laser sheet imaging camera that images a whole cross-section of the dust cloud.
In a second step, the frequency is refined using iterations. In every iteration, the wave
crests are reconstructed and the result is analyzed with respect to the contrast of image
features. A typical measurement consists of 1000 to 2000 images at a framerate of 180 fps,
which can cover 30 to 60 wave periods. Due to this long measurements, the trough and
crest structure of the reconstructed DDW is highly susceptible within an frequency range
Δf ≈ O(10−2Hz). The measurement shown in Fig. 5.7 is a reconstructed DDW at a
frequency of f = 5.81Hz. The z-axis has been divided into 50 grid cells, in which
the particle number Nparts has been determined. As already observed with different
diagnostics, the wave crests are small compared to the broad troughs of the wave.

Once the wave crest of the DDW has been reconstructed, single particle motion can
also be investigated in relation to the wave crest motion. Two exemplary trajectories
are shown in Fig. 5.7. The oscillating trajectory represents the major type of particle
motion. This oscillation is in-phase with the dust density wave, which itself is mainly
the superposition of all oscillators from this type. The model of harmonic oscillators (see
Eq. 5.1) is the approximation of this periodic motion to a sinusoidal trajectory. Another
exemplary particle trajectory does not oscillate at a fixed z-position, but moves upwards
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Figure 5.8.: Velocity distributions of particles that are co-moving with the wave crest for
several frames. This velocity distribution shows, that the shoulder in the distribution
of Fig. 5.5 is caused by trapped particles.

in the upper-electrode direction. Particles of this type are called trapped particles. Parti-
cle trapping in waves is also long known from electron density waves in plasmas [143, 144]
– the so called resonant trapping. The phenomenological view on the resonant trapping
is that particles, once they reach the phase velocity of the wave, can interact with the
wave field and get trapped mainly in the wave troughs. The microscopic trapping mech-
anism in dust-density waves is different and has been already discussed [136, 145]. There
have been stated, that resonant trapping in the trough is very unlikely and particles are
preferably trapped in the wave crest of large amplitude waves. This is in agreement with
our findings.

The velocity distribution of trapped particles is shown in Fig. 5.8. For this, parts
of particle trajectories have been manually identified that exhibit a trapped motion.
The corresponding velocity distribution of the trapped particles features a peak at
vpeak ≈ 20mm/s, which is assumed to be the wave propagation velocity. Interestingly,
this peak is compliant with the shoulder of the velocity distribution shown in Fig. 5.5.
Hence, velocity distributions can be used to identify the existence of crest trapping in a
measurement without the need for each single trajectory to be checked for trapping states
manually. Vice versa, perfectly symmetric velocity distributions hint to the absence of
crest-trapped particles.

Thermal Motion

The full phase space information does also contain direct information about the kinetic
temperature of the particles. For clarity, the term temperature refers to the thermal
kinetic motion of the dust particle and not the surface temperature of the particle itself.
Flanagan and Goree [19] stated, that the electrostatic interaction of the highly charged
particles leads to a dominant temperature increase compared to neutral-dust collisions.
The latter could only equilibrate the dust particles to a kinetic temperature comparable
to room temperature kBTd = O(meV).

To investigate the kinetic temperature, the particle trajectories are separated into
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three groups of different height levels (z1, z2, z3), whereby z1 is close to the void boundary
and z3 is close to the upper electrode. In each of the regions, the velocity distribution
functions have been analyzed. The transverse velocity distributions were found to be
Maxwellian, hence their FWHM1 can be directly associated with the kinetic temperature.
The distribution of the z component was modeled using Eq. 5.5 from which also the
temperature kBTσ,z can be extracted. In Tab. 5.3, the measurement results are shown.
The table shows an increasing temperature for the motion components x and y. Kinetic
temperatures in the eV-scale have also been found by other experiments [20, 146]. The
growing temperatures are in accordance with the investigations of the spatial growth
of DDWs due to the free energy input by the ion stream [19]. However, Flanagan
and Goree [19] observed an exponential increase of the wave amplitude in contrast to
our roughly linear increasing temperatures. The DC-discharge of Flanagan and Goree
[19] that exhibited exponential growth, featured a large spatial area for the DDW to
propagate and grow. In our discharge, only three or four wavelengths of the DDW can
be established before the upper electrode sheath stops the wave evolution.

However, as shown in Tab. 5.3, the temperature kBTσ,z determined by the model fit is
not increasing linearly. This could be caused by the fact, that the oscillatory motion of
the particles is not perfectly sinusoidal. All deviations from this assumption concerning
the ωA (oscillation strength) parameter, will be buffered by the thermal parameter
kBTσ,z. However, the oscillation energy of the particles Eosc = 0.5md(ωA)2, which is the
total kinetic energy minus kBTσ,z, increases as predicted. The increasing energy is stored
in the oscillatory motion and not in the thermal motion in z-direction of the particles.
This hints to the fact that the energy dissipation mechanism seems to be non-isotropic,
which will be discussed further in the following section.

The rising temperature of the transverse components of the particles is also reflected by
the rising ωA parameter. This parameter from Eq. 5.5 is an indicator for the oscillation-
strength of the particle motion. As ωA and the transverse temperatures increase in
approximately the same amount, the transverse temperature seems to be directly related
to the strength of the particle oscillations in DDW propagation direction.

Collisions and Energy Dissipation

The interesting aspect that will be discussed in the following is the energy transport and
the role of collisions in this mechanism. As already stated, all temperatures are orders
of magnitudes above room temperature. This means that the neutral gas collisions can
be neglected in further considerations. The three-dimensional data containing the full
phase space of the particles is the ideal base to investigate collisions and momentum
respectively energy transport.

Due to the strong electrostatic dust-dust interaction, the energy dissipation via colli-
sions is relatively dominant compared to collisions of uncharged particles in a gas [19].
As the oscillatory kinetic energy of the particles in DDW-propagation direction has
been found to be much higher than the transverse particle motion, it must be assumed
that the majority of the collisions have a fast z-component and significantly slower x, y-

1
full width at half maximum
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z (mm) z1 z2 z3

kBTx (eV) 9.0 10.5 13.0

kBTy (eV) 9.6 11.7 13.8

kBTσ,z (eV) 3.4 4.9 3.5

Eosc (eV) 90 108 152

ωA (mm/s) 10.8 11.8 14

Table 5.1.: Kinetic Temperatures of the particles, determined by the velocity distribu-
tion fits. The transverse vx and vy distributions have been fitted by a Maxwellian
distribution, the temperature kBTσ,z was determined according to the model from
Eq.5.5. The oscillation energy Eosc is the residual of the total kinetic motion energy
and the thermal fraction kBTσ,z.

Figure 5.9.: Phase resolved image of the fraction of transverse energy divided by the
total particle motion energy. Only slight evidence can be found that the energy
dissipation is preferential located in the wave crest regions.

components of their constituents. This means, the z-component of the particle velocity
can be regarded as the energy reservoir. This reservoir is continuously driven by the ion
stream that excites the DDW-instability [147]. In the following it will be investigated to
which amount the energy is transported to the transverse motion.

As tracer particles are used, it is not possible to directly observe and investigate
particle collisions. Even though it is possible to manually find some few trajectories that
are in close proximity, one can not be sure that only the two observed particles participate
in the collision. As the inter-particle distance is below the shielding length, which is the
case especially in the wave crest, the collision is always a many-body problem. However,
our phase-resolved measurements allow to gain an insight into the nature of the energy
transport even in the dense regions of the wave crest.

For this, the following assumption will be investigated: The amount of transferred
energy from the oscillatory motion to the transverse motion is assumed to be proportional
to the energy of the oscillating particle ∝ v2RMS and the particle number density nd,
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which is inverse proportional to the mean free path. For a qualitative perspective,
the superposed oscillators (see Fig. 5.3) are used as a first estimator. Investigating the
term v2RMS · nd, the dominant region is located around the wave crest. This means
the very high density in the wave crest more than compensates the lower velocity in
that region. This simple analysis indicates, that the energy transport to the transverse
velocity components should be dominant whenever the particle is located in a wave crest
of the DDW. The phase-resolved microgravity data can be used to check this. In Fig. 5.9,
the phase resolved energy dissipation portion is shown. The transported energy fraction
Θ is hereby defined as

Θtrans =
kBTkin,x + kBTkin,y

kBTkin,x + kBTkin,y + Ekin,z
(5.6)

and color coded in the figure. The solid black lines indicate the wave crest position as
derived from Fig. 5.7. Even if most of the collisions should occur in the wave crest region,
only slight evidence can be found that enhanced energy is transported in that region.
As the image features a lot of different blobs instead of significant crest structures, the
amount of available data from each single parabola seems to be not sufficient.
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6.1. Summary

In this thesis, single particle measurements on dust particles in a strongly coupled plasma
have been presented. By using stereoscopy, three-dimensional motion trajectories of
charged particles in the void have been measured. Additionally, a tracer particle ap-
proach has been developed which made it possible to investigate the three-dimensional
motion of single particles also in the high density regions of dust-density waves. The
underlying camera calibration and reconstruction approach that is a prerequisite for the
stereoscopy has been further improved from earlier work of my Diploma thesis. The
calibration and reconstruction algorithms have been found to be very versatile. They
have been successfully transferred to experiments of our cooperating group in Kiel (Ger-
many). There, a three-view stereoscopic camera system was used to investigate small
particle clusters in a plasma. The small static clusters, whose particles moved mainly
according to their kinetic temperature, have been used to benchmark the calibration and
camera system. It has been shown, that a reconstruction accuracy of ≈ 2.5 µm has been
achieved.

The dust cloud was established in a discharge under weightlessness on parabolic flights,
that put several restrictions and limitations on the experimental setup. The complex
camera rig has been operated successfully in this environment. Even minor mechanical
vibrations that occur during the flight and the measurements, have been identified and
eliminated in the post-processing of the data. The first single particle measurements with
this setup have been made in the central void of an extended dust cloud. The subject
of the measurements were large particles that have been injected into the particle free
central region of the cloud. These particles are exhibited to the plasma forces in the
dust-free region. By measuring the full three-dimensional motion trajectory of these
particles, the plasma forces have been reconstructed. This way, three-dimensional force-
field properties of the void in a dusty plasma have been determined and have been found
in good agreement with calculations made by I. Hutchinson.

To apply the stereoscopic diagnostic in dense dust structures, especially dust-density
waves, fluorescent tracer particles have been used. These tracer particles are used to
artificially lower the imaged dust density. Then, it was possible to reconstruct the single
particles trajectories of the tracer particles within a dust-density wave field. Prior to
further analysis, the properties of the tracer particles and the extrapolation possibilities
to the properties of the motion of all particles have been benchmarked. Analysis con-
sidering the phase velocity, the wave intensity and particle sedimentation effects showed
equivalent behavior of the tracer and the usual particles. It has been demonstrated
that the stereoscopy of fluorescent particles in dusty plasmas allow the reconstruction of
single particle as well as ensemble properties in dust-density waves.
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The stereoscopic setup has been successfully operated on parabolic flights to measure
single particles in dust-density waves. The calibration approach as well as the tracer
particle approach have been applied under these very difficult experimental conditions.
The single particle oscillation amplitude has been reconstructed in the three-dimensional
observation volume. The amplitude was found to grow linearly in the wave propagation
direction. All three components of the velocity distribution from the particles have
been measured. The transverse components featured a Maxwellian distribution with
a corresponding temperature of several eV, which is far beyond the thermal motion
energy of particles that are not part of dust-density waves. In propagation direction of
the wave, the distribution featured two peaks. This distribution has been interpreted
by a model based on harmonically oscillating particles. This model allows to split the
distribution into a thermal and oscillatory part. Thereby, most of the energy contributed
to the oscillatory motion in propagation direction of the wave, rather than in the thermal
motion in all spatial components. Using our pseudo-stroboscopic approach, all trajectory
data has been mapped to a single wave period. This has been used to derive the wave
motion of all particles from few tracer particle trajectories. With this analysis, the
wave crest motion has been retrieved phase-resolved. This phase-resolved data allows to
investigate the single particle motion in the context of the ensemble wave propagation.
The two major particle motion types have been identified: Oscillating particles in the
wave field and trapped particles in the wave crest. Further analysis showed, that the
trapped particles feature a signature in the velocity distribution in wave propagation
direction.

6.2. Outlook

As the result of consequent improvement and development of the stereoscopy hard- and
software, it became a standard diagnostic that can be used in a very flexible manner.
Recently, the excitation and collision of dust-solitary waves and shock fronts has been
presented. This field of research would profit from three-dimensional single particle
measurements. Additionally, further investigations of the energy transfer in dust-density
waves should be done. The stereoscopic setup is an ideal diagnostic for this purpose.

Possibilities to even enhance the capabilities of a stereoscopy setup to track micropar-
ticles is the application of light-field imaging. There, a light field is captured by the
image sensor using a microlens array. This technique can determine the intensity and
the direction of incident light rays on the image sensor. A stereoscopic setup consisting
of two or three light-field cameras would have significant advantages concerning particle
occlusion and possible analyzable particle number density. Established calibration rou-
tines could still be used. To use the light-field technology for dusty plasmas, the frame
rate achieved by (affordable) commercial camera systems and the effective resolution is
too low in the present time. In the near future, the light field stereoscopy will surely
enhance the knowledge in the field of dusty plasmas.

In future experiments, magnetized dusty plasmas will be investigated. Dust particles
in an extended magnetized plasma under microgravity can exhibit very complicated types
of motion. Especially there, a three-dimensional diagnostic is necessary to record the
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complete particle motion, whereas 2D observations are supposed to capture only small
parts of the particle trajectory. Additionally the diagnostic can be used to investigate
particle flows around objects in a magnetized dusty plasma. This full three-dimensional
measurement would enhance the usual flow-velocimetry approaches that only capture
the motion of the particles in a plane.
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Abstract. Three-dimensional (3D) dynamical properties of fast particles being

injected into the void region of a dusty plasma under microgravity conditions

have been measured. For that purpose, a stereoscopic camera setup of three

cameras has been developed that is able to track and reconstruct the 3D

trajectories of individual dust particles. From more than 500 particle trajectories,

the force field inside the void region and its influence on particle movement are

derived and analyzed in 3D. It is shown that the force field is dominated by forces

pointing radially out of the void and that this radial character is reflected in the

velocity distributions of particles leaving the void. Furthermore, the structure of

the force field is used for measuring the neutral gas friction for the particles inside

the void.
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1. Introduction

Dusty plasmas have attracted much attention in recent decades. For dusty plasmas containing

micrometer-sized particles, the observation of evolving dust structures is possible by means

of video imaging techniques. After the discovery of dust crystals in the 1990s [1]–[3], which

were easily observed with a video microscope, research has now been extended to three-

dimensional (3D) dust systems. Such 3D systems are found, for example, as Yukawa balls [4],

in the secondary plasma above a biased pixel of a segmented electrode [5], and in dusty plasma

environments under microgravity conditions [6, 7] where the apparent gravitation is reduced to

a fraction of the earth’s acceleration, g = 9.81 m s−2. Under these microgravity conditions, it is

possible to investigate extended 3D dust structures.

One way to achieve weightlessness is a parabolic flight, where the experiment is conducted

in an aircraft that is following a parabolic flight path. Along this path, the weight can be

compensated for a time of 22 s during a free fall of the aircraft, reducing the apparent

gravitation to typically less than 0.05g during this time. From available 3D diagnostic methods,

e.g. the color-gradient method [5], digital in-line holography [8, 9] and stereoscopic camera

systems [10, 11], only stereoscopy is relatively insensitive to vibrations, making it ideal for

investigations of parabolic flights, where vibrations from the aircraft are unavoidable.

The typical structure of a dust cloud under microgravity is a prominent central particle-free

void surrounded by the extended dust cloud (see figure 1). The dust cloud itself is usually not

in a stable state, but shows dynamic phenomena such as self-excited waves or instabilities.

A number of investigations have been performed on various aspects of this dust dynamic

(see e.g. [12]–[14]). For the investigation presented here, however, discharge parameters were

adjusted to suppress dust cloud dynamics as far as possible. The remaining low wave activity

is considered irrelevant to our analysis, as the void boundary is unaffected by those waves, and

the dust cloud itself is considered to have no effects on particles inside the void region.

The void is considered to be formed by an outward-directed ion drag force due to ambipolar

ion flux, which is at some point compensated for by an inward-directed electric field force [15].

At this point, where both forces cancel out, the void boundary is formed. A number of

experiments on forces in the void region were performed earlier [16]–[18]. However, only a
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Figure 1. Two-dimensional (2D) slice of the dust structure under microgravity.

The central, dust-free void is formed by an outward ion drag force and an inward

electric field force, which balance each other at the void boundary.

thin slice of the void region could be observed in those experiments due to illumination by

a laser sheet. Furthermore, the probe particles in these experiments were the same as in the

surrounding dust cloud, which means that the probe particles are stopped at the void boundary,

since they cannot penetrate this boundary due to the force equilibrium.

In our experiments, a mechanical dust accelerator is attached to the discharge chamber,

which is used to inject fast particles into the discharge. These particles are chosen to be

significantly larger than the particles forming the dust cloud, thus being able to penetrate the

void boundary and, in principle, making the dust cloud itself available for force measurements.

For the analysis of the 3D particle dynamics, a stereoscopic camera system was developed. With

this setup, we were able to observe a large part of the void in 3D, giving us the possibility of

investigating the full 3D dynamics of the dust particles inside the void region.

In this paper, first the stereoscopic system with three cameras, specifically designed for

operation on parabolic flights, is described and a method for determination of 3D particle

trajectories is explained. Using the trajectories of fast accelerator particles, the particle dynamics

and force field inside the void are derived, analyzed and characterized in 3D.

2. Experimental setup

The experiments for this investigation were performed on a parabolic flight campaign in 2009, in

close cooperation with the dusty plasma workgroup of the University of Kiel. Experiments are

performed in a parallel-plate radiofrequency (rf) discharge in argon at gas pressures of typically

p = (10–50) Pa and rf voltages of Urf = (40–70) Vpp. Schematic sections through the discharge

vessel are shown in figure 2; the discharge chamber is the same as that described earlier [19, 20],

but with a simplified electrode setup. The dust cloud is formed by injecting small melamine-

formaldehyde (MF) particles of (6.84 ± 0.07) µm diameter into the plasma. There, the dust

forms an axially symmetric cloud around the central, dust-free void. The discharge conditions

are chosen to create a stable dust cloud with as low wave activity as possible. This was achieved

for a gas pressure of p = 15 Pa and an rf voltage of Urf = 63 Vpp.

For the injection of fast particles, a mechanical dust accelerator is mounted on one side of

the chamber (see figure 2). This device generates a fast particle beam by means of a spinning

cogwheel and a pinhole between the accelerator and the plasma chamber [21]. With this
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Figure 2. Schematic diagrams of the discharge chamber IMPF-K2 for parabolic

flights. (a) Top view and (b) front view from the position of the stereoscopic side

cameras. The observation volume of the stereoscopic camera setup can be moved

along the y- and z-axis in this coordinate system.

setup, maximum theoretical particle velocities of up to 10 m s−1 are possible, while measured

velocities range up to (1–2) ms−1 for the fastest detected particles [21]. The accelerator is

equipped with polymethyl methacrylate (PMMA) particles of (20.02 ± 0.28) µm diameter,

which are decisively larger than those particles forming the dust cloud.

The stereoscopic camera setup, consisting of three synchronized high-speed CCD

cameras with VGA resolution (640 × 480 pixels (px)) and a usable frame rate of up to 180 fps,

is mounted on ball rails and can be moved vertically and horizontally by means of stepper

motors. Therefore it is possible to position the observation volume (almost) freely inside the

discharge volume. In the setup as it was used on the parabolic flights, the observation volume

has a maximum extension of (16 × 15 × 16) mm3, but is, due to the camera arrangement,

irregularly shaped and thus effectively somewhat smaller. Each camera reaches a spatial

resolution of about 20 µm px−1. A schematic view of the complete camera setup and the

mounting frame is shown in figure 3. The particles inside the observation volume are illuminated

New Journal of Physics 13 (2011) 023042 (http://www.njp.org/)

A.1. Article I

65



5

left camera

top camera

vertical

linear

stages

horizontal linear stages

mirrors

right camera

Figure 3. The stereoscopic camera setup used on parabolic flights. The cameras

are mounted on a horizontally and vertically movable frame, which is driven by

two stepper motors.

with a frequency-doubled 2.5 W Nd:YVO4 laser at 457 nm wavelength, with the beam expanded

to a diameter of 12 mm.

Due to restricted space in the experimental setup, all cameras view via adjustable mirrors

into the discharge chamber. The mirrors of the two side cameras (and thus the cameras’ optical

axes) lie in a plane parallel to the electrode surfaces, the third camera is mounted above

the top window of the chamber, with its optical axis nearly perpendicular to the electrodes.

The top camera is of special importance in this setup, as the two side cameras alone, with

a relatively narrow angle of approximately 25◦ between their optical axes, provide only poor

spatial resolution along the y-direction. Due to its orthogonal line of sight (with respect to the

two side cameras), the top camera can be used to overcome this problem, thus ideally giving

similar spatial resolution in all three dimensions.

This stereoscopy system is designed to give the possibility of equipping the cameras

with various lenses and has to be disassembled into several parts during integration into the

experimental environment. Furthermore, movable parts like the mirrors might be affected by

vibrations of the aircraft and lose their justified position during a flight. All of this makes it

necessary to calibrate the system before each set of measurements, i.e. once before each flight

day during a parabolic flight campaign.

3. Calibration and reconstruction procedures

Here, a brief summary of the camera calibration and particle reconstruction procedures is given.

The complete calibration and reconstruction algorithm has been described in detail by Himpel

et al [22].
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Figure 4. Raw camera images of accelerator particles inside the void in (a) the

left camera, (b) the right camera and (c) the top camera. In these images, a set of

approximately 100 particles is detected, resulting in more than 150 triangulated

3D particle positions.

The calibration of the camera system takes place via the simultaneous capture of a

calibration grid pattern, which is mounted in the center of the discharge chamber. The grid

can be rotated in two axes and thus allows one to cover a great part of the observation volume

with calibration points. With a sufficiently large number of corresponding target points, the

extrinsic (position, rotation) and intrinsic (focal length, skew, optical axis) camera parameters

can be found by minimizing the projection error of a reconstructed 3D calibration point structure

in each camera. In our case, a projection error of less than 0.5 px (approximately 10 µm) is

achieved for the presented camera system.

The reconstruction procedure, which is used to build the full 3D particle trajectories from

the camera images, is split into four tasks; (i) image processing and determination of the 2D

particle coordinates in each camera, (ii) tracking of the 2D particle projections, (iii) 3D particle

position reconstruction, and finally (iv) particle linking and tracking in order to create 3D

trajectories.

In a first step, the raw camera images (as shown in figure 4) are cleaned by subtracting

background light and static structures, such as the comparatively slow moving large dust cloud,

by computing a local average image from images f − 10 to f + 10, where f is the current

image number. In the subtracted image, only the fast particles and small-scale noise of the

original image are retained. The 2D particle positions in the camera images are then detected

using the algorithm of Crocker and Grier [23], which has been shown to be suitable for dusty

plasma application [24] and allows one to measure the particle positions to sub-pixel accuracy.

In the so obtained datasets, the particles are tracked in each camera independently in 2D,

i.e. for each projection in frame f , a projection in frame f + 1 is searched that is produced

by the same particle. This is done using an algorithm proposed by Ouellette et al [25], which

uses a projection of a particle trajectory into the next frames to determine a possible successor

particle. Of these 2D trajectories, only those are kept that have a length of at least three

frames and thus are likely to be formed by real particles and not by artifacts in the images.

Using these 2D particle trajectories, a triangulation of 3D particle positions is performed. With

known 2D particle coordinates and the camera properties known from calibration, a ray can

be constructed for each camera, along which the 3D particle has to be positioned. If camera

calibration and 2D particle position measurement were possible without errors, the rays from

all three cameras would intersect in a single point in 3D space, yielding one distinct particle
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position. For the real experimental setup, however, such an intersection point will generally not

exist, and a different approach has to be made. In our case, a geometric error cost function

is used to minimize the projection error of the triangulated 3D point back into the cameras.

This approach has been shown to be an optimum solution for the triangulation problem in

terms of the triangulation error [26]. For such a triangulation, only corresponding particle

projections, i.e. projections into the different cameras produced by the same particle, may be

considered. These particle correspondences are determined using the epipolar geometry [27]

of the camera system. For each particle in one camera, the epipolar lines in the remaining

cameras are computed, and all particle projections within a small region around the epipolar

line are considered as possible correspondences. For all possible triples of projections, a 3D

particle position is triangulated, leading to a growing number of false 3D particle positions with

higher particle densities. In the last step of reconstruction, all triangulated 3D particle positions

are tracked through the frames in order to create the full particle trajectories. Here, particles

resulting from false correspondences are effectively sorted out, since they can generally not be

tracked over a large number of frames, and only those particle trajectories with a length of at

least three frames are kept for further evaluation.

4. Results

4.1. Particle trajectories

Now, we analyze the trajectories of particles injected by the dust accelerator into the void.

From the dataset of one parabola with approximately 8 s of fast particles moving through the

void region, a total of 696 particle trajectories have been reconstructed. In order to extract the

forces exerted on the particles by the plasma, the total force �F = md �̈r acting on the particles is

computed. To reduce high-frequency noise, the original data are smoothed by a Savitzky–Golay

filter [28], using a second degree polynomial with a window width of nine frames. From the

smoothed data, the first derivative is computed to obtain the particle velocities; this is then again

smoothed and used for computing the second derivative, namely the particle acceleration. For

this procedure, only trajectories with a length of at least the filter’s window width can be used,

leaving a total of about 520 particle trajectories for evaluation. A sample trajectory is shown

in figure 5, along with its derivatives. The open symbols represent the raw data in (a), the first

derivative of the smoothed data in (b) and the derivative of the smoothed first derivative in (c).

Solid lines are the Savitzky–Golay filtered data in all plots.

The particle’s velocity data in all three axes show a decrease in the magnitude of velocity in

time due to friction with the neutral gas (and the outward-directed forces inside the void region).

Furthermore, especially in the particle’s acceleration data (figure 5(c)), obvious oscillatory

behavior at a frequency of approximately 20 Hz is seen, which is attributed to vibrations

produced by the aircraft. Aircraft acceleration measurements taken during the flight show a

distinct peak in the Fourier spectrum at 160 Hz, which corresponds to a frequency of 20 Hz when

sampled at the camera frame rate of 180 Hz. The timescale on which the dust particles are able

to follow changes in the surrounding plasma properties is given by the dust plasma frequency,

ωpd =

�

Z 2
dnde2/(�0md). For an approximate dust charge of Zd ≈ 30 000 elementary charges

and a dust density of nd ≈ 1010 m−3, the dust plasma frequency for the dust particles observed

here can be estimated as ωpd ≈ 70 s−1 and ωpd/(2π) ≈ 11 Hz. Therefore, the dust clearly cannot

follow the measured frequency of 160 Hz, and thus the observed oscillations are likely due to
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Figure 5. Trajectory of a selected particle with a length of 40 frames. The graphs

show the three components, namely (a) the particle position, (b) the particle

velocity and (c) the acceleration. The graphs show the three components of

(a) the raw data, (b) the first derivative of smoothed raw data and (c) the derivative

of the smoothed first derivative. Solid lines are Savitzky–Golay filtered data.
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Figure 6. Reconstructed 3D particle trajectories with a length of at least 20

frames. The data are given in the chamber’s coordinate system, i.e. the xy-plane

is parallel to the electrodes’ surfaces and z-points from the lower to the upper

electrode.

mechanical vibrations of the camera mounting frame. This assumption is supported by the fact

that the oscillations are visible in all trajectories, with the same frequency and the same phase

for all particles at a given time. Therefore, any seemingly oscillatory movement of the particles

is obviously added by external processes and is not to be interpreted as real particle movement.

4.2. Measurement of the forces

The trajectories used for the force computation are shown in figure 6. For clarity, only

trajectories with a length of at least 20 frames are shown. The data are given in the chamber’s

coordinate system, i.e. the xy-plane is parallel to the electrodes’ surface and the z-axis points

upwards with the origin in the chamber center. From the complete dataset, the force acting

on each particle at every point of its trajectory is determined. The total force on a particle is

given by

�F tot = md �̈r = �F frict + �F el + �F ion + �F z, (1)

with the friction (or neutral drag) force Ffrict, the electric field force Fel, the ion drag force

Fion and the force resulting from the residual z-acceleration Fz; additional forces, such as

thermophoresis or particle–particle interactions, are omitted here, since there is no temperature

gradient present and the density of accelerated particles is low enough to ensure negligible

particle–particle electrostatic repulsion. The forces considered here are applicable independent

of the discharge parameters and cover the complete range of forces that might arise for a dust

particle immersed in a plasma. For an overview and discussion of forces acting on dust particles

in complex plasmas, see e.g. [29].

The z-acceleration is kept below |az| = 0.02g during this parabola (see figure 7),

resulting in a force on the particles of |Fz| < 9.8 × 10−13 N for the PMMA particles
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for the time of the image sequence being evaluated. The gray area marks the

part of the sequence in which particles are reconstructed. For most of this time,

residual gravity is well below 0.02g.

(md = 4.99 × 10−12 kg). The neutral drag force is given by �Ffrict = −mdβ �̇r , with the Epstein

friction coefficient,

β = δ
8

π

p

aρdvth,n

. (2)

Here, δ is a coefficient describing how neutral gas atoms are reflected from the particle’s surface

with δ = (1.0 . . . 1.442) [30], p the gas pressure, a the particle radius and vth,n the mean thermal

velocity of the neutral gas atoms. The coefficient δ has been experimentally determined [31]

to be δ = 1.26 ± 0.13 for MF microspheres in dusty plasmas. This value will be used in our

calculations. With a gas pressure of p = 15 Pa, a particle radius of a = 10.01 µm and the PMMA

mass density of ρd = 1190 kg m−3, the friction coefficient is calculated as β = (10 ± 1) s−1.

With this coefficient, the neutral gas drag can be calculated from the particle’s velocity at each

time of the trajectory, and the sum of the electric field force and the ion drag force can be

obtained.

With a particle velocity |�̇r |� 1 cm s−1 throughout the trajectory (see figure 5(b)), the

friction force is calculated as Ffrict � 5.1 × 10−13 N, and will be significantly larger than this

value for the greater part of the trajectory. This value is of the same order of magnitude as the

force resulting from residual z-acceleration. In order to exclude the effects of the z-acceleration,

we have evaluated the movement of the void along the z-axis with respect to the chamber center

during the time of the image sequence. From this measurement, we obtained the time-resolved

position of the void center, zvoid(t), which is then used to correct all particle positions using

zcorr(t) = zmeas(t) − zvoid(t). The corrected z-coordinates of the particles then do not contain any

global fluctuations from residual z-acceleration, and thus the influence of the z-acceleration can

be neglected in further evaluations.

The remaining forces, Fel and Fion, cannot be separated without detailed knowledge of

the surrounding plasma (e.g. potential distribution and ion flow velocity) and will hereafter be

referred to as plasma forces Fpl, with Fpl = Fel + Fion. This force is extracted for all particles

at each available time step of the trajectory. The full set of 3D particle trajectories is shown

in figure 8 with the force magnitude color-coded along the path of the trajectory. For clarity,

projections of the 3D force field onto the xy- (top view), xz- (front view) and yz-plane (side

view) are shown along with the position of the surrounding dust cloud.
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Figure 8. The full set of 3D particle trajectories. The force value is color-coded,

with the smallest force values being the darkest colors. The 2D projections of

the force field onto the xy-, xz- and yz-plane are shown along with the estimated

position of the void center (marked by ×), which is defined by the region of the

lowest force values.

To further illustrate the nature of the force field, the 3D data are transformed into cylindrical

coordinates, using the void center as the origin for the coordinate system. This is a reasonable

transformation, since the discharge chamber and thus the void are axially symmetric around

the z-axis. The position of the void center ideally coincides with the origin of the chamber’s

coordinate system, but in reality deviates from this position due to residual acceleration in all

directions and disturbances inferred from the dust accelerator. Therefore, the void center is

estimated from the projections of the force field onto the xy-, xz- and yz-plane, using the region

with the smallest force values as void center position estimate. This estimate is marked in the

force field projections in figure 8. Furthermore, the void center can be obtained by evaluating

additional optical 2D diagnostics, where a slice through the center of the discharge is observed

(see figure 2). From these observations, the void position and extension can be calculated relative

to the chamber center, and from the calibration target data of the stereoscopic camera systems

it can be transferred into the stereo coordinate system. The 3D force field in the 2D cylindrical

projection is then averaged in a grid of 20 × 20 fields, averaging over typically more than 30

single values in each field. The resulting force field is shown in figure 9. Here, the direction

of the force (figure 9(a)) is shown together with its magnitude (figure 9(b)). It is clearly seen

that the force field is generally directed outwards and is increasing in its value toward the void

boundary. Due to plasma disturbances caused by the dust accelerator, the void’s shape is not

constant over the time of one parabola. This void shape change is reflected in the thickness of

the illustrated void boundary region, which is a 1σ -environment around the mean void boundary

position for each radial distance from the void center.

From figure 9(a), a change in direction of the force can be observed for the dust passing the

lower void boundary. It has again to be pointed out that due to their larger size, the accelerator

particles (20.02 µm PMMA) used for the force field measurement do not reach an equilibrium

position at the void edge, which is defined by the equilibrium position of the smaller, dust-

cloud-forming particles (6.84 µm MF). The combination of a higher electric field force and an
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Figure 9. Plasma forces Fpl in the void region. (a) Direction of the force;

(b) magnitude of the force in 10−12 N. Both the outward-pointing direction and

the increasing force values at larger distances from the void center are in good

agreement with the expectations.

increased ion drag for the larger particles results in an equilibrium position for the accelerator

particles, which lies beyond the void boundary formed by the smaller dust cloud particles.

Due to the higher particle density in the dust cloud and the difficulties in tracking the particle

trajectories in high dust density regions, this equilibrium position cannot be observed in the

present measurements.

The magnitude of the plasma forces acting on the particles inside the void region,

shown in figure 9(b), ranges from Fpl < 0.5 × 10−12 N in the central void region to Fpl >

1.5 × 10−12 N at the void edge. From Langmuir probe measurements in the same chamber at

comparable discharge conditions [32] (there, p = 20 Pa and Urf = 40 (60) V at the ring (disc)
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electrode), the plasma parameters at ρ ≈ 5 mm, z = 0 mm can be estimated as Te ≈ 3.5 eV,

ne = ni ≈ 5 × 1014 m−3 and E ≈ 400 V m−1. From these values, the dust charge is calculated

as qd ≈ −28500e using the collision-corrected charging model of Khrapak et al [33]. This

value for the dust charge is supported by calculations performed by Ikkurthi et al [34], where

a dust potential of ≈−4 V (resulting in a dust charge qd = −27800e using the spherical

capacitor model) is calculated in the plasma bulk for a particle of 10 µm radius. Using

these values of plasma parameters and dust charge and an ion flow velocity vi = µE ≈
375 m s−1 [35], the (collisionless) ion drag model of Hutchinson [36] yields an outward-

directed ion drag force of Fion ≈ 2.4 × 10−12 N, which is opposed by an inward-directed electric

field force of Fel ≈ 1.8 × 10−12 N. From numerical computations of the ion drag in collisional

plasmas [37], with a collisionality parameter ν/(Te/m i)
1/2/a = 5 × 10−3 for our situation, ion-

neutral collisions would increase the ion drag force by roughly 25%, yielding a maximum

collisional ion drag force of Fion ≈ 3 × 10−12 N. This results in a total outward force of Fpl =

Fion − Fel ≈ (0.6–1.2)×10−12 N, which is in good agreement with the values obtained from our

measurements (see figure 9(b)). The ion flow velocity vi used in our analysis is of the order of

the ion thermal velocity, which is in good qualitative agreement with theoretical results of Goree

et al [15] and Tsytovich et al [38] for suitable parameters.

Assuming for further comparison that the force decreases linearly from the void edge to the

void center, i.e. Fpl = kr with r =
�

(z − z0)2 + (ρ − ρ0)2, the force constant k can be estimated

from a comparison of the forces at the void center and the void boundary. For our measurements,

this results in a force constant k = (1.4 ± 0.4) × 10−10 N m−1. Wolter et al found a value of

k = (1.6 ± 0.4) × 10−11 N m−1 close to the void boundary for particles of 6.84 µm

diameter [18], while Kretschmer et al obtained two different values, k1 = (1.25 ± 0.03) ×

10−11 N m−1 and k2 = (0.27 ± 0.01) × 10−11 N m−1, for different regions inside the void using

particles with diameters of 1.7 and 3.4 µm [17]. The deviation of our value for k from the values

obtained by the other two experiments is easily explained by the different particle sizes, as the

total force increases for larger particles. Therefore, the particles used in our experiment (with a

diameter of 20.02 µm) will experience the strongest force, thus being in good agreement with

earlier experiments.

4.3. Radial and orthogonal contributions

The force field inside the void region is generally considered to be radial in shape, which can

be considered true in the xy-plane. In the z-direction, the orientation of the force will deviate

from the strictly radial shape at larger distances from the void center due to the oblate form of

the void. With our stereoscopic camera system, we are for the first time able to resolve the full

3D properties of the force field inside the void region. Therefore, we now have the possibility

of testing the assumption of a radial shape of the force field. First, we decompose the forces at

each available position in the void into a radial part �F rad = ( �Fpl · �r)/r 2 �r and an orthogonal part
�Forth = �Fpl − �Frad. The radial and orthogonal parts are again projected onto the ρ–z-plane and

averaged as described above. The results are shown in figure 10. Comparing the decomposition

of the force in figure 10 with the profile of the total force in figure 9(b), the overall shape of

the force field is generally dominated by radial forces in the central region of the void. The

orthogonal part of the force grows in influence with larger radial distances from the void center,

which is easily explained by the oblate form of the void, which necessarily leads to deviations

of the force direction from a strictly radial form. The relatively high values of the measured
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Figure 10. Decomposition of the plasma forces in the void region into (a) the

radial part and (b) the orthogonal part. Clearly, the overall shape of the total force

field (figure 9(b)) is mainly determined by the forces pointing radially outwards

from the center of the void. The orthogonal part is almost constant throughout

the observation volume.

orthogonal forces may additionally be due to the vibrations and the corresponding oscillations

in the particle trajectories shown in figure 5(c). Considering these effects, it seems justified to

conclude that in a large part of the observation volume, close to the void center, the force field

is pointing in fact radially outwards.

4.4. Velocity distributions of the particles

This radial character of the field should also reflect in the velocity distribution functions of the

particles. For all particles entering the discharge, the velocity distribution is determined by the

New Journal of Physics 13 (2011) 023042 (http://www.njp.org/)

A.1. Article I

75



15

properties of the dust accelerator. Most of the particles, however, are detected after a reflection

from the wall opposite to the accelerator, and thus the velocity distribution will be randomized

by reflections from the walls of the chamber. A second source for a random velocity distribution

is that the fast accelerator particles may perform collisions with the smaller, dust-cloud-forming

particles. Hence, decomposing the velocity at the detection of the accelerator particles again

into a radial and an orthogonal part, one would expect a broad non-radial distribution and only

small radial contributions. On leaving the void, the particles’ velocity should be influenced by

the force field, which should express in a significantly narrower non-radial distribution peaking

at lower absolute values of the orthogonal part of the velocity, while the radial part should be

considerably shifted to higher velocities.

To measure the influence of the force field on the particle velocities, we have collected the

velocity distributions at the first and the last point of each trajectory. The first detection of a

particle, and thus the first point of a trajectory, is assumed to be the instant when the particle

enters the void, while at the last point of the trajectory the particle has moved through the

void for some time and leaves it on a path that is predominantly governed by the character

of the force field. The resulting velocity distributions are shown in figure 11, where the first

column of graphs shows the velocity distributions at the first trajectory points, whereas the

second column shows the situation at the last frames. Obviously, all distributions at the end of

the trajectories are narrower than the corresponding distributions at the detection time, showing

that fast particles are significantly affected by friction and particles lose their velocity on their

path through the void. The radial velocity component (figures 11(a) and (d)) is shifted to

slightly higher velocities at the end of the trajectories, which is caused by the conversion of

the initially undirected movement of the particles into one with the radial character of the force

field.

The effect on the orthogonal part of the particle velocities (figures 11(b) and (e)) is less

pronounced, but follows the expectations: while the distribution at the injection time is relatively

broad with many high-velocity contributions, it is compressed at lower particle velocities at the

end of the trajectories. Comparing radial and orthogonal parts at the injection time (figures 11(a)

and (b)) and at the end of the trajectories (figures 11(d) and (e)), the particles’ movement is

significantly influenced by orthogonal contributions at the injection time, and shows an obvious

transformation into a more radial velocity profile at the end of the trajectories. This again

supports our conclusion that, despite the high orthogonal forces from figure 10(b), the force

field is in fact radial and pushes the particles on radial paths out of the void.

The distributions of the total particle velocity, again at the injection time and at the end

of the trajectories (figures 11(c) and (f)), show results that are consistent with radial and

orthogonal decomposition. At the injection time, the distribution is again relatively broad with

many high-velocity parts, and shrinks to the end of the trajectories to a narrow distribution with

a pronounced peak at the most probable velocity vp ≈ 11 mm s−1. This value can serve directly

as a check for consistency of the velocities with the forces that have been measured before.

Assuming an equilibrium of plasma forces and friction at the end of the trajectories, i.e. �Fpl =

−mdβ �̇r , a force value can be computed from the most frequent velocity that should coincide

with the measured values of the force in figure 9(b). With the dust used here, the gas friction

coefficient β = (10 ± 1) s−1 and the most probable velocity vp, a force of Fpl = 0.56 × 10−12 N

is obtained. This value is in good agreement with the values we measured for the force inside

the void, which are Fpl = (0.5–1.5)×10−12 N.
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Figure 11. Decomposition of particle velocity distributions at injection time

(a–c) and on leaving the void (d–f) into radial (a, d) and orthogonal (b, e) parts

and total velocity values (c, f).

4.5. Measurement of the friction coefficient

On the other hand, under the assumption of a strictly radial force field and excluding any external

disturbances, the structure of the force field can be used to measure the friction coefficient β

for the particles. In a strictly radial field with no external vibrations, the plasma force acting

on each particle at each time step along its trajectory has to point exactly radially outwards.

This is mainly true for the forces in the xy-plane, since the oblate form of the void causes

significant deviations from the radial field in the z-direction. In such a strictly radial force

field, the condition for the plasma forces is �Fpl,xy � �rxy , where �rxy is the position vector of a

measurement. Following this condition, one can try to adjust the friction force, �Ffrict = −mdβ �̇r ,

in order to obtain a plasma force contribution �Fpl = �Ftot − �Ffrict that fulfills the above condition.

Here, we vary the friction coefficient β until we obtain a strictly radial plasma force, yielding

an estimate for the friction coefficient β. The result of this analysis with our data is shown in

figure 12. The relatively broad distribution peaks at β ≈ 10 s−1, which corresponds well with

the theoretical value of β = (10 ± 1) s−1 (dashed line). However, there are a significant number
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Figure 12. Values of β extracted from the assumption of strictly radial (in the

xy-plane) forces on the trajectory. The peak around β = 10 s−1 corresponds well

to the theoretical value of β = (10 ± 1) s−1 (dashed line).

of lower values of β. From equation (2), the value of β is linked with the particle radius a, with

lower values of β corresponding to larger particles. One might speculate that larger particles

are formed by collisions of the accelerator particles with smaller particles inside the dust cloud.

This effect of dust agglomeration has recently been studied by Du et al [39]. However, the

assumptions made for the determination of β (i.e. a strictly radial force field profile in the

xz-plane and the exclusion of any external disturbances) are most probably not fully satisfied

and any deviation from these ideal conditions will also lead to a broadening of the distribution

of the measured values of β.

5. Summary

A stereoscopic camera setup of three cameras for use on parabolic flight experiments is

presented. This setup allows the reconstruction of 3D movement of individual particles where

the dust density in the plasma is not too high. For this setup, calibration and reconstruction

procedures were developed and presented. With our reconstruction algorithm, we were able to

reconstruct and individually track several hundreds of particles injected into the void region of a

dusty plasma under microgravity conditions. From the particle trajectories, we have derived

the forces acting on the particles inside the void. The so measured force values very well

match estimations obtained using the ion drag models of Hutchinson and Patacchini and a dust

charging model of Khrapak. Under the assumption of a linear dependence of the force on the

distance to the void boundary, our measurements show overall good agreement with earlier

experiments, considering the different discharge conditions and dust particle sizes.

We were, furthermore, able to resolve the full 3D structure of the force field in terms of

radial and orthogonal contributions. This investigation has shown that the force field is in fact

dominated by the contributions pointing radially outwards in x and y, while deviations from

this radiality in the z-direction are unavoidable due to the oblate form of the void caused by

the geometry of the discharge volume. We have measured the influence of the force field on the

New Journal of Physics 13 (2011) 023042 (http://www.njp.org/)

A. Thesis Articles

78



18

injected fast particles and found that the particles’ velocity distributions significantly change

from the beginning to the end of each particle’s trajectory. Here, the radial character of the

force field is clearly reflected in the form of the velocity distributions. In addition, we have used

the radial shape of the force field to measure the friction coefficient β for the probe particles,

showing very good agreement with the theoretical value.

With this investigation, we have shown that our stereoscopic diagnostic is an ideal tool for

the analysis of 3D particle dynamics on a single particle level inside the void region of dusty

plasmas under microgravity conditions.
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Stereoscopic Observations of Dust Clouds in Front
of a Pixel Electrode in a Radio Frequency Discharge

Christian Schmidt, Oliver Arp, Michael Himpel, André Melzer, and Alexander Piel

Abstract—Dust particles confined in radio frequency discharges
can form 2-D and 3-D dust clouds. In front of a positively biased
additional “pixel” electrode, 2-D vertical aligned particle chains
as well as 3-D cone-like clouds were observed, that are strongly
affected by the bias voltage of the additional electrode. In order
to understand which mechanisms lead to the chain formation, a
stereoscopic camera system with a high spatial resolution was used
to reconstruct the 3-D particle positions and their trajectories.

Index Terms—Anodic plasma, dusty plasma, particle chain.

I. INTRODUCTION

SMALL DUST clouds were experimentally studied in dif-

ferent radio frequency (rf) [1]–[4] and glow discharges [5],

[6]. These particles formed different configurations like nested

shells [7]–[9] or chains [10]–[12]. In the last years, the dusty

plasma community was searching for the mechanisms, which

theoretically could explain such particle chains for different

discharge characteristics [13]–[15].

One of the discussed mechanisms is the ion focus effect,

which leads to an attraction between neighboring particles

due to streaming ions. In parallel-plate rf discharges, the ion

production rate is highest in the center of the discharge, and

hence the ions stream radially outwards. The ion velocity can

be described by a Mach number M = vi/ci, where vi is the ion

drift velocity and ci = (kBTe/mi)
1/2 the ion acoustic speed,

which depends on the electron temperature Te and ion mass

mi. In the sheath regions in front of the electrodes, the ions

are accelerated by a strong electric fields and reach supersonic

velocities (M > 1). For such supersonic but also subsonic ion

velocities down to M = 0.4, theoretical descriptions [13]–[15]

predict an attraction between particles. In recent experiments,

particle chains were also observed at a very small Mach number

of M < 0.1[16]. However, a universal description which leads

to the particle chains remained open.
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The present experiments aim at filling this gap. To measure

the 3-D particle positions simultaneously and with a high

spatial resolution, a stereoscopic camera setup is used, which is

similar to the apparatus of Käding et al. [17]. We use a parallel-

plate rf discharge with a central positively biased “pixel” elec-

trode which results in a dust confinement similar to that in

[11]. The discharge characteristics are changed by applying a

positive DC voltage on the pixel electrode, which leads to a

secondary anodic plasma discharge in front of the pixel. The

experimental and diagnostic setup is presented in Section II.

First, we investigated the topology of the discharge (Section III)

by increasing the voltage on the additional electrode. Then

particle chains were studied with the stereoscopic camera setup

(Section IV), and the result are discussed in Section V.

II. EXPERIMENTAL SETUP

The experiments were performed in the Secondary Plasma

EXperiment (SPEX) chamber, which is a modification of the

IMPF-K device [18].

The chamber [Fig. 1(a)] consists of two circular electrodes

of 80 mm diameter that form a discharge gap of 30 mm

height. The main differences from the chamber described in

[18] is the configuration of the electrodes. The upper electrode

is a transparent indium-tin-oxide (ITO)-coated glass disk and

allows observations of the dust cloud from the top, which was

required for the stereoscopic diagnostic. The lower electrode

was segmented into two concentric rings around a central pixel

electrode of 3 mm diameter. The two ring electrodes were

electrically connected and form the lower rf-electrode, while

the central pixel electrode was operated by a DC bias voltage

UDC = (0− 300) V, which leads to the formation of a sec-

ondary anodic plasma that was embedded in the rf-plasma. The

lower and upper rf-electrodes were driven in push-pull mode

with an rf-voltage of Urf = (80− 160) Vpp at 13.56 MHz.

In these experiments, argon was used as working gas in the

pressure range p = (5− 50) Pa. For these parameters, we cal-

culated an electron density about ne ≈ 1.5 · 1015 m−3 and an

electron temperature about Te ≈ 4 eV with the Siglo2D soft-

ware [19], [20], which also agreed with probe measurements.

Monodisperse, spherical melamine formaldehyde particles

with a diameter of d = 1.6 µm or d = 3.4 µm and a mass

density of ρ = 1514 kgm−3 were used for the experiments.

The particles were injected by an electro-magnetically agitated

dust dispenser from the side of the chamber into the plasma

discharge.

In our experiment, two different optical diagnostics were

used. The first consists of a digital camera with a resolution of
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Fig. 1. Vertical section of the parallel-plate rf discharge chamber with upper
ITO electrode and lower segmented electrode is shown in (a). A thin slice of
the a dust cloud is illuminated by a laser vertical fan and images, marked by the
field of view (FOV), are taken at right angle by a CCD camera. (b) A schematic
sketch of the stereoscopic camera setup with three perpendicular orientated
cameras and the laser is shown.

640 × 480 pixels an a field of view (FOV) of (16× 12) mm2,

that observed at right angle a thin vertical section through

the dust cloud illuminated by a laser sheet [Fig. 1(a)]. For

the study of the 3-D particle arrangement in high resolution,

a stereoscopic camera setup was used [Fig. 1(b)]. This setup

consisted of three identical digital video cameras oriented

perpendicular to each other, similar to the setup in [17]. The

focal length of 105 mm of the lenses was chosen to reach a

reproduction scale of 1:1, which corresponds to an observation

volume of (5× 5× 5) mm3. The cameras were externally

synchronized by a function generator up to a maximum frame

rate of 40 Hz, limited by the hardware for data acquisition. For

the calibration and reconstruction of the stereoscopic camera

setup, the software developed by Himpel et al. [21] was used.

The determined reconstruction error for a particle position was

Δx = Δy = Δz = 5 µm.

The particles inside the observation volume were illuminated

by a laser with P = 200 mW and a wavelength of λ = 532 nm.

The beam was expanded to illuminate the whole observation

volume. In order to suppress the plasma glow, the cameras

were equipped with a narrow-bandwidth interference filter that

matches the wavelength of the laser.

III. TOPOLOGY OF THE DISCHARGE

In order to understand the confinement of small dust clouds

in front of the pixel electrode, it is first necessary to investigate

the dependence of the particle equilibrium position on the pixel

voltage UDC. In most parallel-plate rf discharges, particles are

levitated in the sheath region in front of the lower electrode

where the strong electric field compensates gravity. By using

an additional electrode that is positively or negatively biased,

the confinement geometry can be modified [11].

In Fig. 2, a particle cloud d = 3.4 µm) is shown for Urf =
100 Vpp and p = 10 Pa with increasing pixel voltage from

UDC = 1 V (left) to UDC = 193 V (right). The figure only

shows a detail of the FOV marked in Fig. 1 and is inverted for

better visualization. In Fig. 2(a), we see a typical layer structure

of the particles in the sheath region of a parallel-plate rf

discharge, which is levitated 5.5 mm above the pixel electrode.

As UDC increases, the particles approach the pixel electrode

and, at first, form a cone-shaped dust cloud [Fig. 2(c)–(e)] and

transforms into a single particle chain [Fig. 2(f)], in which the

lower end is levitated 3.4 mm above the pixel electrode. In the

cone-shaped clouds, we observed that the particles are arranged

in vertical chains in front of the pixel electrode, which becomes

more dominant with increasing UDC. The characteristics of the

secondary anodic plasma discharge also depends on UDC. For

UDC < 80 V a glow in front of the surface of the pixel electrode

is observed. If UDC > 80 V the glow forms a spherical structure

with a diameter of about 3 mm. For increasing UDC only the

intensity of the spherical anodic plasma glow increases but not

its size. The upper boundary is marked by a dotted line in

Fig. 2(d). The plasma characteristics like ne and Te are strongly

influenced by UDC, which is described in [22]. Because of the

small spatial resolution of the 2-D diagnostic, we designed a

high-resolution stereoscopic camera setup, whose results are

presented in Section IV. In Fig. 2, a reduction of the number of

particles was observable for an increasing pixel voltage UDC. If

UDC > 100 V, single particles escaped at the tip of the cloud

and fell toward the pixel surface. Therefore, we could vary

the particle number and levitation height of the dust cloud in

front of the pixel electrode by varying the pixel voltage. This

allows us to study particle chains at different rf amplitudes Urf ,

pressures p, and pixel voltages UDC.

IV. PARTICLE CHAINS

For a more detailed investigation of particle chains which

are observed for a high UDC [Fig. 2(c)–(e)], the stereoscopic

camera setup is used.

For this purpose, we have chosen an rf amplitude of Urf =
80 Vpp, gas pressure of p = 30 Pa, and a pixel voltage of

UDC = 170 V to observe first an isolated particle chain. In

Fig. 3, inverted pictures of such a particle chain are shown

from all three cameras. This dust particle configuration consists

of four vertically aligned particles (d = 1.6 µm), as can be

seen in the top view in Fig. 3(c), where the particle chain is

perfectly aligned and shadowed by the top particle. Numbering

the particles from one (top) to four (bottom), the observed mean

interparticle distances were Δz12 = 244 µm, Δz23 = 228 µm

and Δz34 = 246 µm. From the 3-D particle coordinates for ev-

ery time-step, the individual trajectories have been determined.

To study single particle trajectories first, the center of mass

(COM) motion of the chain is subtracted. In Fig. 4(d), the COM

motion for the x, y, and z-direction is shown. The fluctua-

tions of the COM were σCOM
x = 11.2 µm, σCOM

y = 9.6 µm
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Fig. 2. Dust cloud position in front of the pixel electrode is presented with Urf = 100 Vpp, p = 10 Pa and different pixel voltages UDC. For an increasing
UDC, the particles (d = 3.4 μm) are moving toward the pixel and forming a cone-like dust cloud. For UDC = 193 V (f), only one particle chain with a reduced
number of particles compared to UDC = 1 V (a) is observable. In (d), the dotted line represents the upper boundary of the secondary anodic plasma glow.

Fig. 3. Picture details of a dust cloud from both side view cameras (a)/(b)
and top view camera (c) are shown. The discharge parameters are p = 30 Pa,
Urf = 80 Vpp, UDC = 170 V and a particle size of d = 1.6 μm.

Fig. 4. Histograms of the particle motions after subtracting COM motion
around their equilibrium positions are presented for x, y, and z-direction in
(a)–(c). (d) The COM motion is shown vs. time for the x (solid line), y (dashed
line) and z-direction (dashed-dotted line).

and σCOM
z = 6.2 µm. It can be seen that σCOM

x and σCOM
y

were nearly equal, but σCOM
z was smaller. A reason for these

fluctuations might be attributed to a motion between the single

cameras, a motion between the stereoscopic camera setup and

the discharge chamber as well as a collective motion of the

chain in the discharge. Because the observed COM motion in

Fig. 4(d) does not reveal any collective particle motion, we

conclude that the fluctuations result from the residual vibrations

of the single cameras in the stereoscopic camera setup.

The histograms of all corrected single particle motions about

their equilibrium position are presented in Fig. 4(a)–(c), and

the mean fluctuations were �σx� = 2.90 µm, �σy� = 3.16 µm

and �σz� = 2.36 µm. The mean single particle motions in

the z-direction were smaller than in x and y-direction, which

is similar to the COM motion. However, the single particle

fluctuations were smaller than the spatial resolution (Δx, Δy,

and Δz), and also the covered distances of the particles between

Fig. 5. Picture details of a dust cloud consisting of fourteen particles (d =
1.6 μm) from a side view camera (a) and top view camera (b) are shown. The
discharge parameters are p = 35 Pa, Urf = 80 Vpp, and UDC = 250 V. In
(b), the single chains are numbered from one to four, and their z-components
are presented in (c).

two single frames were smaller than half the pixel size of the

cameras of 3.75 µm. Therefore, the observed particle positions

in the chain can be considered as stationary in the COM frame

of reference.

After the study of an isolated particle chain, now the particle

arrangement in a dust cloud consisting of several chains is

investigated. Such a dust cloud with 14 particles for Urf =
80 Vpp, p = 30 Pa, UDC = 250 V and a particle diameter of

d = 1.6 µm is shown from a side view camera [Fig. 5(a)] and

top view camera [Fig. 5(b)] as inverted pictures. The particles

are oriented in a cone-like dust cloud, which is similar to

Fig. 2(e). As can be seen in the top view camera [Fig. 5(b)],

the particles formed four chains with a single central particle.

This central particle is located at the lower tip of the cloud

[Fig. 5(a)]. The chains are numbered from one to four, and

their z-components are presented in Fig. 5(c). The first chain

consists of four particles, and the other chains of three particles.

A comparison between the single chains shows that the inter-

particle distances decrease when the number of particles in a

chain increases. Also, in the chains 2, 3, and 4, a variation of the

interparticle distances was observed, which decreased toward

the pixel electrode. As seen in Fig. 5(c), the single chains are

vertically shifted w.r.t. each other. The shorter chains tend to

attain interlaced positions with the four-particle chain as was

found in experiments in a glass box [10].

The observed particle configuration in chains suggests an

attractive interparticle force. In other experiments in rf dis-

charges, such attraction was reported resulting from streaming
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Fig. 6. Cartoon of the discharge characteristic in front of the pixel electrode.
The streaming ion direction is marked by the arrows.

ions (ion focus effect) [10], [12], [16]. In the present exper-

iment, the discharge topology is changed by the formation

of a secondary plasma discharge in front of the positively

biased pixel electrode compared to [10], [12] as shown in

Fig. 6. The ions, which are produced in the primary discharge

are streaming toward the lower electrode. However, in front

of the pixel electrode, their streaming directions is reversed

because the ions which are produced in the secondary plasma

discharge are streaming away from the positively biased pixel

electrode. As a result of these two opposite ion streaming

directions, we expected a reduction below M = 1 of the mean

ion streaming velocity in the sheath of the discharge where the

particle chains are observed. For a subsonic (M < 1) ion flow,

theoretical investigations [13], [15] and recent experiments [16]

have shown, which are possible attractive interparticle force

(ion focus effect). Hence, we assume that the ion focus effect

was the dominant process for the observed chain formation in

front of the pixel electrode [Figs. 3(a) and (b) and 5(c)].

V. DISCUSSION

The study of dust clouds as a function of the pixel voltage

UDC allowed us to identify different types of cloud configura-

tions. First, if no or only a small bias voltage was applied on the

pixel electrode, the particles were levitated in the sheath region

of the discharge in a layer structure. For increasing UDC, the

particles moved toward the pixel electrode and formed a cone-

like cloud (Fig. 2).

Within the dust cone, the particles were ordered in chains

and neither in shells nor in a crystalline structures. For a more

detailed study of such chain formations, we used a stereoscopic

camera setup with a high spatial resolution. First, measurement

of a particle chain with this setup shows that the particle

positions and trajectories can be determined with a small recon-

struction error Δx, Δy, and Δz for a single particle position

of only 5 µm. This reconstruction error was much smaller

than the observed interparticle distance of Δz12 = 244 µm,

Δz23 = 228 µm, and Δz34 = 246 µm.

We first found that an apparent COM motion appears, which

may be a result of residual vibrations of the cameras w.r.t. the

dust cloud. After correcting for this COM motion, the resulting

particle motions �σx� = 2.90 µm, �σy� = 3.16 µm, and �σz� =
2.36 µm only show a small fluctuation around their equilib-

rium position, which was smaller than the reconstruction error

(5 µm) and half pixel size (3.75 µm). Further improvements are

necessary to achieve subpixel resolutions [23], [24].

Within the given resolution, the chain seems to be stationary,

which suggests, that the particles are trapped in a strong vertical

and horizontal confinement. Experiments in the sheath region of

a discharge saw much larger particle motions [25]. The vertical

shift between several chains is a second indication for a strong

vertical and horizontal confinement. These observations are

comparable to experiments, where such a strong confinement

is formed by a glass box [10], [12].

The formation of chains in front of the pixel electrode

was attributed to an ion focus effect. Other experimental and

theoretical investigations have shown that even for small Mach

numbers M < 1, this effect can lead to an attractive interparti-

cle force. A more detailed insight into the flow topology can be

expected from high-resolution discharge simulations.
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Three-dimensional single particle tracking in dense dust clouds
by stereoscopy of fluorescent particles
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In dense dust clouds of a dusty plasma single particle trajectories are impossible to follow due to

occlusion of particles and ambiguities in particle correspondences. By stereoscopic imaging of

fluorescent tracer particles, we were able to reconstruct 3D single particle trajectories within dense

dust clouds. Several measurements are shown that justify to regard the tracer particles as suitable

representatives for the whole dust system. A first analysis of dust density waves in dense clouds

already shows that these waves exhibit three-dimensional dynamics at larger wave amplitudes that

cannot be resolved by 2D imaging techniques: a broad velocity distribution perpendicular to the

oscillation plane due to dust-dust collisions is seen, while the velocity distribution in the oscillation

direction is bimodal and shifted due to the bulk wave propagation. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4771687]

I. INTRODUCTION

When nano- to micrometer sized particles are immersed

in a gaseous plasma environment, the formed system is

called a complex plasma. When the dust density in these sys-

tems is high enough, self-excited dust density waves1–6 can

be driven by an instability7–9 caused by an ion stream inside

the discharge. These waves offer the possibility to reveal the

correlation between the plasma and the particles,10 but even

the waves themselves are still subject of current research.

Typically, dust density waves are produced and investigated

in rf-parallel-plate or dc-discharge chambers. In many

experiments, a 2D sheath illumination is used to image a

slice of the extended dust system11–14 and the embedded

waves. This technique is well established and has delivered a

huge amount of data that improved the knowledge about

dusty plasmas. However, due to the two-dimensional imag-

ing, this approach is not fully suitable for investigations of

highly three-dimensional phenomena—such as dust-density

waves in certain cases.

To reveal the full bandwidth of 3D effects in such a

dynamic particle system, the whole set of 3D single particle

trajectories has to be known. This has not been accomplished

so far, because the high particle density that is necessary to

excite density waves makes single particle tracking very

difficult or even impossible due to particle occlusion and

ambiguities in the identification of successor particles. 3D

trajectories have been obtained in dusty plasmas previously

by observing systems that only contain few particles, such as

Yukawa balls15–18 or particles penetrating the void within a

dust cloud.19 However, the reconstruction of 3D single parti-

cle dynamics in dust density waves have not been successful

so far.

A different, very advanced diagnostic in this field is

the particle image velocimetry, (PIV), which allows

three-dimensional insights into dense dust systems, but

not at the single particle level. The two main approaches

implementing PIV in the dusty plasma community are ster-
eoscopic PIV20,21 and tomographic PIV.6,22 The PIV diag-

nostic deals with groups of several particles and computes

their mean 3D velocity vector with the help of stereoscopic

imaging. In recent experiments, measurements of the three-

dimensional velocity distribution in dense dust clouds have

been performed using both PIV techniques.2,22,23

Here, we devise a technique to measure 3D single parti-

cle trajectories in dense dust clouds by the use of fluorescent

particle tracers. With our three camera stereoscopic system,24

we are able to record the three-dimensional single particle

movement of the tracers within dust density waves. The visi-

ble particle density is virtually reduced by the use of fluores-

cent tracer particles that besides their fluorescent properties

are identical with the other particles forming the cloud. The

use of tracer particles is an ideal approach to overcome the

problems that arise from particle tracking issues in dense

systems. The major advantage of this approach in these dust

systems is the possibility to observe the full single particle

motion without affecting the dust entity and thus influencing

the global dynamics. As the global dynamics can be recon-

structed from single particle trajectories, this diagnostic is

able to investigate two spatial scales of a collective effect.

In this article, we will present the application of fluores-

cent particle imaging for stereoscopic imaging and give first

analysis results of single particle reconstruction in dust den-

sity waves.

II. EXPERIMENTAL SETUP

The experiments have been performed in a modified ver-

sion of the parallel-plate discharge chamber IMPF(-K2).25

To establish expanded dust systems in the plasma bulk under

gravity conditions, a temperature gradient26,27 is applied to

the neutral gas by cooling the upper electrode to 4 �C and

heating the lower electrode to 40 �C. The thermophoretic

force, due to the temperature gradient, levitates the particles

a)Electronic address: himpel@physik.uni-greifswald.de.
b)Present address: Max-Planck-Institute for Plasma Physics, EURATOM

Association, 17491 Greifswald, Germany.
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against gravity. The temperature gradient has been specifi-

cally chosen here to levitate particles of 4 lm diameter. A

13:56MHzrf-voltage of about 40Vpp is applied to the elec-

trodes in push-pull mode. The pressure of the argon gas is 15

to 30 Pa.

Two types of dust are chosen that have the same density

and nearly the same diameters of dMF ¼ 4:046 0:08 lm and

dRhB ¼ 4:0260:09lm. The first is the standard melamine-

formaldehyde (MF) type, the second type is MF doped with

Rhodamine-B (RhB) as a fluorescent dye. Rhodamine-B

features absorption and emission characteristics that allow

sufficient excitation with light of 532 nm wavelength. The

fluorescent light is observed using a bandpassfilter for wave-

lengths from 549 nm to 635 nm. The dust mixture is prepared

with a microbalance and thus a selected ratio of usual MF

particles and MF:RhB particles can be realized. The fraction

of MF:RhB particles was typically chosen in our experi-

ments in the range 2À 10%.

The fluorescent material is enclosed in the usual mela-

mine formaldehyde particle material. So the material and

surface properties are assumed to be identical to the usual

dust particles. In the plasma, the two dust species do not

demix as a result of their very small size difference. Whether

the tracer particles are really suitable representatives of the

bulk dust cloud is a critical point that will be checked in the

following.

The stereoscopic setup depicted in Fig. 1 consists of three

synchronized high speed CCD-cameras operated at 180 fps

with 640Â 480 pixel resolution. The cameras are equipped

with interference filters either at 532 nm to view all particles,

or at 590 nm with 43 nm spectral width to view the fluorescent

particles only. A 600mW illumination laser at 532 nm wave-

length is fibre-coupled into a beam homogenizer to achieve a

5Â 5mm square flat-top illumination profile. The same laser

also excites the fluorescent particles. This stereoscopic camera

setup is also used on parabolic flights. Due to the spatial limi-

tations in that experiment, the cameras are oriented in a non-

orthogonal manner. With an electromagnetically driven dust

dispenser the dust mixture is inserted into the plasma bulk,

where the particles establish an extended three-dimensional

particle cloud. Here, dust density waves are self-excited when

the neutral gas pressure is set below a value of about 20 Pa.

The waves in this measurement propagate in z-direction (see

Fig. 2).

III. MEASUREMENTS AND RECONSTRUCTION
RESULTS

A. Analysis of the tracer particles

In our experiment, the fluorescent particles could not

be imaged simultaneously with the MF-particles. To check

whether the MF:RhB tracer particles are really suitable rep-

resentatives of the bulk MF-particles, three main properties

of the dust system have been evaluated, and the behavior

of the fluorescent particles is compared with that of all

particles. The following three measurements are made with

conventional 2D illumination by a laser sheath and observa-

tion with one camera and the suitable respective filter.

1. Particle distribution in the cloud

A well defined 1 : 30 mixture of the two species was

produced using the high precision balance. This dust was

introduced into the discharge and imaged with the light of all

particles or the fluorescent light only as shown in Fig. 2. The

selected mass ratio 1 : 30 of the particle types could be veri-

fied very well by counting the detected fluorescent and MF

particles in a measurement without waves. Hence, we con-

clude that no noticeable separation effects between the two

particle types exist that might be caused by a mass difference.

2. Wave amplitude

The wave amplitudes of the MF-particles are computed

via density analysis, the wave amplitudes of the MF-RhB

particles are reconstructed by particle trajectory analysis (see

Fig. 3). For the density analysis, the images were blurred and

a space-time diagram28,29 was created from the vertical slice

ranging from x ¼ 1mm to x ¼ 2mm (compare Fig. 2(a) with

4(a), respectively). The horizontal image intensity variation

is a qualitative measure for the wave amplitude and allows

to extract the amplitudes depending on the height (z) in the

FIG. 1. Stereoscopic camera setup. Due to spatial restrictions, the cameras

are aligned non-orthogonal. The field of view in this lens configuration is

5Â 5Â 5mm. In this setup, gravity points to the negative z-direction.

FIG. 2. (a) Image at 532 nm showing all particles of an 2D laser sheath.

The wave crests of the downward propagating wave can be identified. The

vertical slice indicates the image region that is used to produce a space-time

diagram for density analysis. (b) Image at 592643 nm shows only the fluo-

rescent particles. No separation or special arrangement of the marker par-

ticles is observed. For clarity, the image has been processed for enhanced

visibility of the particles.
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dust cloud. This density data are shown in Fig. 3 as a solid

black line. For comparison, the mean single particle oscilla-

tion amplitude is derived from the Hilbert transform of the

trajectory which allows to compute the instantaneous ampli-

tude. The mean instantaneous amplitude zp is associated to

the mean z location of each particle and shown as triangles

in Fig. 3.

It can be seen that the wave intensity modulation increases

with z in the same manner as the single particle oscillation

amplitude. This supports that the fluorescent tracer particles

indeed follow the overall behavior.

3. Phase velocity

Finally, the waves’ phase velocities gained from the

single particle analysis and from the density analysis are

compared. For the density analysis, we use the space-time

diagram to extract the phase velocities dependent on the

height in the dust cloud (see Fig. 4(a)). For that purpose, the

image intensity in a small vertical stripe in Fig. 2(a) is taken

in successive video images and plotted along the time axis.

In contrast, for the single particle measurement the phase

velocity was derived directly from points of equal phase as

shown in Fig. 4(b) where we have chosen to take the phase

of maximum vertical excursion. The phase velocity could be

measured with high accuracy in the upper and lower region

of the dust cloud, as the longest trajectories are situated here.

In Fig. 4(c) can be seen, that the phase velocities of both

measurements in these regions are in good agreement.

Summarizing the three criteria, the fluorescent particles

can be considered to integrate very well as tracer particles

into the main particle cloud. The shown dynamical proper-

ties such as phase velocity and wave amplitude demonstrate

that different analysis methods applied to the fluorescent par-

ticles as a subset of all particles yield the same behavior as

for the general cloud. However, with the reduced density of

the tracer particles, our tracking and linking algorithms24 can

be applied to deliver 3D single particle trajectories for

detailed kinetic analysis.

B. 3D trajectory analysis

For typical wave frequencies of 11Hz, a single oscilla-

tion period lasts about 17 frames at the framerate of 180 fps.

This means, that trajectories longer than 30 frames contain

enough information to reveal the oscillation behavior.

Hence, even longer trajectories allow to gain an insight into

the particle movement in dust density waves and might addi-

tionally give a hint on collisions between the dust particles.

The following results are obtained from a measurement

of 1000 frames in total. From that, 61 trajectories longer than

30 frames have been reconstructed in three dimensions as

shown in Fig. 5. They show a dominant oscillation in the

z-direction, which is the propagation direction of the dust

density wave. We also found some remarkable trajectories

showing trapped30 particles. However, further analysis of the

trapped particles is not applicable due to their rare occurrence.

There is also a non-negligible movement of the particles in the

x-y-plane which is projected on the bottom of Fig. 5.

To further analyze the particle motion, the distributions

of the velocity components ðx; y; zÞ are shown in Fig. 6.

FIG. 3. Comparison of the oscillation amplitudes IW retrieved from the

image intensity modulation (black line) and the single particle oscillation

amplitude zp of the tracer particles (triangles). The straight gray line is a lin-

ear fit to the zp-data.

FIG. 4. (a) Space-time diagram of the density wave measurement. The phase

velocity equals the slope of the wave crest. (b) Space-time diagram of the

single particle measurement. The propagation of the phase of maximum ver-

tical excursion is used to determine the phase velocity. (c) Phase velocities

computed via space-time diagram for the density analysis as well as the

single particle analysis.

FIG. 5. Plot of reconstructed trajectories that are longer than 30 frames. The

x- y-projection at the bottom shows a significant particle movement that

accompanies the major z-plane oscillation.
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These distributions give hints on the sources of the particle

movement. The z-movement shows a broad velocity distribu-

tion with two peaks at vz ¼ 10mm=s and vz ¼ À30mm=s,
which correspond to the wave oscillation in that direction.

For an undisturbed linear oscillation behavior of the par-

ticles, the velocity probability distribution function fvðvÞ is

fvðvÞ /
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðAxÞ2 À v2
q ;

where A is the oscillation amplitude and x the wave fre-

quency. Compared with that analytical result, the measured

velocity distribution is broadened and shifted. The damping

effects that cause the “flattened” tail of the velocity distribu-

tion are probably friction of the particles with the neutral gas

and dust-dust collisions. In previous works, velocity distribu-

tions have been reported that are also broadened22 and

spread31 in a similar manner as the presented data.

The shift of the velocity distribution is likely to be

caused by the ion streaming direction and thus the wave

propagation. Both the ion stream and the distribution shift

point to the positive z-direction. An overall particle flow can

be excluded to cause the shift, as the flux ratio

Udown

Uup

¼

X

v<0

ðfv Á vÞ
X

v>0

ðfv Á vÞ
¼ 0:47

0:53

of downward and upward streaming particles is close to

unity. This means that no remarkable net particle flux in the

observation volume exists.

The x- and y-movement perpendicular to the oscillation

direction shows a different behavior. In contrast to results

obtained by the tomographic PIV,22,32 in our data there is no

hint on oscillatory motion in the x- and y-directions. The ve-
locity distributions feature only one central peak. The distri-

bution is, however, not Maxwellian, but shows an increased

population of slow particles. The FWHM is about 10mm=s.

To compute the velocity distributions, all reconstructed

trajectories have been used. It is clear, that resting particles

are much easier to track than oscillating ones, so the ratio of

slowly moving particles is increased and causes the non-

Maxwellian proportion in the distribution. Additionally, a

huge amount of very short trajectories is included in this data

that could be erroneous due to occlusion and ambiguities. By

only considering the trajectories longer than 30 frames, the

velocity distributions for vx and vy can be fitted well with a

Maxwellian distribution. The kinetic temperature is then

computed as kBTx;y ¼ hv2x;yim, yielding a dust temperature of

Tx ¼ 42 eV for the x-direction, and Ty ¼ 44 eV for the y-
direction. These values reflect the magnitude of temperatures

that have been reported by other groups.23,33,34 The kinetic

energy lies far above room temperature of T ¼ 1=40 eV.
The dust-dust collisions could possibly cause an energy

transport from the oscillatory motion to the x- and y-velocity
component that would explain these high temperatures.

Nevertheless, further studies are required with respect to the

correlation of vz with vx and vy.

IV. CONCLUSION AND OUTLOOK

Here, a novel technique to study dust-density waves in

three dimensions was presented. We were able to reconstruct

single particle trajectories within a dust density wave. By

using fluorescent particles, the particle density was artifi-

cially decreased to a manageable amount. This allows us to

track the particles over many frames, even inside the usually

high density region of a wave crest. Analysis with two-

dimensional data showed that the tracer particles perfectly

integrate into the dust cloud and show similar dynamics. For

the three-dimensional measurements, a first analysis has

been carried out. The velocities in the oscillation plane are

typically larger, when the particles move in ion-stream direc-

tion. The velocity components perpendicular to the oscilla-

tion direction are not negligible. They show Maxwellian

distributions with temperatures far above room temperature

that are likely caused by dust-dust collisions that lead to a

Maxwellian velocity distribution.

Most research that investigates dust density and dust

acoustic waves so far has been restricted to 2D imaging. We

have shown that under certain conditions, especially high

wave amplitudes, the dust-dust collisions lead to a significant

motion component perpendicular to the oscillation plane.

Only by using a full 3D diagnostic, this motion can be fully

resolved.
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Experiments on dust-density waves have been performed in dusty plasmas under the microgravity

conditions of parabolic flights. Three-dimensional measurements of a dust density wave on a single

particle level are presented. The dust particles have been tracked for many oscillation periods. A

Hilbert analysis is applied to obtain trajectory parameters such as oscillation amplitude and three-

dimensional velocity amplitude. While the transverse motion is found to be thermal, the velocity

distribution in wave propagation direction can be explained by harmonic oscillations with added

Gaussian (thermal) noise. Additionally, it is shown that the wave properties can be reconstructed

by means of a pseudo-stroboscopic approach. Finally, the energy dissipation mechanism from the

kinetic oscillation energy to thermal motion is discussed and presented using phase-resolved

analysis.VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4868859]

I. INTRODUCTION

A phenomenon of main interest in dusty plasmas is the

dust density wave (DDW)—a self-excited longitudinal wave

whose dynamics is on the timescale of the dust plasma fre-

quency fpd ¼ xpd=2p that roughly is of the order of 10Hz.1–3

Due to the relatively high mass and inertia of the dust par-

ticles, the dust species consisting of micrometer-sized par-

ticles offers advanced diagnostic methods, e.g., optical high-

speed imaging, that are not applicable to electrons and ions

as the typical plasma species. With high-speed cameras, it is

possible to obtain the appropriate time-resolved quantities

for a wide variety of dust kinetic effects.

There has been a focus on different aspects of DDWs

for some years. The mainly used diagnostic method to inves-

tigate manifold facets of waves in dusty plasmas is two-

dimensional video imaging.4,5 There a two dimensional

laser-sheet is used to illuminate the particles and the scat-

tered light is imaged by video cameras. To obtain informa-

tion of the transverse wave properties, two transverse sheets

have been illuminated and imaged.6 For flows or dynamic

investigations, particle image velocimetry (PIV) is often

used.7 There are also three-dimensional PIV approaches that

are able to perform three-dimensional studies on dust density

waves.8–11 The usual stereoscopic PIV allows to obtain the

three-dimensional velocity vectors in a two-dimensional spa-

tial plane (2D3C).

Here, stereoscopy with three cameras is used to follow

the three-dimensional trajectories of individual particles in a

dust-density wave over many oscillation periods. This diag-

nostic tool allows us to measure the full set of motion prop-

erties. From the trajectories it is possible to obtain the

position, velocity, and acceleration of the particles (3D3C).

With this three-dimensional diagnostic, the investigated den-

sity wave can be studied beyond the planar effects.

In this paper, the analysis of single-particle trajectories

of dust-density waves under microgravity will be described.

Three-dimensional velocity distributions have been meas-

ured and analyzed. Additionally, phase-resolved data allow

the reconstruction of the wave properties and investigations

on energy dissipation mechanisms.

II. EXPERIMENTAL SETUP

An argon plasma is produced in a capacitively coupled

rf parallel-plate discharge. The discharge gap in the plasma

chamber (IMPF-K2, Ref. 12) is 3 cm. The discharge was

operated with an rf-power of 3W at a gas pressure of 20 Pa.

The electrodes have a diameter of 8 cm. The dust particles in

this experiment are melamine-formaldehyde (MF) micro-

spheres with a diameter of 6.8 lm. The dust is inserted by

electromagnetically driven dispensers from up to 8 direc-

tions. The dust cloud fills the whole discharge volume except

for the central void.

The clouds are produced on parabolic flights where

microgravity conditions are met for about 20 s. Self-excited

DDWs appear above a critical dust density. However, at

high dust density, the particle tracking algorithm fails

because multiple trajectory intersections are difficult to han-

dle. To artificially lower the dust density, an admixture of

fluorescent (Rh-B) particles of the same mass and size as the

MF-particles is used. These RhB-particles are found to per-

fectly follow the dynamics of the usual MF-particles.13 Now,

only the fluorescent particles are observed as tracer particles.

For that purpose, the observation volume is illuminated with

a 1W laser at 532 nm wavelength. The Rh-B fluorescence is

excited quite effectively at 532 nm and the emitted fluores-

cent light is imaged by the cameras with a fluorescence

bandpass filter in the range of 590 nm6 43 nm.a)Electronic mail: himpel@physik.uni-greifswald.de
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Our stereoscopic imaging system to measure the single

particle trajectories consists of three non-orthogonal CCD-

cameras recording 640Â 480 pixels at 180 frames per sec-

ond. The field-of-view is 5Â 5Â 5 mm3 in size. This is suita-

ble for typical wavelengths of the DDWs of kDDW% 2mm.

The cameras are mounted on a common supporting structure,

so that the observation volume can be freely chosen within

the discharge volume during the parabolas. For reconstruc-

tion of the trajectories, the cameras and their orientation

have to be carefully calibrated, which is done before and af-

ter every flight-day. The data presented in this paper were

taken from the region between the dust-free void and the

upper electrode as shown in Fig. 1.

III. RESULTS

A. General trajectory information

As mentioned, parabolic flights offer a microgravity

time of about 20 s. After initial dust injection and settling,

the time to effectively measure the waves is approximately

10 s. In the measurements that are presented in this paper,

650 trajectories with a length of more than 30 frames (0.17 s)

have been reconstructed. In Fig. 2, a subset of trajectories

with a length of more than 150 frames are shown. As the

DDW frequency is about 6Hz, corresponding to a period of

30 frames, we have 650 trajectories that cover at least one

full oscillation period. The DDW starts at the void boundary

and propagates in z-direction towards the electrode. It can be

seen that most of the trajectories exhibit also significant

effective transverse motion in the x- and y-directions.
A property that can easily be extracted from the trajecto-

ries is the oscillation amplitude. The trajectory data itself

have been used unfiltered in this analysis, as smoothing the

data had no remarkable effect on the results. Using Hilbert

analysis,14,15 the instantaneous amplitude Ainst (z) is com-

puted from the trajectory data and is shown in Fig. 3. For

each trajectory, the mean instantaneous amplitude is associ-

ated with its mean z-position. In dust density waves, the sin-

gle particle oscillation amplitude typically is not constant

over the observed volume, but the amplitude increases along

its path (i.e., along z).13 The increase of the amplitudes with

height is quite linear and has correspondingly been fitted

with AðzÞ ¼ 0:059 Á zðmmÞ þ 0:25mm. In laboratory experi-

ments,16 the amplitude growth was found to be exponential.

The underlying mechanism proposed by Flanagan and

Goree16 is the continuous free energy input from the ion

stream to the dust particles. However, this mechanism is not

fully applicable to our experiment. In our discharge, the dust

cloud fills the whole bulk plasma volume and the waves

extend up to the upper plasma boundary sheath. In the

experiment where exponential growth was found, the waves

can propagate “freely” without facing any barrier as the dis-

charge volume is large compared to the dust cloud volume.

Additionally, the dust number density in the other experi-

ment was lower. It is also possible that dust-dust collisions

lead to a weaker amplitude growth.

To extract the maximum oscillation velocity of the par-

ticles, the Hilbert analysis is applied also to the first time de-

rivative of the particle positions. The maximum velocity data

are then collected in a spatial grid of 7Â 7Â 5 grid cells that

cover the field-of-view. The mean of all velocity values that

contributes to a voxel is then interpreted as the local maxi-

mum velocity. A three-dimensional map of these maximum

velocities can be seen in Fig. 4. The main feature is the rising

velocity towards the upper dust cloud boundary. In the x-
and y-components of the DDW-velocity, there is no signifi-

cant change. This supports the assumption of a plane wave

that is usually applied when two-dimensional imaging is

used as a diagnostic tool for DDWs.

The Hilbert analysis in its true sense can only be applied

to periodic signals with a zero-mean. The trajectories do of-

ten change their absolute oscillation position due to wave

crest trapping (see below), so that a moving zero-mean filter

has to be applied to all data before applying the Hilbert

FIG. 1. Inverted snapshot of a 2D laser-sheet crossing the center of the dust

cloud. The measurement region is emphasized by the rectangle. The dust

density wave propagates in positive z-direction from the central void to the

upper electrode.

FIG. 2. Three-dimensional particle trajectories of more than 150 frames

length.

FIG. 3. The mean instantaneous amplitude Ainst(z) for every trajectory is

shown versus its mean height z. The linear fit is represented by the solid

line.
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analysis. Empirically, these effects lead to smaller instanta-

neous amplitudes compared to ideal signals. The real veloc-

ities of the particles should, therefore, be generally

somewhat larger than the values shown in Fig. 4.

B. Velocity distributions

The velocity distributions of all spatial velocity compo-

nents are shown in Fig. 5. The transverse x- and y-directions
can be very well described by a Maxwellian distribution as

represented by the Gaussian fit to the data. The kinetic tem-

perature derived from the width of the distribution is

kBTx¼ 9.5 eV and kBTy¼ 7 eV. This temperature is far above

room temperature but still moderate compared to results

from other groups.17–19 The bimodal z-distribution reflects

the oscillation of the particles since this is the wave propaga-

tion direction. Land et al.19 have fitted this kind of distribu-

tion by two Gaussians whereby each of them is interpreted

as a thermally distributed up- or downstream part of the

motion. Here, a more sophisticated approach is presented

since the simple superposition of two Maxwellians does not

fit our results. Here, the wave oscillation is described as a

thermal motion that is superposed to a harmonic oscillation.

Hence, the underlying assumption is that normal-

distributed Gaussian noise added to a harmonic oscillation

describes the velocities in z-direction. These velocity distri-

butions then are given by the addition of the two space-time

signals representing a convolution in the distribution. The

velocity distribution of a harmonic oscillator without damp-

ing is

fhðvzÞ /
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðxAÞ2 À v2z

q ; (1)

where A denotes the oscillation amplitude and x the oscilla-

tion frequency. The velocity distribution of the additive

noise is a Gaussian of the form

fgðvzÞ ¼
1

kBTr
ffiffiffiffiffiffi
2p

p exp À mdv2z
2kBTr

� �
; (2)

with the Boltzmann constant kB, the dust mass md, and the

kinetic temperature kBTr. Hence, a distribution fz(v) that

implies the addition of both signals can be described by

fzðvzÞ ¼
ð
dv0z fhðv0zÞ Á fgðvz À v0zÞ: (3)

It should be noted that the oscillation amplitude A and the fre-

quency x are only present as the product xA in this model.

The kinetic temperature in wave direction is present as a sin-

gle parameter and can obtained directly from the fit. In Fig. 5,

the model of Eq. (3) shows a nice agreement with the z-veloc-
ity distribution for xA% 10.5mm/s and a kinetic temperature

of kBTr¼ 9 eV. Hence, the thermal energy of the particles is

nearly the same in all spatial directions. For clarity, the kinetic

temperature kBTr does not represent the entire kinetic energy

of the particles, but only the non-oscillating fraction whose

motion is thermally distributed. The energy stored exclusively

in the sinusoidal motion can be computed by Eosc¼ (1/2)md

(xA)2, which yields about 85 eV. Hence, about 30% of the

particle energy is dissipated isotropically into thermal motion,

altogether 25.5 eV for all spatial directions. This thermal

motion hints on a dominant role of dust-collisions as the dis-

charge is operated at very low rf-power and hence the neutral

gas or the ions cannot contribute to a dust temperature that

lies significantly above room temperature.

In Sec. III A, we found a dependence of the particle oscil-

lation amplitude A from the z-position in the discharge.

Hence, the vz-distribution should also depend on the z-position
as the xA parameter is a characteristic of it. In Fig. 6, the

trajectories have been split into three z-regions of the same

extent, namely z1¼À1.5 to À1mm, z2¼À1 to À0.5mm,

and z3¼À0.5 to 0mm. Then, the three velocity distribution

functions are computed from the particle velocities of all

particles in each of these regions. It can be seen that the two

oscillation peaks are further separated with increasing z.
Consequently, the parameter xA that governs this peak dis-

tance also increases with z. The depth of the trough between

the peaks, mainly influencing the Tr-parameter, decreases

FIG. 4. The maximum velocities vz in the observation volume are shown.

The transverse x- and y-directions show no significant behavior. In the

z-direction, the increasing particle velocities are confirmed. Shaded grid-

cells correspond to cells where no or too few data were available.

FIG. 5. Velocity distributions of x-, y-, and z-components of trajectories lon-

ger than 50 frames. Solid lines are Gaussian fits for f(vx) and f(vy). For f(vz),
the model of Eq. (3) is used.
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with z. It is noticeable that the negative part of the velocity

distributions agrees better with the model than the positive

part that moves in wave propagation direction. This accumu-

lation of higher velocities results from trapped particles. The

velocity distribution of trapped particles (see Fig. 7) only

features one single peak at about þ20mm/s, which exactly

corresponds to the shoulder in the velocity distribution in

Fig. 6. Trapped particles will be discussed in more detail in

Sec. III C.

In Table I, the best fitting model parameters are listed

together with derived quantities. The fact that xA increases

with height correlates with increasing amplitudes A(z) under
the assumption of a constant frequency of the DDW. The

field of view is small enough to assume that the frequency is

constant in this field. Menzel, Arp, and Piel15 have studied

frequency clusters in dust density waves under microgravity

and have shown that these clusters typically cover areas that

are larger than our field of view.

Assuming a constant oscillation frequency x ¼
2p Á 5:8Hz for all particles, the oscillation amplitudes Ajx
have been determined and listed in Table I. When the oscilla-

tion amplitude is obtained from the linear relation shown in

Fig. 3, the values are somewhat lower. To explain this dis-

crepancy, two major issues can be addressed that should

result in the lower oscillation amplitude. First, in the ideal

model of a particle that oscillates sinusoidally, the particle

oscillation amplitude is always identical with the DDW-

wavelength. Due to the repulsion of the wave crest, where

the number density of dust particles is high, the actual oscil-

lation amplitude is narrowed. Hence, the DDW wavelength

and particle oscillation amplitude are not equal anymore.

Second, the moving zero-mean-filter as a prerequisite of

Hilbert analysis, as mentioned in Sec. III A, results in smaller

oscillation amplitudes.

The total energy that consists of the thermal (kBTx,y,r)
and the oscillation energy (Eosc) of the particles increases

towards the outer dust cloud boundary. The portion

Ctherm ¼ kBTx þ kBTy þ kBTr
Eosc

(4)

of the thermal energy compared to the oscillation energy

decreases towards the outer dust cloud boundary (see Table

I). It is reasonable to say that the free energy input of the ion

stream increases the kinetic oscillation energy Eosc directly.

The thermal velocity distributions are then formed by dust-

dust collisions as a consequence of the oscillation. When the

energy dissipation to thermal motion decreases with height,

this might hint to a lower collisionality that can result from

lower dust number density or missing time to establish the

thermodynamic equilibrium.

FIG. 6. The evolution of z-velocity distribution with height. The solid lines

represent the suggested model from Eq. (3).

FIG. 7. (a) Four selected trajectories are shown with their z- and x-positions
projected to the left and bottom sides, respectively. The third axis denotes

the time evolution of the particles. It can be seen that the dominant motion

follows the oscillation of the DDW. The x-position of the particles seems to

be relatively static, whereas the z-position can feature large scale upward

motion together with the small scale oscillations. (b) Section of a trajectory

featuring a height transition. No significant effect in the transverse motion

can be observed. (c) The z-velocity distribution of the trapped particles fea-

tures one single peak.

TABLE I. Derived parameters for the different z-ranges.

z (mm) z1 z2 z3

xA (mm/s) 10.8 11.8 14

Ajx ðmmÞ 0.30 0.32 0.39

Ainst (mm) 0.18 0.21 0.24

kBTx (eV) 9.0 10.5 13.0

kBTy (eV) 9.6 11.7 13.8

kBTr,z (eV) 3.4 4.9 3.5

Eosc (eV) 90 108 152

Ctherm (%) 24.4 25.1 19.9
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C. Trapped particles

To visualize the physical properties of the trajectories, it

is advisable to show their temporal evolution. There are two

contributions to the overall trajectory: The oscillatory and

the transverse part of the motion. In Fig. 7(a), some manually

chosen trajectories and their temporal evolution are shown.

The x-position that represents the transverse motion and the

z-position are additionally projected onto the left and bottom

planes, respectively.

In this representation, the dominant oscillation of the z-
position shows two distinct modes. Two of the indicated tra-

jectories oscillate around a static mean height (e.g., the

upper trajectory), while the other trajectories feature transi-

tions to other heights where they continue to oscillate.

These transitions result from crest-trapping of dust particles

that have been already observed from 2D diagnostics.20,21

There, the particles are trapped in the high-density region of

the wave crest of the DDW and the particles are moved

upwards by the wave. Our three-dimensional diagnostic ena-

bles a closer look at the transverse coordinates of the

motion, while the particles are trapped. For a statistical

statement, a total number of 52 trajectories have been man-

ually chosen that feature transitions. Afterwards, the transi-

tion period of interest as depicted in Fig. 7(b) has been

selected. It can be seen that the trapping mechanism does

not significantly affect the transverse motion since the hori-

zontal x-coordinate does not show any particular feature

during the upward z-motion. This way, two sets of data have

been created where one of them contains only trajectories of

particles that are in a trapped state, and the second set con-

tains the remaining oscillating part of the trajectories. All

transverse velocity distributions can be well fitted with a

Maxwellian distribution. However, their kinetic temperature

differs. For the particles in a non-trapped state, we find a ki-

netic temperature of kBTx¼ 12.9 eV and kBTy¼ 11.3 eV,

respectively. The transverse motion of the trapped particles

is stronger with kBTx¼ 19.0 eV and kBTy¼ 19.2 eV.

However, the kinetic energy in z-direction is stronger when

the particles are trapped (177 eV) compared to their non-

trapped state (123 eV). It seems that trapped particles are

somehow restrained in dissipating their motion energy.

According to Chang et al.20 and Hou et al.,22 the particles

exhibit mainly thermal motion in the wave crest where the

number density, potential and kinetic energies of the par-

ticles are very high. Hence, the contact with the wave crest

could be the dominant possibility of the oscillating particles

to dissipate their energy towards the transverse directions

via the intensified collisions that take place in the wave

crest. However, trapped particles do not move exactly in

phase with the wave crest, but slightly in advance. This

behavior is also reported by Brownian dynamics simula-

tions.22 As the trapped particle does never exactly face the

wave crest, the transfer of energy to the thermal motion

could be restrained compared to usual particles that are peri-

odically part of the wave crest.

The velocity distribution of the trapped particles is

shown in Fig. 7(c). The single peak at %18mm/s reflects the

trapping in front of the wave crest and hints to the velocity

of the dust-density wave. This peak is responsible for the

shoulder in the velocity distributions shown in Figs. 5 and 6.

D. Phase-resolved analysis

The three-dimensional particle trajectories allow further

insights into the DDW evolution since a phase-resolved dust

number density analysis is possible. To reconstruct the den-

sity evolution in the field-of-view along the full time series,

the amount of fluorescent observable particles per frame is

too small. However, with known wave frequency, all trajec-

tories can be mapped onto a single oscillation period of the

dust density wave. Then, there are enough particle positions

per timestep to reconstruct the density and the particle accel-

eration. This “pseudo-stroboscopic” phase-resolved analysis

is shown in Fig. 8.

From the three-dimensional data, the height information

z is shown here. Fig. 8(a) shows that one can easily identify

the wave crests and troughs from the density information.

This space-time representation suggests that the wave

evolves with approximately constant velocity towards the

upper electrode as the phase velocity is represented by the

slope of the wave crests. Two wave crests are emphasized by

solid lines.

To gain an insight into the forces that act on the individ-

ual particles to drive the wave, the acceleration of the trajec-

tories was computed and plotted using the pseudo-

stroboscopic mapping. The first and second derivatives of

the trajectories were Savitzky-Golay filtered before deriving

the velocity and the acceleration, respectively. In Fig. 8(b),

the acceleration map is shown. Because all particles have the

same mass, one can identify the acceleration with the forces

that act on the particles. For comparison, the solid lines indi-

cate the density maxima from Fig. 8(a). As expected, the

accelerations are positive on the upper wave crest side and

FIG. 8. The two images show the pseudo-stroboscopic mapping of all trajec-

tories to a single DDW period. (a) Density evolution of the DDW. Two

wave crests are emphasized by solid lines. (b) Accelerations from the indi-

vidual trajectories. For comparison, the solid lines from (a) are shown again.
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negative at the bottom wave crest side. This behavior is con-

sistent to the simple description of the particles as harmonic

oscillators.

Another application for the phase-resolved data of the

DDW is the possibility to further investigate the energy

transfer to the transverse velocity components. In Fig. 9, the

fraction Ctrans of transverse to the overall kinetic motion

energy

Ctrans ¼
Ekin;x þ Ekin;y

Ekin;x þ Ekin;y þ Ekin;z
(5)

is shown. The kinetic energies are simply determined by the

root-mean square velocity of all velocities that contribute to

a grid-cell via Ekin;i ¼ ð1=2Þmdv2RMS;i. In Fig. 9, the wave

crests from Fig. 8(a) are shown again. We have described in

the Sec. III C on trapped particles that the energy dissipation

from the oscillation to the transverse motion is dominant in

the wave crest. In Fig. 9, this should result in larger values

concentrated close to the wave crest (solid lines). However,

even if the image hints at this correlation in some regions,

mainly at the second wave crest, the argument cannot be

fully verified by the data, yet.

IV. SUMMARY

In this paper, single particle motion inside a dust density

wave has been investigated in dense dust clouds under

microgravity conditions. Hilbert analysis was used to deter-

mine the amplitude growth as well as the three-dimensional

evolution of the maximum particle velocities. The particle

velocity growth showed no significant effects in the trans-

verse motion.

Furthermore, the velocity distributions of all three ve-

locity components have been presented and discussed. While

the transverse (x, y) components are distributed thermally

and thus form a Maxwellian, the oscillating (z) component is

bimodal. Using a harmonic oscillator model with noise, the

bimodal distribution has been reconstructed and the oscilla-

tion amplitude and the thermal portion of the distribution

have been retrieved. It was found that the sinusoidal motion

of the particles in wave direction is the dominant energy

form. Approximately 20% to 30% of this energy is dissipated

via dust-dust collisions to all three velocity components.

Finally, a pseudo-stroboscopic approach was used to

allow phase-resolved investigations of the dust density wave.

The comparison of the wave crests with the accelerations

that underlie the particle motion showed a positive accelera-

tion towards the wave propagation direction on the upper

half of the wave crest, and a negative acceleration on the

lower half of the wave crest. This behavior is consistent with

the harmonic oscillator assumption of our model. The mech-

anism of energy dissipation from the oscillatory to the ther-

mal motion seems to indicate preferred heating in the wave

crest, but could not be fully verified by the phase resolved

analysis.
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Abstract – Dusty plasmas can feature self-excited longitudinal 

density waves. These dust density waves (DDW) have been 

investigated at the single particle level. From the full three-

dimensional trajectories it was possible to derive the ensemble 

wave motion. In this contribution, the reconstructed “phase-

resolved” dust cloud density is shown that visualizes the wave 

crest evolution in time. 
 

 Micrometer sized particles injected into a plasma 

form a “dusty plasma”. In our experiment we observe 
melamine-formaldehyde particles with a diameter of 6.8 

microns in a parallel-plate rf-discharge. These particles form 

complex volume-filling structures that feature self-excited 

density waves (DDW) in a certain parameter regime [1-3]. To 

form a volume-filling dust cloud, the experiment is operated 

under microgravity. In our case, parabolic flights deliver up to 

20 seconds of microgravity that is sufficient to inject the 

particles and measure properties of the dust cloud. To 

investigate the full three-dimensional single particle motion of 

the particles inside the DDW, a three-view stereoscopic 

camera setup [4] has been used. The high particle number 

density necessitates to image only fluorescent tracer particles 

with an admixture ratio of about 1% [5]. 

 650 trajectories of fluorescent tracer particles with a 

length of more than 50 frames with temporal resolution of 

180 fps have been measured, reconstructed and analyzed. As

there are typically only 10 to 20 trajectories visible in a single 

frame, a density reconstruction of the ensemble motion is not 

directly possible. 

 To determine the density evolution of the dust wave, 

a “pseudo-stroboscopic” approach was used. This 
stroboscopic frequency was determined from a 

simultaneously imaged 2D-slice of the dust cloud. With the 

known DDW frequency of 5.8 Hz it was possible to retrieve 

the relative phase of all particle trajectories and to map them 

into a phase-resolved oscillation period. As the frame range 

of the trajectory dataset is about 1000 frames long and one 

wave period lasts only about 31 frames, this method is very 

sensitive to the accuracy of the wave frequency. With slightly 

varied frequencies, the wave crest structure is not 

recognizable anymore. 

 In Fig. 1, the z-axis reflects the vertical direction that 

connects the two disc-electrodes. In our field-of-view below

the upper electrode, the DDWs propagate upwards from the 

central particle free region (z≈-1.5mm) to the dust cloud 

boundary (z≈+1.5mm). Their transverse x and y motion is 

ignored as it is thermally distributed and does not contain 

important information on the wave propagation itself. The 

time- and z-axis are inverted for better visibility of the wave 

crests. 

 From this point, the density evolution n(z,t) of the 

dust density wave can be reconstructed qualitatively by 

measuring the trajectory line (gray lines in Fig. 1) density in 

the z-t-plane. For this purpose, a z-t-grid was created and the 

trajectory points contributing to each grid cell have been 

counted. This count is visualized by the elevation of the 

trajectories in the vertical n-axis. Hence, the color-coded 

surface that is enclosed by the trajectories can be identified 

with the particle number density structure of the DDW. 

 There are two main conclusions to be made from 

Fig. 1. First, the wave crest moves with a fairly constant 

velocity along the field of view. Otherwise, the ridge of peaks 

would have to be curved and not straight. Secondly, the total 

number density of the particles is larger for negative z-values, 

which corresponds to a position close to the void boundary.  

 Within this phase resolved density evolution it is 

possible to investigate the particle motion with respect to the 

wave crest motion. Most of the particles oscillate around a 

fixed z-position. We also observed transitions between 

distinct oscillation levels or even trapped particles that are 

coupled to the wave crest motion as indicated by the violet 

bold line in Fig. 1. The underlying confinement mechanism 

has already been a subject of research interest [6]. From the 

example trajectory it can be seen, that the trapped particle 

moves along the wave crest and not the trough, which 

matches the observed [6, 7] behavior.
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Fig. 1.   Reconstructed density of a phase-resolved dust density wave period. The gray particle trajectories perform mainly a z(t) oscillation 

with a fixed mean z-position. The height n of the surface respectively trajectory indicates the particle number density in the specific z-t-grid 

cell. The enclosed surface represents the ensemble wave crest that evolves from the bottom right to the upper left. The velocity of the wave 

crest seems to be constant as no curvature of the ridge can be observed. A trapped particle trajectory has been emphasized. 
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